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Abstract

To reduce the usage of fossil fuels, scientists have constantly been searching
for clearer alternative energy sources by using the liquid or gas phase power
source in the future. In the meanwhile, the development of new energy storage
systems is also necessary to construct a safe and economical energy network. The
ultimate goal is to achieve higher energy density, easier storage, more facile
transportation, and an overall more sustainable energy supply system.

In this thesis, we apply computational chemistry to understand the catalytic
chemical and electrochemical reaction mechanisms with an aim to help modify,
optimize, and design new energy materials from the nano to the atomic scale. In
particular, we have carried out theoretical simulations based on first-principles
methods to investigate the surface chemistry on various energy source and energy
storage systems, including the direct methanol fuel cell (DMFC), the
lithium-sulfur (Li-S) rechargeable batteries, the proton exchange membrane fuel
cell (PEMFC), and the catalyst for the Fischer-Tropsch synthesis (FTS). The

specific details are summarized below:

Part 1: CO Removing Mechanism on Pt-Decorated Oxygen-Rich Anode

Surfaces (Pt,/0-MO,(110), M = Ru and Ir) in DMFEC
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In Chapter 3, we focus on the liquid energy source, the direct methanol fuel
cell (DMFC). The Pt metal anodes are easily toxified by CO or other
hydrocarbons during operation. We apply density functional theory (DFT) to
investigate the adsorption of CO and H,O on pristine Pt,/MO,(110) and the
oxygen-rich Pt,/o-MO,(110) surfaces (M = Ru and Ir). The results show that the
application of the oxygen-rich surfaces significantly reduces the adsorption
energies of CO and H,O molecules as well as the major reaction barrier in the
water-gas-shift-like (WGS-like) reactions forming CO,, leading to an efficient

CO removal.

Part 2: Adsorption Mechanisms of Lithium Polysulfides on Graphene-Based

Interlayers in Lithium Sulfur Batteries

In Chapter 4, we focus on the lithium-sulfur (Li-S) rechargeable batteries.
Recent studies reveal that the carbon-based interlayer materials introduced
between the cathode and anode can effectively improve the shuttle effect problem
and increase the battery life cycles. Here, different types of the heteroatom-doped
(N and/or S) graphene surfaces are investigated by theoretical calculations. We
find that the Li-trapped N, S co-doped graphene interlayers (NSG1 and NSG2)

could efficiently reduce the shuttle effect through the intact adsorption
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mechanism.

Part 3: Termination Effects of Pt/v-Ti,..C,T, MXene Surfaces for Oxygen

Reduction Reaction Catalysis

The theoretical investigation of proton exchange membrane fuel cell
(PEMFC) and oxygen reduction reaction (ORR) is demonstrated in Chapter 5.
We simulate the 2-D Ti,+1C, Ty and the Pt-decorated Pt/v-Ti,.1C Tx (n=1-3, T =
O and/or F) surfaces. Different terminator effects, extent of electron transfer, and
the over-potentials of ORR are discussed in this chapter. On the basis of our
results, the F-terminated surfaces are predicted to show a better performance for

ORR but with a lower stability than the O-terminated counterparts.

Part 4: C-C Coupling Reactions Promoted by CNT-Supported Bimetallic

Center in Fischer-Tropsch Synthesis

C-C coupling efficiency is the most important aspect in Fischer-Tropsch
synthesis (FTS). In Chapter 6, we propose a unique bimetallic center based on
N-doped CNTs, the M;M,/Ngh-CNT (M = Fe, Co, and Mn). We investigate three
critical C-C coupling reactions, the [CO + CHjs], the [CO + CHy], and the [CH, +

CH;], for the formation of long chain carbons in the FTS, and identify the
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dominant electronic effects for the catalytic activity. In particular, the 2Co/Ngh
and the CoMn/Ngh surfaces are predicted to catalyze an almost barrierless C-C
coupling between the CH, fragments. The potential of such bimetallic centers is
promising in increasing the CO conversion efficiency and suppressing C; product

ratio in FTS.

Keywords: Direct methanol fuel cell (DMFC), CO poison, Lithium-sulfur (Li-S)
batteries, Shuttle effect, Proton exchange membrane fuel cell (PEMFC), MXene,
Fischer-Tropsch synthesis (FTS), Carbon nanotube (CNT), Theoratical

calculations, Catalysis, VASP
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100% IN 139 COUNTRIES

Transition to 100% wind, water, and solar (WWS) for all purposes
(electricity, transportation, heating/cooling, industry)

Residential Commercial/govt

& rooftop solar rooftop solar Ll
14.89% 11.58%
Solar plant PROJECTED Wave energy J
T 21.36% ENERGY MIX 0.58%
Concentrated Geothermal ener 3
W solar plant 1 1 1 0.67?9{ &‘
9.72%
\ < Hydroelectric
Onshore wind Y
L 2352 | | 2
Offshore wind Tidal i‘;‘ r(l;‘i’v;z °
13.62% &

JOBS CREATED 52 MILLION
JOBS LOST 27.7 MILLION

Using WWS electricity for everything, instead of burning fuel, and
improving energy efficiency means you need much less energy.

2050 Demand with 2050 Demand with
business as usual | | Wind, Water, Sun

42.5%

i&%xjggi

B 1-1-1 #& =~ 2050 # 100%7¢ * 3 % L RpF > 7 [F it i@ﬁﬂ?ﬁ[gkbb BER-Z
.7 2050 (20.604 TW)

Net power demand reduction from improved
energy output by electricity over combustion
- 23.00% (4.739 TW)

End-use efficiency beyond B.A.U. scenarios
- 6.98% (1.420 TW)

Avoided fossil fuel extraction, processing, &
distribution - 12.65% (2.606 TW)

100% WWS (11.840 TW)
Wave + Tidal: 0.64% (0.076 TW)
- Wind TOTAL: 37.14% (4.397 TW)

2012 ...“--...,“...

=
N
-
o
a

Fossil Fuels,
Biofuels & Offshore Wi 3.62% (1.612 TW)
Nuclear

Utility PV Solar: 21.36% (2.529 TW)

Utility CSP: 9.72% (1.151 TW)
—Solar TOTAL: 57.55% (6.814 TW)

END-USE POWER SUPPLY
(139 COUNTRIES)

~— Hydropower: 4.00% (0.474 TW)
L —— Geothermal: 0.67% (0.079 TW)

2012 2015 2020 2025 2030 2040 2050
(4%%) (5.6%) (20%+) (50%*) (80%*) (95%% ) (100%)

Renewables—

Projected Power Supply & Demand, 139 Countries

*ENERGY FOR ALL USES INCLUDING ELECTRICTY, HEATING, TRANSPORTATION, INDUSTRY
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Material-based storage method Maximum reported storage capacity [%wt]
Chemical Ammonia Borane 194
Metal Hydrides 12.6
Alanates 9.3
Formic Acid 44
Carbohydrate 14.8
Liquid Organic Hydrogen Carriers 7.2
Physical Carbon Materials 8
Zeolites 9.2
Glass Capillary Arrays 10
Glass Microspheres 14




§1-2-2 & F (hilig

Hydrogen Transport Utilization
production (Energy carriers)

Pt ; ¢ — 2
Natural gas y o m @
Petroleum Reforming/ Liquidiuydiogen i i Fuel cell vehicle

Coal g 5 Gasification
gasification LHy(-253%) | jz
Power generation

[\ ]

R i (H; bwtn) & | V Fuel cell )
Renewable Carbon dioxide cH, cH, Dehydrogenation
energy capture and stora\ge 3H,
=i & —
. | toluene MCH g 5
2 Ammonla = NH, direct combustion
\ ikt
Production by ‘ e b g —
1 I [ electricity and heat m E
e Direct use as a fuel N

\_Fuel cell NH, furnace/

B 1-2-2-1 & 5 il ~ EH IR * i A2 m°

- R §F acheni ARt o A - i ﬁ%l i ¥ 4o 1-2-2-1 #7
7% Al I F Rt > W@t Pz g & (Steam methane reforming,

SMR)#: -k 5 # 3¢ & & (Water-gas shift reaction, WGS) ~ 84 3 it F g (Partial

oxidation reaction, POX) ~ & f#-k & & ;= :

SMR CH;+H,O — CO + 3H, ;v 1-2-2-1)
WGS CO+H,0 — CO,+H, (3¢ 1-2-2-2)
POx CyHn + (n/2)O, — nCO + (m/2)H, (3¢ 1-2-2-3)
Electrolysis 2H,0 — 0O, + 2H, (7% 1-2-2-4)



b > 1 E P ERF R AT REF LR A8 E T (700 ~
1100 °C)if » CH, 2 H,0 0 H 2 & i #F kA2 COZ Hyo @ A2 i
CO Rl# e HO sefF kg F e £ A2 L FehHy A4 o JFd izt
FE R Rk F b A eE ot § B2 A RIA Y (CO
2 CO) FRETGLEZUBEF AR DFARIABAEL 2 Hyo 2
FAERH oG TREEAY FRMBAS S PR RRI G B FE

i R B ARG T A A 2 - AR F IR A U kiR &

RS E R Y & oF aRPEL o

Solar Energy

7B

Thermochemical
& Biological
Thermolysis Conversion

Hydrogen
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Ak A2 EFEREAFLEFPAR PR T U o w2 F
Foa & (B 1-2-2-2) 7o ap e sl FIE A R | g B
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21 3[R AR FEEE F A T UFRE RAR 4K

ek BY G FRGARTGFSL TR IRDR AL o

#1221 2 8B dEF o i R(fferiaiin)

Sources for hydrogen Hydrogen production method Hydrogen production
production cost
Natural gas SOFC Internal steam reforming method $1.47 per kg
Biomass(Syngas) Thermo chemical and bio chemical $5-7 per kg

process
Coal Gasification process $2.00-2.50 per kg
Water Electrolysis method $6-7 per kg
methanol Steam methane reforming $2-5/kg |Ref]
Distributed wind Electrolysis $7.26 per kg
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A yrf] 1-2-4-1 #5 Po

Unreacted H,. CO, OAD /L Unreacted O,. N,.
andreaction gas andreaction gas
................... . —IN 4
AFC o, | AFC
... ... S ...l 35K
PEMFC % |PEMFC
.......... ooo0c | W~ = H:0| 333-363K
DMFC % | DMFC
.. WO b)) % i H0 | 333-363K
PAFC °: | PAFC
........ 180-220¢ | . 10| 453-403K
MCFC °: | MCFC
....550-650°C 02| 823-023K
SOFC o, | SOFC
B oci.. N il s e O A 213 K
Fuel——> L oy 1A ro,

AFC: AlkalineFuelCell
PEMFC: Proton ExchangeMembraneFuelCell
DMFC: DirectMethanolFuelCell

"

Anode: Electrolyte %Cathode

PAFC: Phosphoric Acid FuelCell
MCFC: Molten Carbonate FuelCell
SOFC: Solid Oxide FuelCells
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(DMFC),E;%?;;«‘;@#@:* WFiE~ 7 }g;%&»b;, AR SL TR R ;rsfg,i
60~90°C2 FF o % B 7 Fheidp B30 A #3013 & ¢ 3t > @ Ahv eh¥ 1 3§

#-4-4 PEMFC ¢ Kede44 428 (7 505 > 1% 378 3 3 e MXene #7414 fe &
Pt iRz ¥ R 2 kg PREY ~FHAr2k2a T A0 2 F)ida
PRI ARZE AR R I RAELSTE R4 HT 5 R RF K (oxygen
reduction reaction, ORR) =& LM a7 3 > 3+ 5 I H F Reni@ihdzde T R

(onset potential) -

§1-2-5 &R FHFHEERS

412247 £ &% SMR & POX ¢ it & 7 » ¢ A4 CO+H,
A p (50 1-2-2-1 2 38 1-2-2-3) > iz B A4~ L2 5 & = f (Syngas) © & =
T f ~ & TR T RFFFYFAS > AL - g
7 SMR g POX ¢ 382 ¢t » 5 a0 * §738 & 2 (Dry reforming » *~ A4l s = %

CRE J) iU g 4 BT e i ((Gasification) & i iE

Dry reforming CO, + CH; — 2CO + 2H, ;v 1-2-5-1)

ERF ey - BEL BT Ko L7 LEE R+ &+ (Fischer-Tropsch



synthesis, FTS)= ;= #] i £ s 4#a(Cy ~ Coo 1 )eiiie i %59 & 384 Epi4a(C, ~
Co) % ~ FE ~ F 4 0 & — ¥ TG G4 3 7% & (Gas-to-liquid) s = -
FTS & & 19234%)]* AEB Nk RS A1 %Y LW COMH* A b

6] £ 200 ~ 350 °CH i i 4 & 42 & e AL > Jil @RI A ¢

FTS (2n+1)H, + NCO —> CnHanz + NH,0 (5% 1-2-5-2)

BATE s § AT 2B R Ge A b  fefRR) Wit £ F 0 £35i8 FTS

Fll= 2 e » $RFTS» QR 2 il i3 i R antimddp -

biomass

natural gas C, 4 alkenes
N T 964

Bl 1-2-5-1 & & F ehkiher FTS chag d g 2 iwie 4

FTS e 4 $ 48 £ ﬁ & Anderson-Schulz-Flory (ASF):r#cg #°3] > 7 F i

i | engda £ 8 5 % #)c(Chain growth probability, a)7 Fe > #5= & 5 & % 1L 5

12



Ao Fpte g 4ol 1-2-5-2 #1T o

AR A2 % R FTS enf ¥ — BR4ES 3 i}u{ C-C
4 X hF o H g CO+ CH, (Xx=2~3)fc CHy + CH, p & & ehF Jik f5 o
FELEE? < MMy/Nh-CNT (M =Fe, Co,and Mn)4 & > 72 % 7 I & 6%
W C-Chgd 3 F RenP B ¢ FAzdeb 2t S HETFE ~F RS
i By o 0 f2 C-CHERF A FF R AL G o R
> H gt A 1 (Coproduct)snd 4 - 3 e L B4 7 3 Aot 5] > 3 CO ih

e o

1.0

ot
x
1

S
=)
1

Weight percent
=
=

12-18

0.0 ; -~
0.0 0.2 0.4 0.6 0.8 1.0

Chain growth probability (o)

B 1-2-5-2 483 £ 48 5 ¥ fca? A $ £ & A F h ASF 53 B 7
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§1-3 © i

- - - - - -

¢ « surplus ~ S

| o | l - - 1

; Electricity K| ot | Liquids i
| |

: instant multi-purpose power | {— g versatile, easy to store :

| & no emissions at point of use # | power i & ship with global reach |
" generation oo o e —— .

g Short & Long-Term
Liquid storage

qumd FueI

Light/AC | Appliances | Mobile gadgets Transportation M

B 1-3-1 i fia htait * ¢ enipd B3

A R IR R AR GER A L R BR8]
PERREE Y - L A E e RE R T Eg AP A L & 1990

Ed Fio o TG - Bdt K (Ceorge A Olah)# 1 » Ak ehpr 4 £ % 7

KB p B enit B T ARG LHRRIR b F R

p0s

4

>

\

2

—?

FRAL M TS F AR EF AP RS R L S RESR . b 5
gt ¢ o T RS T OB & PRE o Mo F A S s T R
B2 REPLER VLG 0 o 132 9w T

TR AR B A T R E LS (CO+HYL A -

R as RAEEE N AT SUEUC RN S ST
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BEETNRFEBE D ARHTA GG T BR Y VIR BT
(DMFC)? > & i & £ f dR i ™ o it b o ¥ ok b ges 4 % 4T

Sfpt LAY Bldef i e A TR ERF Y B A E R

...........................................................................................................

+ Methanol Methanol
:: “Liquid Hydrogen” :: “Liquid Electricity”

T ———
For pure CO,
applications

Reformer

Fuel Cell

On a volume basis, i

:: | methanol has 40% more | :: . :

CVGIGTL M (2| H; thanliquid H, at :: ("Applications, | | Reforming CH,0 | :

: :¢ | cryogenic temperatures |:: | e.g. power, to produce H, for | :
Generation B of -253°C 2| chemicals fuel cell electricity

-
-----------------------------------------------------------------------------------------------------------

W 1-3-2 7 fifis & F e AW 7

Bl 1-3-3 57 ARFrRuhang * 8> s 2585d 2> F 415

T
SHESEFATEERES FEEEG R LG BT R g
A R 2R FE A R EBYEE 4 (Direct methanol fuel cell,
DMFC)iz B AT 475 & & * Pt i3 4746 15 £ RUOL(110) % 110,(110) % & a5
DMFC shisfmtl i » 6 F 3 &b §F S F 225 §F cnd B¢ 4o B2 CO

FUERE > T EREFNY A5 HOHABERZ CO { % %’w?ﬁ»%’;“f °

15



Nuclear

o/ 4‘.. Electri¢!
. &l:ieat
Transport " T enefators

i T _
/F En & - “
B 1-3-3 %wmb,ﬁw@iw B P R G AET UEI“"

!
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§14 k"‘ﬁ(?’g]
STELFERALN N LIARPEPER e BT R

S A Ao BERRM o RES ST AR FE I 30 (R

B RE(RA) S RF R PR A BN 4oF 141 4 0

Chemical Electrical
. . Superconducting
Ammonia Hydrogen Supercapacitors .
(28T E) Magnetic Energy
' Storage (SMES)
Synthetic Methanol
Natural Gas
Mechanical
Electrochemical Flywheels Liquid Air
A Energy Storage
Classic Flow Batteries ! 4 & £
Batteries (%5 &) Adiabatic/Diabatic Compressed Air
l l (45 2= R)
Lead-Acid Zn-Br Thermal
Metal-lon Zn-Fe -
Metal-Sulfur Fe-Cr Latent Heat Sensible Heat
Metal-Air Fe-Sn Storage (JE#) Storage (5 #)

 1-4-1 G0 RETeen s 87555 (2 R £ 1)

o 142 RIAET T SR R F AN H g A PR st Y F R R

RS ICI R LR RS LR T IS S L A £TE

VO IEEG T R FL e o B WE SR B F Rt A s 2 A
g S Ak B PR R 2 s E B ATAT AR A ¥ B AT

G RA(RTRA) AR ERAE D FENAERLE AW R A g



LA
L HPAT- RehT e o - fE7 2 A F 4~ (Intercalation) sh4n a5 3

FALE LR (oh SRR TH R) BT H LE TR E NI

GEEREES o LR A ENC L SR TR (Y S E

IR IR B RAT R AR Y BT B

g Discharge Time
Month
Day
Compressed air
"""" energy storage
Hour
Minute
Second

0.1 1 10 100 1000

Power rating
Efficiency  [BSHOOWN 706% | 4570%

B 142 & 50 £ 055 4 Aot it Hprm A+ U
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900

o
o
o

v
o
o

Specific Energy / Wh kg'!
w b
S o
o o

- N
o O
o O

Pb-acid Ni-Cd Ni-MH Li-ion Future Zn-O, Li-S Li- 02
Li-ion

available under development |R&D"

B 143 - DH i BIRE A kg Biep 8

FLATE > ARh T R e g S S (Li-S) T e
By mTe gy aE R atm HEFe 2R ERA
BoMAAEMELE  FEAt o ER S B IFAET R
PRGN E R FAONE SE RBRFEfFA G MRS AT ¥ Y

& & (Interlayer) s » vt A2 8 i 85 0 B AFH 42

i
&)
d

F}.

bt

X
A
@

o
N

Rari)

PR A R R T B E R AT 0 T O T PR

% o
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§2-1 B~ # - 425" (Schrédinger equation)

G B hE A R R ¢ 1Y 2R N g 8 T R

foEE S B h Y o B FIET R AR ot AR5 A 1926
? L ek R -fE7 $(Erwin Schrodingen)$:h » S EF 4 BFE R A

&

£ d

Feh#H o FR AT R A Apshend £ Rl E @ v B 1928 Ed FR SR

B -y 4 5 (Paul Dirac)#t & efajh v 3 AR50 5 fpt | 2 Fuf o

Bt i
B 2-1-1 ) = % Schrédinger(1887-1961) ~ B+ % Dirac(1902-1984)
BEFISEY C FAPRIEER LR EE) FITREBRST T
2R+ 2 B ety L3 18% o 57 7 pFen(Time-independent) f=~ 22 4258 ¢ >

433 F #5 8 # (Hamiltonian, H)1T* it Sdk(y)t » 7 @ 337 & oo £

H(@r, R)yY(r,R) =E -yY(r,R) (% 2-1-1)

Schrodinger equation

21



A Hamiltonian =

=7

A

-

4%
Re

LTI AT 4 (51

NBLTFZ2 MBRF ek

H(r, R) = Tn t 1o+ Ven + Vee + ]77171 5 2'1'2)
~ v;
R % e Th=—Xj=1-m 7~ 5 2-1-3)
]
. B . —~ —h2 V]Z .
T ende gy T, = _21 1-N (5% 2-1-4)
e
N 2
’F’::j 'gz -3' E”ij\fxﬁl 17 }3(2 Ven == _Z'=1—)M Z.Zk=1—)N e— }_\‘ 2'1'5)
: J Irk=R;]
- = - z - Vs = 17 ez v
TFBELTFnTd i Ve = Yjoion 2k(j<k)=1-N - (3¢ 2-1-6)
ks 13 e o vs n= B -4 | zzke
*Tl’?%fm’* 4o Vnn e Z] 1—>M2k(]<k) 1-M |R R | (Jr\' 2-1- 7)

§2-2 3 T -# X 4 21T v (Born-Oppenheimer approximation)£ @

#3712 (Adiabatic approximation)

1927 & > L W 5 v #r- Z (Max Born) 2 H

* ;& 2k (J. Robert Oppenheimer)#

BFr2H o0V

#3 IWA o

22
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v

Bl 2-2-1 B = = Born(1882-1970) - @+ = Oppenheimer(1904-1967)

L hier 4

—‘]IJ'\'
s

RWRETIFE BRI POERT AR L

|
-

I 7 + =6 48 & (Vibronic coupling) - % #-vibronic coupling % > & » B &

L

417 i (Adiabatic approximation)en s st » R A X Z 2R+ - R HE &

=y

(\x

BARRA R ERAT MY AR PR R 2 Bt g 4R 0 A2 R4

Y

2L(Conical intersection) > B| 2 ¥ £ % vibronic coupling #7i& = 8 58> L p&

fj}u; 2t % #.17 (7 (Non-adiabatic approximation) e, %t -

lonization light

] 2-2-2 144 < * Zh(Conical intersection)crisr & Bl o Bl ¥ & T F i o o P74 o > W
SRS LT Y EAGR A

F # i % g% Born-Oppenheimer (5 — #& % #1317 ) pF > & @ it e

Hamiltonian p (3% 2-1-2) » P 7 #-f 3 frerde iy BT, % A 0k 0 £ 454140

23



oA fRR G R AR Bt IR S o S lefr S R G
HAH(r,R)=T,+ H,(r,R) (3¢ 2-2-1)
H,(r,R)(1,R) = E.p(r, R) 3 2-2-2)

Te VenicVeeo & ¢ TofclV,, = H 7 + ¥ 7 (One electron integral) » V. B &

A ez 7 5 B % (Two electron integral) e

iR 222 K AL B T BT E 0 0 0 AN T T gl K B2

WhRF PR T A AR BB R R S R R D s o

Ik

BIEpEIPHF R LEFTFEHFTEFT NERT B 2T R
4o Ef 2+ & 72 (Ab-initio method) -~ % & ;£ 3/ 32 % (Density functional theory,
DFT) ~ & 55 ;% (Semi empirical method) ~ 4 3 # # & (Molecular dynamics,
MD) % % o gt b EE 3 502 1 2 B R LS TI R E T RIF ORI o

24



§2-4 Hartree-Fock = #2.;% &2 T 353838 3 (Mean field theory)
Hartree-Fock = #2.;% eraffit 3] » Hartree = #2.;% (Hartree equation) » %+ 1927

#d R ug 32t 4 45 2 (Douglas Hartree)$t o 53V i -5 7 3 5 sav

W

- BRIREIHTA CAREZEE NLBEFHET I HTHRE {17 -
B3 2H T BFVRAFTIRERANDS T3 EFET RAESNMTH

TR L & T 3932 (Mean field theory) o { M rxs ki > E_¥A4F fe b

SRFE OV I ET B B R T o R B A#H
NERIBRTIF2Fhr S T R TEEN, F I adyplv gL

S BE TS L SlyhR A o Hys 7008 2§ 1 1 ¢ Hamiltonian 7

EbH(xpxz; e Xy) = X1 () x2(x2) < xn (xn) (3% 2-4-1)
H =YX, h() (3 2-4-2)
h(@Dx;(x;) = gx;(x;) (3% 2-4-3)

PUPREEDERET R AR R R A

Hartree equation HyHt = EHyH (% 2-4-4)

EH =€i+€j+"'€k ;7\: 2-4-5)

25



PR MR 241 g Sl 7S S B K B Rl AT B I h

TENNEIES EETES THD LI I T P I e
TILMRL AN - BT I Nl LT - BRI PBE Py

B34 b m 22 > Hartree = f25% &gt ¥ & % g ¥ M 5 i (Correlation

energy) o Kﬁ: LI 4 ™+ ,:‘i :‘fufﬁ;‘ﬂ;ﬁ‘:&# ﬁ/é’" P %:ﬁ% T %‘j’;},ﬁi{’,; &
% f + (Fermion) e » # & 2 2 & ¢ 417 4p % & 72 (Pauli exclusion

principle) -

% 1930 # > Hartree %k p ¥ R 4 8 -27% £ (John C. Slater)fr 8 &

g 4 4 3 K E g e (Vladimir Fock) > # {7 7] 3% e 3N fy ik Slie o fE 4

7% R > A2 5 Slater {7 7] 3% (Slater determinant) :

Xi(x1) Xj(x1) o Xe(x1)

Slater determinant w(xl,xz,...xN)zv% Xi(’fz) Xj:(xz) ngxz)

)(i(x;v) XjéxN) Xk.(xN)

(7% 2-4-6)

B 2-4-1 B = % Hartree(1897-1958) ~ * & % Fock(1898-1974) ~ ®l+ % Slater(1900-1976)

26



=

Slater 77134 (3% 2-4-6)# T it e ¥ > A SHEE RS BHIEDTF R
Bt (blhox frx, 3 #) > FIFFNant R ¢ hAipd - BARFL > REFE
TFAFHF o 710 G0 - BRF RAEE N - B R

B

BB E e I AARE RIL o B fS e HF 2 258 4o ¢

T

Hartree-Fock equation fF@x(x;) = ex(x;) (7% 2-4-7)

f@O=hO+2X]-XK (5% 2-4-8)

HP o Ji R i5E 7 (Coulomb operator) ~ K 3 % 3% & {+ (Exchange operator) -

B X &) — KR 5 HF P g Ve 308 % o @ HF 2 225 4 g
g5y £ 0 TR B s (Correlation energy) » P 0t 2 & 5 4 3B F it B EoxactZ

HF i 8 Egpeii B

< e () (5 2:4-9

= {xaGe)aCe)

2
< orae) (G 24-10)

K = (xaCe),C)

(5% 2-4-11)

Eexact — Enr = Ecorrelation

27



82-5 % 4 Rk 3 (Variational principle) 2 g & ¥ * &
(Self-consistent field method)

& HF 22 °¢ > 1 f(i)iv 5 Hamiltonian(zt 2-4-8) - H — Slater 7 71| ;% %
S Be(3Y 2-4-T) ek A A (Basis) > [ VB AR kma £ o RBRA R
f

‘J<,Lw7 'z

72 (Variational principle)sn#z_» st 7 d T 3583228 » £ 7 Tty A

Ik

Ei#g « v 8 fii £F

5=
Ab

(WIARp) .
> A~
wip = o 5 2°5-1)

Variational principle E =

72 2% P r-Hamiltonian (7% A& — B 45 R ahid Sl &

Ak
»

?IJ’H' 2

’13‘_}:‘?"3'*’!' k‘i”;‘]’h’?'r .—'L‘“J'%" 73 m’*m""ﬂhEl’7 lv’f ?El}lﬁﬁ 'I%KFE"’/”‘});L\ZX'

j

B AP r THEFENS S BT anEy 2 - EEAAROEY
ERE R4 &.ﬁﬁ:‘%‘fi% LR L0k o R s BAER > BB T aci B
E AT ENE) S BT E i B L dBcen B AL 5 A 2
(Self-consistent field method, SCF) » & — = & » A& R| H 5 - & &

(Iteration) &% — & & &+ # (Electronic step)e @ § SCF % = (i 7| 3K T acif

-

SEEE & CEN S ELEE T AL S E YR

o4
H\

IR o RIEREA RS Bk T EATH 40— & SCF et & >
%R+ BB AR A 5 &+ % (lonic step) -

28



Input
3D Coordinates

of atomic nuclei

Initial Guess : _
Molecular Orbitals | | Fock Matrix
(1-electron vectors) Formation
Fock Matrix
Diagonalization
Calculate
Properties Yes SCF No
Converged?
End

Bl 2-5-1 p 3> 2 LB

29



§2-6 {8 HF = % (Post Hartree Fock method)
§2-6-1 B 4p 3 i¥* 3 & (Configuration interaction, CI)

1A RE_HF * 2 ¢ 72 # 7 correlation energy sk A4 0 & JR TR WA R
* H - Slater 7 7] 3" (Single Slater determinant, SSD) 4 & & & 37 34 o 5 4 >
¥ o E S Biere ) = LCAO (Linear combination of atomic orbitals) c725 3¢ » #

¥ a; 5 R+ s (Atomic orbital) © €, 5 RS i enihdc

LCAO!MO! X‘U - Zl Cv'iai = Cv'lal + CU,ZaZ + Cv'3a3 (37\‘ 2'6'1'1)

&d LCAO & i7 » b S Bl & & F #use (Molecular orbital, MO) » &2 MO
£ 54 Slater 75|54 2 & SSD>x ¥ fL2 5 - 2 fi i 3#kg; (Configuration
state function, CSF) - & p* pF & 2 % #Cp,; 7 % > T ¥ i {7 % B CSF ehdj2 e

& > RIfE2 L mii4p 3 8% 2 ;% (Configuration interaction, Cl) :

Cl 21C o= Copoi + Crpri + Coppy - (7% 2-6-1-2)

B¢ Cseftps ivt i fi(Configuration interaction coefficient) > ¢g ;> @4 ;fr
Q2R & A fsfo—- =x ~ = =g en CSF(Ground state, singly excited, doubly
excited) o » R B E VARG B RF PALLR O BET IR S

30



B> ¥ 2 ARG - A doB) 2-6-1-1 i o
B 26-12: 54 A T i Tod M HRE N EE RO - 7 Coo(-

i CSF > & % SSD) Wikak b 7 8 < 3% ghcorrelation energy 0 I P A ECHF

[e]

Rhemt 8 by 2B FPACIY R 4B CSFendire so@ b
FAPY BT RE AR AL S 2 2 idpS Er (Full Cl) > e B2 w

e S U T U I R A SRR T R RS

N

S Spem kR fL5 CISD @ % % BRI Z s pF o BIFEE CISDT -

4
1 _*_
+
1 T +
4 41 *
UL Y & b A7 S S B
41 4 41 4 41
T+ T T+ 1 ¥
4] 41 4 |
T+ T+ + 1 } _‘_
4] 4] 41 41 3
T+ T+ 1 T+ T —H—

v
HF S-type S-type D-type D-type T-type
B 2-6-1-1 B ® HF % A i > S-type ~ D-type f= T-type A X % — =x ~ = =t fr= = % 19

Hartree-Fock Exact Result
Limit

50 =
¥
oW
§ 40
B
[ -
ri
w -
2 30 — Full CI
@
B
.g' 20
()
S
g 10
£Q
E
=1
=

I 1 i 1 L

1 10 100 1000 10,000
Number of Slater Determinants 2'5()

B 2-6-1-2 HF 22 Full Cl i * en AO & A #ic® 22 SSD #ic & 0 2 /) 1°
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§2-6-2 % &= & p & HF * ;& (Multi-configurational self-consistent field,
MCSCF)

ot orit > Cl 3t B pFT 2 #4508 2-6-1-1 ¢ enC,, ;i iT P 22 % > ¥ 44
Crlie %4k » FX B ¥ CSF ¥ enC, Bl F R cn> 2 RIfE2 5 5 2 fip it

¥~ ;2 (Multi-configurational self-consistent field, MCSCF) :

MCSCFE 21 G @i = 21 (i Cv,i)(i) (7% 2-6-2-1)

& MCSCF ¢ x ¥ lmA 5 % 27 p s3> 2 (Complete active
space SCF method, CASSCF) % *24|& 17 B p /&3~ ;= (Restricted active
space SCF method, RASSCF)# #& « MCSCF = j erd# a2 7 MEHF T/ B
s i full Cl en= 32 > @ #1307 g s34 R 2L i 1 - B 2-6-2-1
Bgom 7 CASSCF 7 2 RASSCF sz & » AL & 1 & CAS 11 2 RAS2 thjuis #ic
ER T ALY T full Cl éh= 2 o i F ehd 7 2 2 > b4

CASSCF(11,8) » £ ¥ g 11 B R T+ & 8 B s ? hiry e v fd o

RAS3
All - 0,1o0r2
CAS excita- RAS? excitations
—Il- tions —l-
—l- —i=
== ==
—— RAST | _ |-

B 2-6-2-1 CASSCF 17 2 RASSCF ¢h4 8 1
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& ¥ U

§2-6-3 4§ & # = ;3 (Coupled cluster method, CC)
"f 7 * Cl gt ﬁ MCSCF izfd &t e & e 2 g2 CSF 12 #F >

% dpBcin?) N B Bk 3083 & ocorrelation energy » fLz 3 48 & A 2

(Coupled cluster method, CC) :

& 2-6-3-1)

Y=e g

Coupled cluster
T (X 2-6-3-2)

= et (i B 3 (operator) o ¥4 a H_it ;i B

i Y S

==

—;E!:JTl‘TZ‘fF'T:;:‘%" -
‘ Jo T~ B 7 =X e

A Sl i E — ARDRE ) T 7

CSF & % %

FR(TPTAELIE=F 5) fud 3 hiF g
¥hF o Eetpgr o 7 CCE

Gt E 22 SR B R EREE2 - i F CC ehdkar 22 & Cl i

Bl4r CCSD 4 7 & F 4 - 8= =t hid 5 3 (T cTy) o
d3>HFE CC ALY i@+ H—- CSFern? 2 HRAF 2 237 3 81

g 4R
gk Hag €4 %308 kel B2 0 ®#% 7 5 CSF &1 Cl 2
MCSCF = 2 | 2 & 5 pt i o

(¢ 2-6-3-3)

Size extensivity E(A+B)=E(A) + E(B)
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§2-6-4 pick 3L # (Perturbation theory)
R A RILJLET R AR BT e 1926 & 4 B DKk

-

#8123 (Perturbation theory) » H @ 51 % 7 ® WenXeh -S> ¥ = 52 4]

7 & (John Strutt, 3rd Baron Rayleigh)s=#= 3 » » Fiesh f1-FF7 RS

(Rayleigh-Schrodinger perturbation theory, RSPT) :

RSPT H=Hy+ AV (5 2-6-4-1)
=P+ i+ 2 + By 3 2-6-4-2)

Hamiltonian .t At d5fa S HoZ2 AV > H ¢ A5 4320 ~ 1 ehddic VA 5 ik
B o Hyd2E & 575 R &% 354 ch Hamiltonian 78 B - #4887 i 728 L
P ViR T R D SR i REY Y ¢ 57 430
i £ oo @ od 3t £ E, & Hamiltonian 3 ~ 7 82 425018 € B B 2 5
2-6-4-3 A} X F I K chit BB Rl 0 € i i B acE - i

dept - R B FRA /S BT RS AR

E,= E® + 2D + 2EP + BEQ ... (% 2-6-4-3)
- "I R R AL RS R B BE, T 2 FEE AT E
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-‘\
I

AN

A7
NN

i)

%
S0

E—E_Eexact’ ﬁ:" %L—»}:Q;}j%\t’l-i—fg * ﬁjr }é] ﬁ'{ Eexact 'T !«"—j\r}»ﬁ—\_&‘f 'ﬁhv%

=

\

BB FZALL B3 ARl 2N L ANT I HREPE -

A RSPT es®zh > R p 2 $enn B #7% % - F £ (Christian Maller){e

F Wk % - F F & #F(Milton S. Plesset)*t 1934 £ #% 17 & £-3 7 % ¥k

# 312 % (Maller-Plesset perturbation theory, MPPT) e MPPT 4| * & HF 3234 ¢

f)z Aotz Hy > 7 VR4 HF 2 ¢ chT oV g o

MPPT = % f (@ = Xilh(@) + VHF ()] 3" 2-6-4-4)
Zl<] [r__VHF] 5 2'6'4'5)

ij
d 3@ MPPT &k %end & Fo % - k& (MPL)i e £ %% ¢ & HF
- RO FUMPPTEREZ L EE %= & 5(MP2)> MP2» 5 A3t 5@ 5

¥ F ok slicE o

B 2-6-4-1 B = 5 Rayleigh(1842-1919) ~ # ¥ 7 Magller(1904-1980) ~ Bl + >
Plesset(1908-1991)
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82-7 % & £ & 32 #, (Density functional theory, DFT)
§2-7-1 B & #1-7 F - £ 5 #3] (Thomas-Fermi-Dirac model)
#2302 A HF 8 post-HF =72 » w @ % SR 3k ondie HRRES
27 3NBRERE - BREBTAZIFTEPIOT I RRRBER TR
Foh B ERARE R HIT 3 BAR 0 D EFZ %R LSS (Density
functional theory, DFT) o 1345 2-2 & #7if » f & 8 3K w0 #8 T > Hamiltonian

A A 2 T Ve doVeeo i 1927 £ > W eh3 § +h- 835 21(Llewellyn

H. Thomas)fr & < 102 2 # - § 5 (Enrico Fermi)4& ) eh5 # <1 DFT £ 8 >

5 B35 #0-% 5K #5340 (Thomas-Fermi model) o £ ¢ 4V, folV e chd 7 i #
1T L 0 E (N 2-7-1-1 2 2-7-1-2) e 23 R Ap() kit AT,

A Bl 9§k F 48 (Fermi gas)siE 4

Thomas-Fermi onlo()] = ZH [N T p(modr (5% 2-7-1-1)
k=Rj
p(T1)P(Tz) -\
elp(M)] = f ] =2 drdr, (5% 2-7-1-2)
~ 3 2 5 .
Telp(M] = - Bn*)s [[p(r)]zdr 3¢ 2-7-1-3)
N = [p(r)dr ;4 2-7-1-4)
Thomas-Fermi #-4]%¢ ¢ 2 S BEBERAZ BXK % - > L PR 7 ¥
BRI el ? @32 5 p(NEFFIAELZRTFIRREAD
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SR AT SO MR EIRFEAEEERE AT I ENG 2-7-14) =
0 0T s Ve frVeeit 2 8 ¢ 5 p(r) iz B S Bcehdo fic . FIP L2 5045
(Functional) ; % fs+ ¥ 5 &€ & ch— 8> A AJ2T A pER * 1 Fermi gas :H %

ZoFermigas & - TR LR T - A L5 23 F% dhfermion (4

A it AR L
oosege R T remigs

Fermi gas
Bl 2-7-1-2 j& > 2 3 %% cFermi gas 53k 3] = > (7% ¢ Bose gas B3k 7 &, B
% Fermi gas sniEzk ™ o % AW Ui 2 B 7 & B fermion Jb o ehis
FoABREHF 2P o % HF 3 A SRR kAL Sl P

(N 24-1) Fla ket RT3 2 Fenier 4 5 & T correlation
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energy 1% £ % prz vk o d R 3 3 B A 2 Sofic o Thomas-Fermi

#3lid exchange energy » 7 & 3 fep > & 2B g A 4 A3 ehp AR L

PR

(Self-interaction error, SIE) » 28 ¢ + s 3%t» € A2 T+ 574 o ¢ Dirac **
1928 & ¥ & ¥ i * HF = ;* ¢ gexchange energy (Slater exchange)4e » @i it

T Thomas-Fermi-Dirac 23] » e d *{% T 4% correlation energy » # g i
BREARL S o A 2 ALY PEALE o e s b Ar 8] DFT iR B

SRR 4 o

1 4
Slater exchange L= Z(%)E [[p()]zdr (5% 2-7-1-5)

§2-7-2 B ¥ B #.-# 2 %32 (Hohenberg-Kohn Theorems) e & -4+ 42 3%
(Kohn-Sham equation)

- 2 711964 & > 2 ®egd 3§ - B 5 P 45 (Pierre C. Hohenberg) e 2 3 11

ik f o - 8 (Walter Kohn) 3% &0 7 & 38 B % £ - 8 212

(Hohenberg-Kohn Theorems) » - & DFT B 4odf 2t 74 % o % — 78 2324 % &
FHEHEP - B RSk ren2b @ H AR o £ (Non-degenerate ground state

energy) P ¥ BT - LRI RAE T I N E - B R ARAPM % - 1 @R

FREN T FFRIFE N AP ERLSRE - PRpigL - Kohn 22 F
70 & 4 (Lu Jeu Sham)t 41 7 1.8 -4 > 42 5% (Kohn-Sham equation, KS) » i
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DFT 22 37 #2428 & 4 i % > Kohn » F]pt jE {7 1998 & ezt b (4 8

KS equation RSy = exi (5% 2-7-2-1)

hES =T, [p(M] + Vonlp(M] + Voelp(M] + Viclp(MI(GE 2-7-2-2)

;¢ 2-7-2-3)

Vic = AT, + AV,

B 2-7-2-1 B = % Hohenberg(1934-2017) > B * % Kohn(1923-2016) > B+ % Sham(1938-)

H ¢ x5 Kohn-Sham #uis » @ VycBl @ 3 7 284 Bt 12 & 974 2 36 B B iy eh

i I8 o34 eHKS B A2 R £5 % 7 %8 02 Thomas-Fermi-Dirac #-3) 175 3% >

CHERTA A Y T3 S 2 R EAHR A R 2 LM

i 1 (5% 2-7-2-8) » e Vyckr 4 1B DFT ¢ BCBAJmenghh » 3] p 3 5 b 312

4

$ - Aok E gk o
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8§2-7-3 B 3 % A& iT 127 (Local density approximation, LDA)

KS = 425538 017 @ % Vycha s REMITa iz > @ 8 VycE 82

F\ﬂ‘—-

A BRI AR SRSk o B R4 DFT 2% ¢ > 2 f& e &R * Dirac

# e Slater % 4 (58 2-7-1-5) 0 d AR WA E AT F LT 0 § AL L i

< Rt

£xeng oF i (Fermi hole) » 2 o+ s 2 o (r)4a M > Bl 2 3

e @RS a7
== ;a[n @) (£ 2-7-3-2)

M B E.Fl s 7?3 AR R H @ 2 VEFRT i endi e 1980 £
Ceperley f= Alder 4] * # & % # -+ % ;% (Quantum Monte Carlo) » ¥ ] 7 %
pd T3 F MR 2T T ey o RIS A SRRt AAHD BT M
RS Boendy (LR P B dren de e B H B gjr%) o BE T n S B

2oy Age > E AN Lp ke > BoF L5 Vosko  Wilk v Nusair »
1980 & 3 1< VWN B i (& Slater 24 £4£5 SVWN = 2)» & %
Perdew §= Zunger *+ 1981 & 3% 1) 17 PZ81 R Bif e o

Aapl gy Ve 2 o AR EE MM Y HER - B e

»
]

N

o
—_\
pi

I

PEZEa T R RAPM o Ftx H 5 B %A T2 (Local

H1

‘F
ETTRS
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density approximation, LDA) > @ LDAR® Z L A & » A B E 3 F p ¥
7+ w20 f- = LSDA(Local spin density approximation) - Kohn # ‘5 % 1998
# v n A e o LSDA A £33t o 3 S H AR 0 il

Rt A RRE S AFAA I ARG 1% ettt o d 2 R EAT P IT

RAAasF Lo pd T 54 LDA AR K P LA H s Fa

ERENE LN

82-7-4 B & % AR ¥ & iT /% (Generalized gradient approximation, GGA)#
meta-GGA

% LDA aiF 53 B8R % r e SR B > LRI hpd 7
47%ﬁfJﬁ%%’%%ﬁﬁaééﬁﬁﬁaﬂﬁgﬁﬁxﬁﬁ,@ﬁﬁ
Py oS ag L oo #13 LDA 0 & ¥ e 5 5F SR BB E e N
WAL ERFBRADEREVPD) > H R AT AP AT 2 (Generalized

gradient approximation, GGA) » 4™ 7| #7575

GGA Ve = Vg 1+ ps?] i 2-7-4-1)
s = constant X le(r)4 (7% 2-7-4-2)
[p(M]3
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7 fp GGA = 2 ¥ 2 Hu ik T 2 AR o A IR Es ¢ S
7 "4 L Slater % 3ear (5% 2-7-3-1)e753% 5 4o » 7§ &5 4#c(Empirical
parameters) - 4-4{, & =5 Axel D. Becke ##% 1988 & 4% 11 57 B88 2 #ar o F
L GGA = 23 1988 # 7 Becke-Lee-Yang-Parr (BLYP) ~ 1991 = &9
Predew-Wang 92 (PW91) ~ 1996 # 1 Predew-Becke-Ernzerhof (PBE) % % - &

& & GGA e

Ik

FAv b R R DA b ihig o RIFE2 5 meta-GGA -
BT Laa 2 RP R g+ F arDonald G. Truhlar #38 B 4t J) 9% 3 R 55
& Fe(Minnesota functionals, Myz) > 4= 2006 +# 7 MO06-L = ;* ~2011 & 7 M11-L

FEEZE o ek s 4 3 40 2003 # £ Tao-Perdew-Staroverov-Scuseria(TPSS) -

B 2-7-4-1 B = 5 Becke(1953-) ~ Bl ® 5 Perdew(1943-) ~ Bl+ 5 Truhlar(1944-)
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§2-7-5 & # % suid %73 (Adiabatic connection method) £ R = £ ;&% (Hybrid

functional)

g v g * GGA & meta-GGA WVycie 73 » DFT # LB 8 5 &
FpATETFELGSIE); @ HE 2 2285 M B P JEZ B B 0 o Fptzr %
FELPTHDFTE HFRGEFELE » T alye P Z 3 DFT &2 HF 92
BB B OE o - AH I h 25 K i B2 (Adiabatic connection
method) » 1% HF % KS #u i dl e &oeiE, » 8% DFT = % GE,  Apde » T
=

B E, 4B 2-7-5-1 #7772 ¢ axgh 2 & + 2 3 (7% ta#(Inter-electronic

interaction, \) »A=0 2 = 2% {£%* » R & 2 TE ;A A=l 22 21F% » A4 =%

BeEy o ipfif ™ o BB AR E, v % HFE 12 DFT & J1ank % 4
7T
Hyper-GGA Ey. = EFF + z (EEFT — EFF) ;v 2-7-5-1)

TR O K Bz R HIE B 0 b 0 AR ) g RO A B

nﬁ-
%m
b2
i)

B R R Bk
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_E .
= 1 L\ 4
©.<WO) I K 1W©O)>) 3 Eye { < P()V e [P l))ﬂm
\

_____________________________________________________

Area that we
want

Area = exact
> exchange-
/ correlation energy
P (1, < T(O0) | K | W(0) >)
exchange <
energy

\ _/
0 1 A

B 2-7-5-1 ## % seid 2% chn 4B

ifd (F72 2 fL 5 R =L (Hybrid functional) » & &% oyt 4 4 Becke ¢
1993 = 4% 41 » & BEz 5 0.5 #F 3] 473 « Becke half-and-half (BHH):ZL %
0 M B B () 2-7-5-1 ¢ e ¢ Soli)o e BHH L& ¥ 52 5
PR S o TP Ak & o Becke % 417 I = B ¥ #ici i ¥k B3
i%_;% (Becke 3-parameter functional): 13452~ * 2 I¢ cnDFT = /2 3 % [p efiet
B AP ianRaim i BILYP A4 MY RES AR L1 3R
2 R PR e
B3 EB3 = aqEHF + (1 — a)ELPA 4+ bAEB®® + cESS4 + (1 — ¢)ELPA

(3¢ 2-7-5-1)

B3LYP EB3LYP = 0 2FEHF 4+ 0.8ELPA + 0.72AEB®8 + 0.81ELYP + 0.19EYWN

(5% 2-7-5-2)
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"TF BILYP et # > 2 (50 A2 F I A RAUR AL o GE TR
FEPIEARAEMN Y AR S Sl BIER AR > Bl aB g v R
7 { % en%dice4r Becke & A 3t 1997 & B 3 BO7 AimyEH 70 10 B 4
oo AHHEFERMELEF L AT F R NP L FKE kL% MO6
(27%EHF) « M06-2X (54%EHF) « MN15 (44%EHF) % -

MRS E P & RO PIET)* 8 i MP2 e % B~ {8 correlation energy -

igA2 7 £ i o DFT S ) chd £ 1 A 7 & Bl4o ] 2-7-5-2 5%

INCLUDING
HEAVEN OF CHEMICAL ACCURACY DISPERSION
A
S CORRECTIONS
| E MP2-like generalized random phase (B2PLYP,...)
M A
p E, Hortree hyperGGA (B3LYP,M06-2X,...) C
L C
|| tor v2p(r) metaGGA (TPSS,M06-L,...) U
C R
I Vpl(r) GGA (BLYP.PBE,...) A
T C
Y plr) LDA (SVWN) !
v

EARTH OF HARTREE

W 2-7-5-2 & fark Kk 2 #F R 0 DFT = 72 > x #L % Jacob's Ladder of DFT
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8§2-7-6 & 3%c4 47 * 3 i (London dispersion force correction)

-

'ﬁ’—? DFT A7 3 /7% 4 Fip¥a s > R HEI L F FiFH 4 (de L%

dos T aE)R e 0 RFIET S E 4 AR NIRRT ¢ 8T 4BiT

® > E3kipe £ pEar(long range) it * 4 AL Lk > @ H Y X 4

“
M

(London dispersion force > * # & 4 F B 134 F B 4R4 )b 5 fkE o Flt &

AFE P FREFEIERB T o §FE 4 r - HEUP gt g4 ivig 0

W

Dispersion function ~ EZ*?(R) = ZU[ ]f AP (Ryj) & 2-7-6-1)

# ¢ fdamp(R, Y% damping function; @ CJ 5 — & 4v % dic> 27 3 BT 2 45

SR MoEF e e o Eﬁﬁiﬁﬁ‘ﬁﬁiﬁﬁﬁjﬁﬁ SR “/f E

rEeE uji %Iﬁ et & R A 4

—IET ek o g r§ F"b RV 28

\\%

CT g tpccnigio b rah o b o 4 Lenh 44 B 1 > 2 » % 1€ B 5 Stefan Grimme
¥4 GGA = 2 “TB % ch DFT-D 4 7] > ¢ § 2006 & 5 DFT-D2(# F =~
%% & FRACT ¥ #) ~ 2010 # 1 DFT-D3(3 I = & 4+ 44— 58 ¢
7 €Y 2 CJ 4 #5) 4 2019 # ¢ DFT-DA(A >t D3 = j2 £ 2 2)e it = j2 ¢1C)

TR W R R T L L S > SN e T P LA AR

#z (super cell)se &
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ij
DET-D2 EAT®) = =35y % [ 65 (Ry) (2762

. 'J
DFT-D3 ESP(R) = -3 ZL{[ ]fad“m”(RUL) - [ " ] 22" (RijL)}
(5% 2-7-6-3)
ik 5 L igskiz e 454 hyper-GGA = 2 chpl R gRid & 71i2a 3 3 ¢ 49

7 b BESEEF e R A& B 0 4o M1L (CBiEdE 42.8%EHF - E peag
100%EHF) « MN12-SX (‘=iE3t 25%EHF « £ jegt 0%EHY) ; A TR
= ;% (Coulomb-attenuating method, CAM) - CAM-B3LYP (‘&§E3 19%EHF
£ FE3E 65%ERT)

f B RFAFLEEE LN T RS G R BIRETL ST 0
BT A B E > Becke 2 H & 4 Erin R. Johnson *t 2005 3 2007 & #% !
11 XDM #-%| (Exchange-hole dipole moment model) - XDM 4F e 87 % & ;,*g

dd YRk TRy AN R A 4050 ¢ cl4ecY) =

9

® S o

B 2-7-6-1 B = % Grimme(1963-) - % Johnson(1982-)
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82-8 A% & ¥
§2-8-1 % ik ¥ {497 # ;& #3123 (Bloch theorm)

AP E EMA G AP d AR RIEET M IS g LR T B
JoenE A E AN B Unitcel)ie 72 B cha Ur B AR B L G B -

SR LA G HEAL i AT £47 6 ek - B B 9

B 2-8-1-1 = B 8 e 3 Bl 2-8-1-2 ® ¢ % Bloch(1905-1983)

v

PP EZERY A EER s L g {1 5 8- & A (Felix Bloch)

*> 1928 & 3% A% 12 25 (Bloch theorm) » 1 * #13) c3# j& A% i (Bloch wave)

FLEP B sl BY & 50 Tq ez ki Sdieu(r)

Bloch wave Y(r) = e* u(r) (7% 2-8-1-1)

Y(r+R) = e* TR (r) = e*Ry(r) N 2-8-1-2)

H¢ k5w £ (Wave vector) » R & & e & (I Bl 2-8-1-1 ¢ ha) o
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§2-8-2 E-if & = ¥ $ & (fast Fourier transfrom, FFT)#* iz & (reciprocal
space)

oA BA KRR Y TG L pF s AEE P ouR oy P if 2 F %3k (Fast
Fourier transform, FFT) %+ & i B B > ¥ 30 eerd V38 (7 g a3t B o
¥k Tl 5 g 5 7 (Real space) @ i§] 5 & (Reciprocal space) & i& {7 FFT 2
SETAAL TR - BHFEZR > RATa AP S Re ER- HEDH

BEGo B FZRARABETHEIIHM  wd 307 FF hdhZ 57 FFeandh s kL

@ 2 B engoo] B ¥ (Wigner-Seitz) » i FFT s 15 > fm) 2 B A3 2 1
% — % 2 4% (First Brillouin zone, 1BZ) - 1BZ #7¢ 3 % ¥ p 975 8L %
Tk Bk om o fed ¥ IBZ Pk L L AB A ELS B F R

¢ 1395 & oo B & 7 k ZEP~ 4k (k-point sampling) - 4p #8 e k BEH & 4 ek S
e SO0 FIP hodFen 2 § 2 B9 ¥ 4 IBZ P (7B H o 4o B) 2-8-2-2
Sran e gt th o d M F 2 AR T F Y E G - TR K BEAP R €

AR § A o B3 E PR Y RS ] KRR o R e
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Bl 2-8-2-1 §F 2z ¢ 562 (feo)dh 12 0 5 FFT #3412 9 1BZ B4

Al v 4 B @y ¢ - o+ |
+ o+ i i
; + + + + + |
: - |
+ o+ i !
oo TS + + Foeee- +-mee- -
+ + + o+ o+ o+
+ + - - -
+ o+ o+ o+ 4+ o+
+ + 4+ o+ o+ o+ + + + + +

Bl 2-8-2-2 A fz ¢ 27 kgBHam B > 2 ¢ A % Monkhorst-Pack 25 3% enB~ 4k =
#oB AT wapis 2 2
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§2-8-3 2> & % (all electron):* & 27 3 §2 % 4c ;4 (projector augmented wave
method, PAW)

Btk Sl i X (Basis)pr o FHER G TS Z A2 {NE S MY gakd o

Fz2 w2 R T2 (All electron) o e 4 se ks T F B E S 0 L S b F
FILEFREPTEPM T IRIAPH R * 2R F 2P EFF TR

Erxd oo L LI E R > AP T w44 DFT p eh Kohn—Sham i & fic i
Fed2 o H-H ] A LT (Cutoff radius) o & 2 b A R IRA S JI 03] ih
T8 i 3 Bc(Pseudo-wavefunction) i& {7 17 i o Bkt e e 4 0F 2T oh JaaE R A
I KS o i R 2T P S f  agZed B R Y L S
21

B % s A1 A4 (Linear transformation)# 3% = & & e KS it &

Bt

W(R) =N+ %, 7)) P(R) ¢ 2-8-3-1)
HY PR KS it S~ P(R) 2 Bk S~ N 3 o TR RS
JEehenig oo g S o A 3T gk Solieen ™ 2 A 1994 & d Peter E.
Blochl %4k 41 » #2545 8% 4o 4 (projector augmented wave method, PAW) -

PAW i ¢ fe s ok Lo p & * 7 @;;m».g{’ e H AR BTFTITIE
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§2-8-4 4% (pseudo-potential) i3 &

HE 5% 41034 £ > LR 274 F § (Hans HeIImann)iIf‘ug S ORPR
S B g 0 A2 5 i4 (Pseudo-potential) - B4t & £_PAW h# ¢ - 8 4 7
S A A BRSEEETY 0 P B gy R A
Kohn-Sham A& & » #3t7,. 5 O pFeipf iR o @ B4 anfn g &R Sficdp e > 11
B AR T hd ikl B A it Solic SRR K D 3 L Sl

a2t o o] 2-8-4-1 & o o

I Fe r
L "H “

Vi

paeudo

B 2-8-4-1 Fdcnm LW Fd 5 R Ak SR il o o d SRR 1 1 al Sl

[l

rp o k¥t R e BE R > 4 BT 15 (Norm-conserving) £ 4g #i
(Ultrasoft) ﬁ_@’%‘b o g{aﬁzi }:m/ﬁg%‘c g7 BT F I RT FEC T
B EEr It Hp T FAIEERAS TR~ #F 3 B GBS BT
B P S BAT kR R e U ERFE TG &L
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S0Hc(2p, 3d, 4F...) 0 f3t B PFE R ket Sl £ S 0 i X 0kd i K o 7

ﬂ
Jo

ST - AR RBRGES BT T R R T BN g
LR BB Peat kS o de Rl 2-8-4-2 95 F o
Bed e e i L oo T o b N A REFER > £ b in
R TR ERE o Rk (SOf) T Hr it > P EREFRE L R
7 #FE s A (hard) BRI B4F AR 5 o R R G R L Bl 0 R
e R 70 RFEPIPKSk o B B H BT 70 3p

R

35 hKS ki % 3 2p 4R ¥ A KS  Sdgeo F1T R BEY R

1.0 2.0
r (a.u.)

Bl 2-8-4-2 5 R+ ch2p ik B 0 FRE RoA il ddie s B R R RS FERTERE
ﬁ#éﬁ%ﬁﬁ@%”
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§2-8-5 & & e B gr 4k $ it (Cutoff energy)

ﬁ&%ﬁiﬁﬁﬂ&&Mﬂ’ﬂﬁﬁiﬂ?Wk&iﬁiﬁ%%%iﬁ

)

SRS T S EEE S I FEIEIEE -3 RE SIE ]

PR o p(r)hE R R deT 0 B P e s T il

te(r) = X Cr eltr ;v 2-8-5-1)

md 37 k’ﬁi@iﬁ”)ﬁf%i’ ERpL IHATE R DT o AEicE 7 PR K
RE AT G R R R o Fp A @ Bz o € o) g
ik 8 ¢ (Cutoff energy) » 1 * i& B 15 12 35 BB BcE e U] o Bk $0

e EZE YT - BAR B R S B R (Gay) PR 0 B N F s TR

PRBEEF T GO BE B W o BB B G, T e T
—_ thmaxz ,\:
Cutoff energy Ecutos = — (3% 2-8-5-2)

BB hE G Tk P AT E 2T 35 2% cde(Fitting) > X T A A%k §
WP E R S 3 B ko PRI E ¢ S8 L

Mz fgicts » %4 & "F%’L*’i;mé\ Bl TR
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Total energy/eV

4
.

.-........

....................

Bl 2-8-5-1 4% # 0k # it B fm] 2 Y 44T G kiR

2294854 R
—0O— Total energy/eV
-22954 .4 -

-22960.3 1

-22966.2 1

-22972.1 - \D
\--'_\-

O (u] )

'22978.0 I I I 1 I I
260 300 340 380 420 460

Cutoff energy/eV
Bl 2-8-5-2 Bl b #o i chor AW AR B BH B feac®

55



§2-9 B F et ¥
§2-9-1 iE & & ™ #% (Transition state theory, TST) £ & #f (Imaginary
frequency)

FAPLRIFE-BEF R EF IO R ZAS R P AN
7 3 R i @ m (Potential energy surface, PES)erp 44t £ M Bhp o @ {2
J5.i8 & 1 323 (Transition state theory, TST) ey 3 » 24 i iy > % 2 & PES # 35
Il- iERE o H B 3 £ A< Minimum energy path, MEP) » 3% & &
MEAIE T 0 dele ARl BER B AY E E- fR e BETEARY N E A
e 5 1B & (Transition state) » T B eruGm fi o8 @ - BAR L 5 i E5 3

MRFERE N E R MAE T8 W - AR TIREIES 5 f B TRAE

(Imaginary frequency) o & & fed' & 1+ )R ¥ 108 i B o s fh G

5 ¥egk(Saddle point) » H 2rdzdede 2 A4 iy £ 4 B RIFE2 5 2R BT

-

it (Activation energy) > 1345 4 522 > H izt d 5 4 7 K/f Pz dh s E B

LT g R E A P E B dofe BB B2 F R B AP B ehBL T &
PFEYEZEYENFF B 2-9-1-1 5 PES 11 2 F RS &R B 2-9-1-2

Pl % - BAFSeF Rchs @ PES 5 7 4B -
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Transition Structure A

Minimum for
Product A

Second Order 0
Saddle Point

Minimum for Reactant

B12-9-1-1 F odr 2 A4 6 PES t érr A0 > H ¥ & B 1 8 (57 a0 ek i /or 3 2

E

potential

Reactants A, B

Second Order Saddle Point

Transition
Structure B

,‘ Minimum
0 for Product B

Valley-Ridge
0.5 Inflection Point
1

8

VA

""""""""" ~laH,

Products R, S

reaction coordinate

B 2-9-1-2 — BAgseF Juehs @ PES = 7 B 2
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8§2-9-2 NEB (Nudged elastic band)#* CINEB (Climbing image nudged
elastic band)

P E R Rens it o R frﬂﬁﬁ%?t TfRF REACREFGF L ED
VR AL et B S Ry Fpt 4 gt g4t NEB (Nudged elastic band) s
2 ARt eNEB 2 2 ¥ AL G F BRPFE AP hiad o PR - iE R BRI

(Reaction path) @ 4t » 43 F > 2] % 37 5 b #ip it BRE (734 0 > ki3 & B R

»

|l

X 4 R HEE

Y~

E

R

fegr TP F B A B2 PR EE BRI E B A
B FRELA 2 LR s o m CINEB(Climbing image nudged elastic band) R £_
£-4F NEB chig > 1% £ o F45 5% 4 Bt chit B jcac 2 0 B H e
RPN EB A BEREEL 5B B 2-9-2-1 5 NEB £ CINEB & F &

B S e W

Comparison of NEB and Climbing Image NEB (cNEBE)

0.30 Saddle Point __ ]
I k’xﬂ. ) -
0251 Val N e ]
_ e N '
_ 0200 g N \CNEP |
% _ . " B
> 015+ o, ]
g o " |
STRCA L ' | ]
_ ) NEB ' *
005+ » *
- . .
000 ® *

0.0 02 0.4 0.6 0.8 1.0
Reaction Co-ordinate
Bl 2-9-2-1 NEB #2 CINEB A F BRI 4 2+ 7 £, B
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Wom b ORFO R A B nBhAR AR R O E R BRI A

17

P EEFE TR E TR R ERFE S g T BRF R

B (& B 5 2 # local minimum energy) > R % £ 7 2] 2 #c B F o € 3735
B oo

59



§2-9-3 # 4 & & % (Thermodynamic product) 82 & + & # 3 (Kinetic
product)

AR R R R ¥ IR R ok R PR E IR fAR
4Bl 2-9-3-1 #751 o % - fAR TR ARl 2 0 A A B RS R AR
Beid v ic & FF i S A AGRE  MFAF BRI ERE BT
e 4 8 A $ (Thermodynamic product) # + & 2 - (Kinetic product) ; % =
FaA R BT RT3 0 U E RFE R kgAY ARSI E R F
R A BARARGE SPEATEHFAFALIHIFAS AFB
LHEAEEY  ABERRT T ,u,%’sﬁ“gi Tl R &RIEECRER SRR

F) ERETRAFALBAL > AT HRLY DT Lo

A
A

L Small preference for B
under kinetic control

Energy

A Large preference for B
5 ! under thermodynamic

B control
>

Preference for Aunder
kinetic control

Energy

Reaction Coordinate
Large preference for B

A 3
5 2 under thermodynamic

B control

Reaction Coordinate
B 2931 #4 $2 64 Ak REELEALEH D
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§2-10 T i /ed2 ™ 3

§2-10-1 & & 3+ & 4= (Net atomic charge)

A

HWEFRAE g F s I P L BRI ETF(EFHS ISR
i partial charge) » $>> {2 F7 4 47 0 2 SRR F 7 s iR kG £ R R o A
5 R Jr it B N F A 5 st 12 % (Molecular orbital theory)m & 4 0 A 1930

ERE s s AR 2 48 2 F - 4 (Friedrich Hund) ~ £ ®WenR o8- 5 J]

(Robert S. Mulliken) ~ %) 3% « #7 % £ (John C. Slater) ~ # W9 - 5 p e —H

#7(John Lennard-Jones) % % B £]7 Rtk + i@ - 2 @ > Mulliken ¥+
WA RS Eh T B f 1966 & £ TR B H - #3 pli3 DR

B-@ofar 2ty ot me d a3 & L5 Mulliken charges s & 4

B 2-10-1-1 B) = 5 Hund(1896-1997) ~ # & 5 Mulliken(1896-1986) ~ B + =
Lennard-Jones(1894-1954)
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-‘Z\L

h R

-4

p_@
&

Mulliken charges et 4 % » %37 & A+ A2 B> RI#

B AR BaRA 12 AB £ B dta s X8 ME fpehdta BT A (A

E 0 dodH ¥t S Biord® o Lowdin charges ~ Natural charges % (¢ 2 NAO %
NBO %) ; 4% 7 + % & 32« Bader charges ~ Hirshfeld charges % ; 4-4f#

i ICHELPG S & ¥+ § & F &% ¥ WIehT e 4ok~ 1 T ¥ - B
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§2-10-2 4 + ¢ e + 3 (atoms in molecules, AIM)

S ¢ oy F 123 (Atoms in molecules, AIM)d 4 £ % g3 & - P 4L
(Richard F. W. Bader) f 1960 # 4t 41 > i & § PF 2 AR AL AP 9145 < > &
FhE 7 ¥ B o Bader B B B-H IR A3 1991 & 1Ak E (Atoms in
Molecules, a Quantum Theory) - AIM 1 * #c# = 2 g2 8 ¢ F3]en F B
B oo 1358 B i@ £ @ (Zero-flux surfaces)#-4 + 414 2 8B 53 - & B R B¢

e 2-BRFIPOLJIFZBRF FEP Dl Rt s+ ¢ chdigt

=
4o
&H
‘n‘_\Y
&=
[
i
ﬁ
447
.g_
e
T+
*'33(

AlM Tt 55 Jg B L enid * st i B Rl X

. = (a) (b)

EHE;‘ Q\ﬁ/p e © @ 0 o

. : my
- — e @ o o)
‘\b eNe®e © o o

$ e © © @
My
e o e o
Bl 2-10-2-1 ®] = % Bader (1931-2012) - B+ P ﬂq* Bader 0= ;2 A2 B ¥t Biagk

LS S R

6”34
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§2-10-3 & 3+ k& i i* S Bc(Electron localization function, ELF)
FREZTCAESN AN T IRE T OAPERY T I R

& #c(Electron localization function, ELF) % i& 7 & 47 ° ELF eh@ & 4o

D, (r) = 7,(r) — ;P 5 2:10-3-1)
DY) = 2 (65 (1) (5 2-10-3-2)
X =155 (5 2-10-3-3)
ELF(r) = 1 (5% 2-10-3-4)

Bops(r)a T+ RAR I T,(r) 5 TFBoa Sl FPD(r)™ AR G 3%
ARTF AR EROS R BHE kI T E AR ‘\—‘F'f T BREARS
Hb#ifeRA& ] aDYMRI 2 epk R+ BAT - fd T3 4 (Free
electron gas):rk 38 L 428 5 x,(r)B] 2 Dy (r) % DA(r)svt @ > % & ¥z 2ip
Py (r)=1"> ELF(r),T*,a 05-ELFeEr ¢ s 02 12/ » + ELF 4%
FWIE AT F R TRRES BT 2T F AN PF IR N e

ELF A&7t 0 P 4p & o

B 2-10-3-1 - B § i Oy 2+ hELF > 5 Bl > =d 2 FJ * & ELF ATt 120
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3

h ERTBBELSR - FCRBYF AL
345 5 § B4 & (Pt/o-MO,(110), M =Ru % Ir)eh
3

W

§3-1 %3

s P RS AGE P - R B 4T AR ¢ (Direct methanol fuel cell,
DMFC) 4z s ® peiv 3 Al » 5% g F B A2 - F VB UE Koy 5 - BiX
PR LTS L RAeR 31l St o AT AL LG 3

R A F B N SRR BE o @ DMFC Gdfd 35 £

—k%%_ 4(?,]‘1']_3,#3\:1%&‘3‘ AP 1% e * P—LA\F'J‘;}EEJ v H 34 5

Er pFAE S Gkl oo

B13-1-1 7 429 @i © 4 (DMFC) etk i » 437 et @ B {2048 4

DMFC 8 i® R 324 @] 3-1-2 #77 » T B HREFT? EF Y F &
(Methanol oxidation reaction, MOR) £ #& R = ¥ 5 & = & & (Oxygen reduction
reaction, ORR) > i 42 F+ Rd LB iR B+ Qe ma e Ak

AR

G

Kief s § AR
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MOR(&HOde) CH3OH(aq) + H20(|) — COz(g) +6H" + 6e” F 3-1-1)

ORR(cathode) ~ 1.505 + 6H" + 6e" — 3H,0y (s 3-1-2)

~
\

Electron Flow \
N

Methanol

.
9
<

W

©
E
L, AR

Carbon dioxide Water
S Anode Electrolyte Cathode

B 3-1-2 DMFC *c 3 pFrH 300k i+ R B

— ir k> DMFC B iRenTt& ¢ & * 1L Pt g 4 & et 10975, < B
@4 ] IEH B sE MOR Ak PH(111)4 & & ek i fzid i P g8
Pt £ BenF B2bd 45> R HEHF ~F B I~ B RELRLER
T RPE T FAHEFSE R DT EHR o B B AT~
§ it g & it (Poison) » & MOR it 7 P 7 ff € £ (7% 3 F &
(Dehydrogenation) » 2 4 CO e® FFA P>t &£ wm > A d 3> CO & Pt en
a4 L aa o §E IR R AR ARk SRR R AR L L E

> L1 5 Y ., 10,27-32,37-
o i B RAEL 2 CO & (v 0HRTE.
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i

;#%@;];Jem%m%i BECO& Mgy » 3T k)

o

BT e sy A e nCOF MMt OH A B & > A= OCOH @
AL 2 A WE AL D F AR AR L BRI ik

(Water-gas-shift-like, WGS-like) £ f 102728374046

WGS-like COg) + H20@ — COg) + OHy + Heg

— OCOH(a) + H(a) — COZ(g) + 2H(a) (;7\: 3-1-3)

Al Pt B e ARS AR L H o blcR T £ & B PRUOY R
% PYRUO,™ 2 PYIrO, ™ chaifLit &l % & - P4t § »cing 4 OH AR 46 1 o

ALY o k4 RUO, & 11O, e % B 5 iR % > b

Iy
ok
N
|
F_w.
,VE\
it
7“_.
==y
B

B0 OH KA 5945 d K fB4F i 2) 5 6 1 o S5 b Ptin g e
CO F Jis » 3R L1 B4R Jo § cn it jE i 2 »i sk 1028370 gl 2 ob s 40 & RUO,
& IrO,» F B4t i¢ Pt A 4¢ = B (Cluster) & ¥ j + (Single atom)**# & +
FF i 43 23034962

Bt 3 e AERHR LT 0 k2t RUO, & 11O, % & 1 RS > € 0% K &

. .o sy 10,28,37,4849,53 N 5455 1 a1 s 5660 o« 1 vp 1
;{OE\"‘?{OHW?MZ’% 07\‘;1/—”57?\?'%% E\“‘:J—-,E-’T m-\,}g,l\.lbb;}.ﬂ

T

1P RUOz & 11O & & ¥ 4t A) = #73) e01% ¥ (o-rich)Zk & - §] 3-1-3 &7 7 7 g d
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STM enff et » F % ® i f) 3B T 5 5% 245 B F 9 RUO,(110) % & *°;
A E R RS L E 1 & A RuOy(110)° & 1rOx(110)%° % & b srdE cris
A wE 02540029 eV o Fla AR F MR A % 2ELT RS 4
1 (Ogs, coordinatively unsaturated sites) - & & 7 3% 5 ;gusg 2y #73) £ 0-rich

P

BB EErE T Y MOR e 8 0 Bl 5 F 0t kst h MOR i Az @

S0

1

(TS) (@)
cus-cus dissociation

=
Q
> -14
2
s %
w 16}
(FS)
-1.8 ®

0 0.5 1
Bl 3-1-3 (2B gk mplF#E At 2 2R EH% § RuO,(110) 4 5 *°
B 3-1-4 (+ B))O, » 3 % RuO,(110) e cus i+ % i& {7 §rdtink Ji i B >

Flot e A F & o SPAEEd DFT 2 2 cnif et o 213 PR BdgiE on
MO,(110)4= % § 1 0-MO,(110)(M = Ru 2 In)ig s f& % & iF 2 T el $gpo 3+
5 WGS *t Pty/MO,(110)4r Pt/o-MO,(110) e~ i Fip o> T 2 1] % — i 2> 453

ARG AA R AL PD F REAE CO BN LR 2 B

MOR .1t 5 e 4 o
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8§3-2 3+ ¥ $¥

A E P g gt B3R 1% VASP (Vienna ab initio simulation package)
P kierE Mo B2 ¥ R RS S0 #kI2 % (Density functional
theory, DFT) = ;= » 41 % Blochl % —“F'f e B2 % 4o i (Projector augmented
wave, PAW)% = ix 17 2 g 22 chh = % (Pseudo-potential) » % % s 5
B E a0 B a0 3k M B o fic(Exchange-correlation function) i :E *
GGA-PW91 (Generalized gradient approximation of Perdew-Wang 1991) °"®%.
3 % (Electronic step)%* &t # (lonic step)&jc acis i+ A w2k % % 107 2 107
eV &k i £ (Cutoff energy)zk € 5 400 eV - @ # 2 41 % (Brillouin zone) e~
= % 8 * 1 Monkhorst-Pack 9 ;2 5 A ] A fc] (2 X 2) % R4 e
(6 X 6)-MO,(110) M =Ru %2 InN# o s itig * 4x2x14r4x6x15MPK
points « £z R Rli& * 7 12A o JEu 2ok K& K 2 B enivr 4 .

A dgd TR S A

Eads = Esur+adsorbate - (Esur + Eadsorbate) (;\1 3‘2‘1)

:,d? 4 Eads S “fﬂ;” £ KT‘T e ‘Esur+adsorbate %{!\vk Kﬁ;ﬁ' i KT‘T é’—%‘ T Bé;‘rﬁ s ﬁ*&’?;
Eour £ #%-7 ”ﬁ Z % 5y £~ Eagsorbate R A5 T*" ttﬁ FTERE oo YR

M AL ot B o A pis@ * NEB(Nudged elastic band) = ;£ fo18 072, i

69



A - PR F4 4 5] 5 £ B E(Minimum energy path, MEP) 7
o TR BILE 3-2-10 %7 i AP E R A Sk i (i d
BRI AU BN R E] S B R AR 4995 48 A AL 723 (Transition

state theory, TST) » 7 3| cic & B BEfE2 2 @A & 0 2 B G E F b iy

BAR WL E i i AP AP E S 4 SR F R T

%

ARG HE IR S FERE R L eneT S Y R it B & #F (Imaginary
frequency) » # & TST ehig % o 3 B 47+ AP RIE* 5 Bader 17

a y .1 137
A E PR

Ny e G

B 3-2-1NEB = /23t F Jgizaed o P BB 8L £ B0 H Y % hBh LR
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83-3 MO,(110)2 0-MO,(110)#=3]

RuO, % IrO,er.41 ¢ 5 £ = 7 (Rutile)?; 3¢ m*ﬁ. A SISl R

Y

§izpet doBl 3-3-197 ¢

F13-3-1 4222 AMO(M=Ir ## RUBBSLH B4 - # 9 & ¢ 52 M~ é 50

AP H g 4 T MOy(110)h(2 X 2)HEE] > 4o 3-3-2 0 R+
RBreZ g b AP ApaRER Y 18 BEAFHE > HA Rt~ F
%465 (@b, c)=(6.33,1277,24) » H =3 A o gt e gz (Pristine) s

om0 ANPEREE

o
B
oy
gl

dF
IR
T
-
"
Y
o
AN
1L,
&
Jﬁ
O
A
)
oo
~=h
<
g

Pristine MO,(110) surface
Mcus O3f Obr Mbr

O-rich 0-MQO,(110) surface

Mcus O3f Obr Mbr

1
I
I
I
I
l OCUS
|
|
|
|
|

B 3-3-2 5572 chMO,(110) 2 % § ’rﬁo-MOZ(llo)%\» 3 "-H#E]o%]v’ Fi#d L Mizd 200
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§3-4 Pt ewx il 2 A FTHiplER
AP R E A MO,(110)22 0-MOy(110) % & i 7 Pt ex i iy chrt i > B F {4

A SR A B PR 34-1 2 & 34-1e F R hgriEad e o F -
S Pt e vigay A %] 5-3.68 2 -4.09eV > @ F % Z 3 Ptsrtis > S 3EPL R

PRI AARTIEY > Bl R mE o B A p R 0 FIRL R A Y

E WX Har om0 @ fo-rich £ b o H 37 Pt ek sac PP B 550 £ g kR

3 58 0 5 -5.44 2 -5,98 eV o gt F Pt § § S i Ogys 8 (B] 3-4-1) 0 ut 2
REEdi: > 2 § A4 23 (8% » % 2 3f Pt ez *tix 5-5.31 % -587eV > &2
$ - SEPteR st B AR £ A iE o F P £ B ¥ dvo g2 5 MO,(110) % & %

L@ PR m orich end o BT 5 s 'fiEddcg  PtiEt b 2 o F R E o

Pristine MO,(110) surface O-rich 0-MO,(110) surface

Pt/MO,(110) Pt/MO,(110) Pt/o-MO,(110) Pt,/o-MO,(110)

B 3-4-1 H3F2 & 3F Pt it MO2(110)2 0-MOo(110) % & P¥ s -

% 3-4-1Pt &% 4 6 b it Hedh (Eags, iN €V)

Adsorbate Adsorption Energies (eV)
RUO,(110) IrO,(110)
Pt -3.68 -4.09
2Pt -8.46° -9.40°
0-Ru0,(110) 0-1r0,(110)
First Pt -5.44 -5.98
Second Pt -5.31 -5.87

The co-adsorption energies of two Pt atoms
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d 3P EE (2 X 2)HECRRE P ftae 0 3 T owe Bl G e e i) i
ML PURE > Flpta iR 225 { % (6 X 6)-MO,(110) 4 & o %ﬁ L
FERRIE BIN % X 225 5 R [ A E 2 o W S g Hidc®] 3-4-2 2 0 B
A gk BB A5 Db 0)=(1927,12.77,24) ) H =G A o A
THEA~HEANBESRIGEE > T F S I PUA BRI FpEm8 b

T4 3-4-2 chdicdy o KE BRIy TV ,urg 4 x,ért T AT A-B

K

B2 Hepmrwia v L3 5 0@ A~B il ank srfa ot B B ooy
a1 §08~1.0eVopt b A BRI Kk p A FEPL I F% g £

M Y5 B £ SR iy 0 4 R :}'—ik“,f FIHCA ] rig 2 e PURCE P48 o

Bl 3-4-2 (6 X 6)-MO(110)sh 2 4B » H ¢ Pt 7 e ek wirginf @ #353 A~H- B° §
%F F M~ 50
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% 3-4-2 & 3F Pt *(6 X 6)-MO,(110) 2 & 1% s *it it (Ecoads, in €V)

Pt adsorption site (6 Xég;jsué)\le()llo) (6 XEZC?J;L:%\%N)
A B -8.45 -9.05
A C -7.37 -8.22
A D -7.56 -8.24
AE -7.43 -8.24
A F -7.47 -8.21
A G -7.54 8.21
AH -7.43 -8.21

A erlicdp 2 b o SV BRRF AT AE Pt 2 iR 2 R
% & 4 +7(Partial density of states, PDOS) & & i* & & 4% & > 4rB] 3-4-3 #7577 o
RPERITAFEFEE RS Pt ORERHTEAAL I T R
(Fixed)~ & % 7 H 22 ik £ A 22 i3 (Relaxed)- iz 7 foif i BB i 1

B A U458 P2 apEd s 2 PDOS ¢ d fui Bk - AR Y T g

B B F S A PLAROEIRT P R R 0 5 K2 et A
F TR T 9 02~03A o @ PDOS thd #Ld B 2% T4 R > &7

FAARAEET > AR Pt d UF ARG Flaeh i adir s o A d
LINER L AN PLRFLFL AL I 3 v > 2 PDOS §]7
AHRERE T UARZ IS Z G 4RI 1T o

AR PLREE PR GE » NP RIEE 2 55 25 T Pt gt 47 PDOS
s d U BlSH g 2T ] 3-4-4 o i g fdciE MOy(110)% & * 7 PDOS % 3] & 2

¥ adno e Pt 0-MOy(110) 4 & chd g s EA4 F L 2 B¢ » %R L F o

74



mLHRUE IS AL HE & e hL B P €8 R Ptand fiuss 3t 1r0y(110)

2 0-Ir0,(110) 7 PDOS 4% | i T & » & & R o B304 chlicdhs &t 3T
% 3-4-1 ¢ e tgan o Pt &g e fac A%k > H 2 3 0 4 4% o

BE3Ae P s 47 BB PUA STHRIEF T sk a s+ By 2 ~PDOS ~

Pt z_ FF cHpEdE s P 0 Pt g ¢ fdgi2 h MO,(110) 4 6 + BB » @ % 5 4

Ny

m PRl AR Rk A T T RS RS B T T &Y TELET] Pt 2 RuO, 2

2 74 1 A a 207~ ~ - L2 NZr 0 2
IrO, ¥ e $eah g 2005 d pw e Bd 5§ 45 ot & 0 @ 2 on

(a) d-band of Pt, in Pt,/Ru0,(110)

fixed Pt
= relaxed Pt
@
~
3] 2
2 0 2 4
<
Rl
»
-’
i)
=
D
a
— fixed Pt
relaxed Pt
-10 -8 -6 -4 2 0 2 4

Energy (eV)

B 3-4-3 2 fixed 11 % relaxed & f&% /2T @ 4 Pt =3t MO,(110) % # 1d s PDOS 4 %
fo 3 Pt 2. B chped(d, in A)
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100

80 -

60 -

40 -

20 4

16

12

10

(= N - )
L L L

| (¢) Pt; in Pt,/IrO,(110)

-10

| (d) Pty in Pt,/o-RuO,(110)

8 6

A
T

-10

| (e) Pty in Pty/o-IrO,(110)

-8 -6

(a) Pt, gas phase

-10 é -;5 4 2
(b) Pt; in Pt,/RuQ,(110)

-10 -Is - -6 4 2

X %y fhind > B 3-4-3
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_de

dyz
dxz
—_—dz2
—dx2-y2

Pt-total
—dxy

dyz
dxz
—dz2
—dx2-y2

Pt-total
—dxy

dyz
dxz
—dz2
—dx2-y2

Pt-total
— dxy

dyz
dxz
—_—dz2
——dx2-y2

Pt-total
— de

dyz
dxz
—dz2
—dx2-y2




83-5 CO £ H,0 ernmx¥:

2R Pt &g i q)fs > AP RFREWS F By CO 2 H,0
AL Am o deB] 3-5-1 4 o A ALE RU S F I gk st s B gqE 2
R R AR E T R0CO ¢ A G R IRIRIT 45 B & & hend-on A5 e o
m HO Rl g 1* O chH ¢ — 3857 5 (Lone pair) Ptigss o fmeht B

GEE Bt A 35410 hdriE &K orich £ 6 o A A GuEE AL 4L

fa
o
hr}
s
!
o
T\ﬁ

PARenE i A G ORI (Op) HO vz ts - &

%
s

A2 § 450w HaOp) » iHBR %L 4 H,O en @ — B O-H £ L4t

FETH0LA 305 F T Oy Hy cn¥rdt F s ¢ 7 7§t o

] 3-5-1 CO # H,0 **(a,c) Ptz/MO(110)#2 (b,d) Pto/0-MO2(110) % & efex bt S5 Bl - Bl # &
¢ A M~id O FES S PtoAd ZCrv ¢ L H
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% 3-5-1CO % H,0 ** MOy(110)4 2 0-MO,(110)% & = #f t skt £ (d, in A)

CO adsorption (A)

Ptz/RUOz(llO) Ptz/'l’Oz(llO) Ptz/O-RUOz(llO) Ptz/O-'I’Oz(llO)

Ro-c 1.16 1.16 1.16 1.16
Rc-pt 1.84 1.84 1.88 1.88

H,O adsorption (A)

PL/RUO»(110)  Pt/Ir0»(110)  Pt/o-RuO»(110)  Pty/o-IrOx(110)

Robr-Ha 1.59 1.58 1.66 1.62
RHa-ow 1.05 1.06 1.03 1.03
Rub-ow 0.97 0.98 0.98 0.98
Row-pt 2.10 2.11 2.14 2.13

CO 2 HyO *t & 4 g ek Mg i Biedg B 4o 3-5-2 9777 o 7 18 & ¢ B
ZI o AegrE A G o B ARG o-rich 2 & b e tgae ) o HP
CO e *ifix % M7 5 0.75eV > m H,O swx vt R *% 17 0.40 ~ 0.65eV >
A A= 'ﬁ foo-rich ehd o + 2 5 P A ehE (5 MIL & - Fiwa R FlE T

ST HAEAATY R

4 3-5-2CO £ H,0 ** MO,(110)12 % 0-MO,(110)% & _F &% %4 it (Eags, in €V)

Adsorbates Adsorption Energy (eV)
Pt,/RUO,(110) Pt,/1rO,(110)
CO -2.86 -2.84
H,O -1.75 -1.67
Pt,/0-RuO,(110) Pto/ 0-1rO,(110)
CO -1.99 -2.07
H,0O -1.09 -1.24
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83-6 B Mt T F BHEA T

50 f3f CO 2 HOwm 3§z %2 o-richenk o enid 8 > VP2t 8 7 3
e e T T A F o g RN H R £ R 4~ # B (Electron density
difference, EDD) > 4] 3-6-1 2 3-6-2° 7 @ 4_CO & H,0 v "t p¥ » Pt 37 ¢ 3%
BN T T DS e T A 4 GRS T T AR R e
Pterdtd s * £ ¢ wido R “t> B 3-6-1 ¢ = d H 5T i O-rich

oG g F COBIREF > PtE & G Oge T + AR R AP RFCE £

(a) (b)

Pt,/1rO,(110)

Isosurface = 0.003 (|e|/Bohr?), charge unit: |e|
B 36-1CO* & &murgmidenEDD  H P §Fd 243 T F ~F ¢ ZEINTFne o

o d HEAM L orich 25 3 hEi B AT RG
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MR 3-6-2 ¥ » Re LT Op Hy 2o FF 3 g 2l enT + L3k > & 2
GEEPEE T oo M0 RN (S 60 EDD 2 v o S §f v Bader /7 il e
740 & 36-1 3 & 3-6-4 & 5 0-MOy(110) ~ Pt,/0-MO,(110) ~

CO@Ptg/O-MOg(llO)’f‘-" HgO@Ptg/O-MOz(llO) v ),é' i® 4p B2 Jo =+ e Bader 7 J7 o

(a) C (b) C
Pt,/Ru0,(110) T—»b Pt,/1r0,(110) Lb

Isosurface = 0.003 (|e|/Bohr?), charge unit: ||

B 3-6-2H,0 & £ g s enEDD > H Y Fd S 4335 ~F ¢ L 7T Fagnse

% 3-6-1 0-MO,(110) % & + Oy =7 Bader T = #c & (q, in |e])

Clean Surfaces Bader charge populations (|e])
Ocus-act. (le]) Ocus-spec. (le])
0-Ru0,(110) -0.69/-0.69 -0.69/-0.69
0-1r0,(110) -0.64/-0.64 -0.63/-0.63
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% 3-6-2 Pt/ MO,(110)£2 Pty/0-MO,(110) % & + Pt £ Oy c-7Bader T = #iciE(q, inlef)> #
Ocus-act.(active) t* % 22 Pt £ ~ Ocus-Spec.(spectator) i % A 32§ Pt 7 Ocys

Surfaces Pt adsorption (|e|)
Pt Ocys-act. Ocus-Spec.
RuO,(110) 0.19/0.20 - -
0-Ru0(110) 0.93/0.92 -0.81/-0.81 -0.80/-0.81
IrO,(110) 0.27/0.21 - -
0-1r0,(110) 0.93/0.94 -0.80/-0.80 -0.79/-0.80

3 3-6-3 CO@PL/MO,(110)22 CO@Pt/0-MO,(110)% & + Pt~ CO £ Ogy ¢ Bader 7 i #ic
(g, inle]) # ¢ Ptys-act.(active) = % &2 C 427§ ~ Ptos-Spec.(spectator) i % % 3§ C 1Pt o
# i CO & + e Bader 7 i 5 £1.86 [e|

Surfaces CO adsorption (|e|)
Pt-act. Pt-spec. @ O Ocus-act.  Ogys-Spec.
Pt,/RuO(110) 0.45 0.21 1.71 -1.89 - -
Pt2/0-RuO2(110) 0.99 0.91 1.75 187 o9 080
Pt2/Ir02(110) 0.43 0.27 1.70 -1.84 - -
Pt2/0-1rO(110) 1.01 0.93 1.73 184 99U 080

# 3-6-4 H,O@Pt,/M0O,(110)¥2 H,O0@Pt,/0-MO,(110) % & *+ Pt ~ H,O £ Ogys i Bader % f7
He8.(0, infel) -+ # ¥ Plsact (active) i 8% Oy 427§ ~ Ploys-Spec.(spectator) i 4 4 47§ Oy
Pt # fi H,O 4 3 ¢ Bader 7 j# % -2.00 (O) % +1.00 (H) |e|

Surfaces H,O adsorption (Je|)
Pt-act. Pt-spec. Ow H Ocus-act.  Ocys-Spec.
Pt,/RUO,(110) 0.37 0.17 -1.88 Lo i i
Pty/0-RUO,(110) 1.00 0.89 -1.88 Loor o8l 080
Pt,/IrO,(110) 0.43 0.21 -1.88 11%%/ i i
Pt,/0-IrO,(110) 1.02 0.92 1.87 11-_%%/ '_%.88%5/ '_%%11/
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BANPERF PRI L A G DT BT AT 3629 F R
PPt iz*tsgiE do R 7 w0 3v+0.30 |ef> e A o-rich % & #r 3 i +0.93 |¢| -
Mg &Y o-rich £ 5 7 Ogs & F Wi enT F 514 5 1t ¥4 3-6-1 2
% 3-6-2 {8 » Fe B IA 3 Ogeact. 2 Pt itis 37 £ 022~032 B 7+ o
F#F 2 COLF HO 2 18 > griE 4o 2 CO&ff H Pt (Pt-act.)j > 7
0.16 ~ 0.26 |e| > f& o-rich % & =% sL4r ¥ 8-> 7 2 71 0.10 |e| (% 3-6-3 % £
3-6-4) c iz B G ZkE T =3t o-rich 2o FenPt e & % 4T 3 Bl
e o B iR S E RS R F AR R R >~ A TR o

FE B S PR A R S BchisE 2 orich g0k 2 g P

PR

HAR  RA%avtp fid o COZ HO&a % '

N

%o R KE - COBRIFIS € A o hPLEFIT F > HO vt s R &
PO %S A G T F o A IR 3-6-2 2 & 3-6-4 chg %k kG o R ENB A
B0 HO P O30 J5d Ptime &g 2 %> o 7 OUEd Hyiiw & 6 i
Op » 755 — BAERAE 4 o 3 BHADIM 7 40 § Flt fob HO s £

oo 82 fed BT RUO, 2 11Oy ie fa 4 5 7)% OH A Menwhtns &

10,28,37
o
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§3-7 -k § #E# F B (WGS)

#% CO 2 HO ehmspa 4718 AP F 4 fa F 2 Pt/MOy(110)fr
Pt,/0-MO,(110) % & i& (* WGS F 42 (F st L3¢ 3-1-3)» #r 3 e BF A
PR 3-T-10 A F eenii BRI AR 3-7-2 4757 o F A 0 A B
B PLIMO,(110) 4 & + & s wgps € & f s AApAReRA B PL 1 3 0 &
Pt/0-MO,(110) % & B ¥ e 3t v e fe B Pt 3 + (IM1) o o &> #7% % o
B HO A F R AR A 6o e d 4 SiE- B2EY ) ehae 1R 12(0.06 ~ 0.34

eV)¥raE > 2)= OH A B> Pt 1 ~ H > Oy b %45 (IM2) -

IM1: IM2: IM3: 1M4: IMS5: IMé6:
CO@tH,0() [COuHOHtH,| OCOHG*Hy) | CO,+2H,) | COygt2Hy) | CO,p +H
9
Pt/
RuO,(110)
Pt/
1r0,(110)
Pt/

0-Ru0,(110)

Pt,/
0-IrO,(110)

B 3-7-1CO 2 H,0 ** Pt/MO,(110)r Ptz/0-MO,(110)it {+ WGS 7 Jis i H

BYEFRMeESNHI CO &2 F 4 OH AME L » 22 OCOH
(e B A 0358 0 C AL B Pt & n H(IM3)e & 1B % 31 & Pt/MO,(110)
B

Fm ok e g i 1.93eV 2 40w 5 B iE WGS BT
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I F RO P/o-MO,(110):0 % 32k 33 215 % 0.50 ~0.70 eV - & €_CO 7
OH R & s engHRAr §ci 2o HOH A Y —JEPL BT ¥ -
3 Pt (=A% cpEYE L 9 % 3.00 A (H-O---C-0) ; e & o-rich % & £ il — %

Pt Fiei7FK B> HEEd g5 2.68 A (H-O---C-O) > #p# kzot 37 > &k &

rEEFS
0
CO_ +H,O .+ surfaces CO, + Hy
(2) 27 (2 COZ(g)+H2(a)
17 CO,, + 2H,
". OCOH, + H,
I
v €O, + OH, + Hy,,
- ‘.‘ (‘()(a) + Hzo(a) 1.23 0.62
<
w
v -
>
&f
g 3
S 3-
=
----- PL/RuO (110)
1 LT N Pt/IrO(110)
] Pt /0-RuO (110)
Pt /o-IrO (110)
-5 L) L] 1 L) L) I L] I

> ~N 0 W %) N ™ b e & )
QO FESEL EFED
Reaction pathway

1 3-7-2CO 2 H,0 ** Pt/MO,(110) - Pto/0-MO,(110)it = WGS & fis chi it ]

m OCOH e1® B A 4 € £ i8(7 O-H ehdrsg > 23 CO, 2 S 3 H 3 & &
1 (IM4) o ¢t F J& & Pt/IMO,(110) % & 7 ie 5 & > 1.50eV ek JEaw 0 F J&
o B po b F2 R FNYET A 243 i & Phlo-MOy(110)

@ irr 22 030~0.60eV ek Bl o B KR A At Auie T (IM4:
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COug + 2H@) » & F % & 1 3 3F H £ Bdd— B+ 0 1.00 eV 7 Jyit -
% & % H, (IMB) 1 2 5 54(IMS) -
7 DMFC £ 4 MOR ERKRF o F ek Rg A IMA 55 A 2 H

R

4y
F_w.
s

cm bodm HRFafAgd kg A3 Bl kRS o
#5815 - @l £ BEGayfkin o i H 3-7-2 ik iz k
T 8eiE hIPLIMOy(110)4 1 f kR Rl OH AW A2 6 + 2 7 > H &k
F Ry <~ 130eV: % @ g4 OCOH eh? FF g4 > ia i &4 CO,
A 4 IR A B FIE A AT A R R (R A R SR )

F . Pt/0-MO,(110) 0% & > Ir 13 Ru i SERF ISR /2 & B chns 1A W) & 1.46
2 123 eV 2 e F i Bl s iEF RIS s#RS  24 CO s o

A A m P HAPT B & it B 2 Hy et i » $R4p 4§33 (% *+ 0.65eV)

e BB & IMA A =2 DMFC p F gehg & o
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§3-8 2% B

Fhorit o APREZFT AT ABRE AL 381 F T REEP
0-MO;(110)(M = Ru &% In)&h & Stic 33 { § seena dg PR+ 0 @ 2 % g ¥ AT
Z I Pt AFgIR % L 3 F a0 A0 IR & 0-MO,(110) A 25 MO,(110) 74 & o b
5 CO 3+ Pt/o-MO,(110) # & 9% 5 57 48 >t Pt/MO,(110)5% & 3 4 0.80
eV J IS COamr KB F s> ¥R g1 COF HeniP 4L

;H?rr%\ g% aHER I RS AEk e L R oo e & WGS ik

x

Toiv £ 3 % % > CO it i fleht o-rich éhdk & ¢ > fid 2ok 24 4 9 OH
FE>O0COH® FAF »bisfLF o+ CO A% HRF - Pt/o-MO,(110)
A B A% {5 r 0 A& B3t MOR B fendg =L 5 7f

ME iR ¥ s COF LI % o

H,0 + CO protons + CO,
CO removal

in DMFC

\ pc/o-Mo,mo) Ru andIr)

|

] 3-8-1 WGS-like £ >+ Pty/o-MO,(110) 4 45+ i 4]ie {7 » £ 7 11§ sk > CO 4 i 7 #
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Srd MR Y FAIANF AL EFARIE
F e g i ’f#ﬁa A7

ORI, e TR FRAR A B AT R O R AR

42%% 7 5 (Lithium sulfur battery, Li-S Battery) | 2 # ¢ e— B4 & o H iggEe

7% Ik R R (2600 Whikg) ~ % 234 % % £ (1675 mAh/g) » 11 % & *
HEERIRAORMAZTEIHE T - BAET S hed e § 0 BiED

4 & etk Ei s (Sg) 0 M4 2 EB &Y B - K 1§ 3y (Separator) 0 @ xR

PR F ke

Sg+ 16Li" + 166" — 8Li,S (3 4-1-1)

YoBl4-1-19777 0 BT AR MM E T T S o iS4
P EEF TR T ERR KBRS T 4R BSF B> F 4L A
it 4= (Lithium polysulfides, LiPSs)=® FF A2 4 » it E 8 Z Li,S,(n=1~8) > @

H ¥ LipS2 LipS, 2 7 Vi eh R BRI AT BB R FAF .
GEHERR AV - BRI TR EFFIRT oL A - L RER R
A o el fEa R T L AR AR B 7% BiedLd

{1 (Dendrite) & "©7780 TS o 5 g g F L BopfRA-cn A EBH R G
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(Shuttleeffect) » SR % 5= T 5 £ M~ FHR L RTZBR > > BEWF
Tt R4 o MHEM A, E R FI R p T Bkt Y R FIALIPS > AR
AT VA TR fRF LIPS § F o KA T B IR AR B 1 B iR
VA - fAETEF RERai s oS RE AL % MR

—&K@%HF%W%%ﬁ%ﬁﬂ%ﬂm%ﬁﬁﬁ’E%U%Eﬁéﬁﬁm

%o B %;5;-‘3:—'-4,\—»}; 199596

10339)103 jus.in-

Separator S electrode

Bl4-1-1 gomnd chmd > ggs 2 LIPS % ¢ aregpngmypr s

2P EAHFF T A B R AR RER RN R - A e
Jo NIRRT~ % AR A £ 4o r - K ¢ R (Interlayer) Bfg 3 2
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Efe2 o e S B T o 10 R R SR EBF RS
¥ R ik B 4eTiO, ~ SiO; ~ ZrO, % %10, m it 2 B 5 L 4 2 4 sk ik

. 3.

AR RBE(TM-048) > v Ja % 2L 5 &IEPLIPSS iy - @ H 7 €

X

1 s BB A IR ARG PR R K - maMXenett AL

{

A_
=
oo

ET] - e R0 e TN AT Y 4o P B S 4 T AR

S

VYRR P enLIPST 0 sy g B e e £ p e > % 1% & & LIPS

A4

%

B3 R Bl el B T # B enn L WAeF4-1247 7 o
MY B ST - T T B LR A SRR AL T A e e
b4 B R 3 B~ % (Heteroatom-doped) e % & 4 *%2%1% « = 4 e2g-CoN, ®H0 »
# 5 2§ it 7 % 4% (Graphene oxide)™ » ¥ i § rkrcd HE M % R AL T
R R AT A B EHAEL Y N 0§ A B

(N,S-codoped) s 7 & 4 HH4L ¥ 5 ¢ B A 2% B it 102,106

™\

\\ 4 v 4 ™
\ (R ad B
\ 999298 ,853,5050,59,
S Cathode | (o 3ad 8y 8y 8y 8y 3y 8y 80
< 33,0 9,9 )
—~ ?

? ? 2
V909 iy 0y0,59,80,
A Sy @ ey Sy Py @

9 ) 995
LiZS :,a,a‘aJa,e.e,a,a,J‘,a,a_,e,a,
n ’ J:Oj‘a,,J‘Jo 35350

AN
| N, § co-doped graphene (NSG)

Separator ; \ interlayer

=

Bl 4-1-2 50 5cd BHRga e r 1 ¢ BR PEET 3 0
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GEF BT R e g ARG R A B R MR R

LRRAFr R Bk A LiPSerwk st b 102100 M0 o e L, B p 3 B hg
EGEAG AT AP Vi ARG o Dot 4B S ATt A A A

4§ B~ i% 7 %% (Li-trapped N-doped graphene)'™'™* o :78p - 3+ ¥
@)’gkﬁiﬁﬁ LiPS*> & 4@ enf B i% 7 5% 1 as vt iy 12 | I'E—’_?‘}]%F‘ FrE -

fa g P~ F &% i3] (Pyridinic tri-N-doped) > @ 42413 vt fitfic® » B
P A e MUE R YRR SPIRG PR TG A SR SRS
H PR T B L G BHRE TN adE 0 ¢ 7 AT S E A
LiPSerws s £ 5 S H A 4714 2 LIPS & 6 e i {8 41 %
Flt o AR ERA RGBS AT R B MR EAY ¢

35 ?;lLI}}:}i};n }F'E"d“}':‘“ TF‘T’Z\U#’I_?@

i
b

247 73 7 2 7 enLiPSs

(LizSp, n=3~8)*H F = e ] o AP enS S FF 7 - L A g 3040

-

g 2T F RFEILL >N AR AR @ R EL

L

-\-1\1,
ﬂH-
~1=»rt
6534

7 o
B4t APRFaEd = LIPS 2 b A G 1 i) 2P 3 aeng ik

fr B~ it T & ' (Li-trapped N,S-codoped graphene) i & @ ¥ & - i 53

TR

w

m“{&

't(Intact adsorption) s ] » B F P b HHRME > EF KT BROE 4
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§42 3+ 5 %
AFAT PR F 70U R LS EIZ S (Density functional theory, DFT) %

I 5 & (plane wave) = £ & 17 VASP (Vienna ab initio simulation package) i
RUie 7 Rkt B %o A e A i+ 1 (Pseudo-potential) srAEST F 18 * T LB
4 (Projector augmented wave, PAW) = ;x %% . 3 3 Bl om & ik
(Exchange-correlation function) B] £ * 3 GGA (Generalized gradient
approximation) ®  PBE (Perdew-Burke-Ernzerhof)= ;= %, # i i £ (cutoff
energy):k T_5 400eV - % 7 H B3 2 B e ™4 3 * (Van der waals force) -
AR S #GE* 7 DFT-D3™ ' o 2 3 # (Electronic step)# %3 # (lonic
step) e aciE i A Bk 5 1072 10° eV o HEARIE* 1 6X6 H im
T EEEF AR R T ERKTS 15A’;gt“&“%/éiéi’%jiﬁ“ﬁﬂi‘j % jp & o

# 2 41 % (Brillouin zone)sr®~4% = ;2 B4 * 1 Monkhorst-Pack = j# ®»:£ * 5

Rl

X5x1: @ et 5 iR BT 273 B3 % 5 2% (Fully relaxed) i - %+

-

HenA gt AP RIE T 1 Bader h AR e kY g 304

W)

= %7 & (Unpair electron) > 4 7 i * ISPIN =2 12 2 NUPDOWN % #cit 7
p & it (Spin polarization)#2 e i o

#. % 075 i (Formation energy, E) 55 d T 5|38 3 3-8 8 ) ¢

E¢ = E(C,N,S,) — nyitc — Nyttn — Nyits (& 3-2-1)
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He E(CNS) % 2 RF(NZ S)B-Rah &4 4 & it & ~ndny/n, AT £ 9
joked CINIS ek =+ e~ uclunlus BIA %) & % H35 CINIS B3 7 5%
INy@/Sg Bt b it B4 o 14 A 3 oz v it (Adsorption energy, Eqgs) ~ 54

N

it (Relaxation energy, E) ~ 3= #& 5: (Distortion energy, EdiS)E'J%”g | A

EN
N

Eads = Esur+adsorbate - (Esur + Eadsorbate) (5\: 4'2'2)
EreI = Edistorted-s,ur =~ Esur (5\: 4'2'3)
Edis = Edistorted-adsorbate y Eadsorbate (;h 4'2'4)

N N\ AU s T T LA S R S , P N
Hoe Esur+adsorbate ~ Esur!® % Eagsorbate ™| 7 % ¥ KI‘T;}"" SN EIE S 2 2 R BT T

b

Fé) %7{:};’2‘3}1 Kﬁﬁj% o ’?E i A 2 TR Kﬁj}{' ’;': —E— ; Edistorted-surf‘ﬂEdistorted-adsorbate E'J

Lp N A BHEGTEDL G fon g o
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84-3 R R+ BHinE F;;Jq’ﬁ%e ® 2 LIPS & 3

FAOAPAREFE RS BN [ ] ik SieuE ook mv}l?ce‘iﬁ:r ’
B PR R B A e 050 eteg2) 38 (Pyridinic) ~ et ek A7 55 (Pyrrolic) 12 2
<+ E ¥ ¥ ¥ (Quaternary)?) 3% 5 giB- 0 E & A4 & A3 ek (Thiophene)? 3¢
113 EECS-C) N a0 g f o B BN

FiE- e NMAT

F_*-
4,?4@

s M i 2 AP G BT A
G A EFRERRETEFEG BRI AL EASR(E)T ER
HRIA-3-1ed W EF Y SN ER A G ST RO S5 IR
WG R F] R A A A i B 205.00 eV & (NG2, 0-NSG, m-NSG,

p-NSG)i 2 s erm g2 ¢ » KF TR s%d B APIRF AL 25 -

[~ 979 ’77
9 9 J
b3 Jlﬂfb ,‘,

[ <
@

& z K & '
D_0_9

9T e b e ¥
F ‘j - f @ /J o

NG1 NG2
(E;=0.87) (E;=5.66)
[ (R
[ | ‘:do :J: [ JJ jJ J
(‘ 2 4 Y .
0-NSG mn-NSG
(E;=7.27) (E;=7.09)

B 4-3-1 2f% ‘ﬁ%ﬁﬁ”?&ﬁ‘% *’]ﬁﬁ%’» 2m 2 (E) B Ad 5 CEFF 5N
§ 52 S

T—‘\

93



(a) LiS;

Terminal S Terminal S
(¢) LiyS, (d) Li,S;

Terminal S

Isosurface = 0.001 |e//Bohr?

M Taw 2 W

+1 0 -1
B 4-3-2 myfﬁ?;‘g%??ﬁ’é?ﬁﬂLiPSSéﬁ{&& ESP »~ % B> Bl®" £ ¢ 5 S~%d % Li

Fﬁg ATV /% A ?_, )ﬁ#’ %"rﬁLIPS » A ﬂaﬂ “rl; }ﬁ a LigSg N LigSe N Li284’ff'|_i2833,-": V.
A BB R4A-3-2577 o #1f LIPS » E4AGSR I ¥ £ )%
- A 3 RELIA W] 23 AT ehd 2 o 1358 T i B <04 17 (Electrostatic

potential, ESP) » * 384~ chf T/ ¢ F ¢ xzSh+ (B4-3-27 thizd &

TR TREET BRSS9 5-079 £25¢ B SR G & e

7 £(-0.06 ~-0.23 [¢|) -

#. 4-3-1 LiPSs p % 284 J + 0% 32 Bader 7 j= # #.(q, in |e|)

Average Bader charge populations of LiPSs (Je|)

Li,Ss Li,Se Li2S4 Li,Ss3

Li (avg.) +1.00 +1.00 +1.00 +0.99
Terminal S (avg.) -0.77 -0.76 -0.79 -0.84
Internal S (avg.) -0.06 -0.10 -0.18 -0.23
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84-4 LiPS % $ 424 & et 2 T e A 45
2T BRI 0 AN PR B AN RIELIPS s ) 0 SR E S T R

A

4-3-160% 4o+ > B Ssa dod 4-4-1977 0 pRSTENRL R S F TR

pen |

430 (T4-28 ¢ B I SDFT-D3B 1) % % 8 R 5 51 7 &4 6 (NGL,
SGL, SG2)t » LiPS*t 3 + = chwivifit ¥ &3z cne B AR A2 B> ¥ &

£-050~-120eVZ & o m figt £ m F o S FLIPSY Sedic® 5 o st

ul

:iﬂ; y P

&

< TR AR E > TP A PR LIPSE B £ G E R 5 A

>
F_*

His &

=1

A 4 $» 38 M4 vt (Physisorption) > I & < § ehw F L dEF 4 o 3
1 5 LIPSRTAE IR #se 3 Mt ae 3 0 40 NSG1% NSG2:04 w F 5 %

-1.50 eV it ae ~ 2 NG32 NGA ¢ #75 LiPSewsfigae 3 1 4246 7 -2.00 eV o

% 4-4-1 LIiPSs *t & 4 & t ek *it it (Eags, iN €V)

Adsorption energies of LiPSs on non-Li-trapped surfaces (eV)

Eads Li,Ss Li2Se Li2S4 Li2Ss

G -0.99 -0.74 -0.58 -0.58
NG1 -1.01 -0.75 -0.60 -0.54
SG1 -1.12 -0.89 -0.73 -0.73
SG2 -0.96 -0.76 -0.62 -0.65
NSG3 -1.28 -1.08 -0.88 -0.86
NSG2 -1.64 -1.59 -1.27 -1.50
NSG1 -1.64 -1.59 -1.33 -1.48
NG3 -2.29 -2.09 -2.21 -2.58
NG4 -2.53 -2.33 -2.85 -3.35
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Bl4-4-1%5 71 7 LIPS & & 6 1 xS ~ SR fipae 74 & SR FA) 5 e JE
LIPS ehes fif 18 g Hg k 5 » & 48HLIPS & + (LiSgfrLisSe) v ¢ ™ £ 2
(Perpendicular, p)ei= N ex st s #-H ¢ — 3FLIZT & 5 cEfE Y S RBfP o 2t A
% B 3 N o ae4d h LIPS A 3 (LipS,fr LipSs) { M e 3t 1 ok T
(Horizontal, h)efi= 34 i& (7 ex i » SR A JELIFRE & 5 3% - F &4 5

L4 o FlLAopt o maasLiPSe R A - g R gachit > # 3R

i B £ 4aLiPSHEx st 0 3NG3% NG44 &+ pF T E_g 48 595 o

@ (e) SG1
S, Sa -39 ’ ey j_
W Surfaces@ ]\, s‘ { J " »J,,J J\J/‘ \ J\‘i/” S
gy AN ‘ ‘
Unit: eV Perpendicular Horizontal [ ‘ Ny N Nieez)
(Unit: V) Adsorption (p) Adsorption (/1) '1'120)) 7"0'890}) :‘0-73(1)) -0.73(h)
(9) G NSG2
List ‘Li2S6 A Lizs4 A th} >
o A 3 ; A 1 S . /) ‘\
rs P TSt e Gy (D (L
L 4 A | A Y 2 v 9%
! [ I 4 ; > ’ ; ‘
-0.99(2) 0.74@) | [058¢) | -0.58(h) [ 096(p) | -0.76G) O R
(b) NG1 (g) NSG1
KJ/) '\)7_ g PN VJTJ/* /:/). j‘ ')\ J_x)/{)' ,:(ee\ 2
9y A ,JJ“/’)“ N ‘ /’ Vo) ¥ g)/
1.01() 0750 0800 | 084w 11640 1.590) 133¢) 248G
(¢) NG3 (h) NSG2
2 J;\‘ A9 o *)\L I ad ] -)j) ‘o
i b L e 1 o' [? o A ,"/JJ J‘j‘ 309
3 | I , ¢ 7"'7 \j\/f 8y J . T
229p) 200)  22UA) 258k 11.64() 11.590) 127¢) 1.50¢k)
(d) NG4 (i) NSG3
239 Y A) J\n ) J/"‘\) J | ‘ D 2 '\
- Py T AT N G ae% XFYX %
V.j;:}) )YJJY) @ Y JY\JIV \I‘;/f \)JUJ )\/‘( \1(
253() 233¢) - 285(R) | -335k) " <128(p) ~108(p) 0.38() -0.86(2)

Bl 4-4-1 LiPSs *¢ & £ & b e vy 4 UPAR B 22 5 ' it (Bags, iN €V) 0 913558 4 % 28 (D)

5ok (h)s 8
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2 ‘bowrgis enLiPSA + 0 B 3 SpLiz B engE & (d)~ F P AE e 4o o

'QE"F_‘%‘]4-4-2*‘“’1‘T_F o I LizSg’ff’Lizse;lv\';‘ 7% /L’"J ’ %’lfia ,/? ,’3:, Bi:‘:’f”/w\ =+ b ﬁ;& ’ —,ﬁ 28 Kﬁ‘

tadens i 428 484 3 NG4 (Ad ~ 1.65) > NG3 (Ad ~ 0.76) > NSG1 (Ad ~0.40)

> NSG2 (Ad ~ 0.35) 4 g i 7] gt £ 5 1 > 7 113075 ©

R e P G A AR IR
vt (Pre-dissociative) 2 2 iz g ex fip(Dissociative) » % # & F vk e in

e A R A

Pre-dissociative Li,S, — Li---LiS, (7% 4-4-1)

Dissociative Li,S, — Li+ LiS, (7% 4-4-2)

(@) Li,SyNSGI  (b) Li,SyNSG2  (c) Li»SyNG3 (d) Li,SyNG4

Q&

-------- =) L % |

& — 30— == S
@ |®® || e ||Lene
S S g 22| e 2%ne
(e) Li,SyNSGI () Li,SyNSG2  (2) Li,S/NG3  (h) Li,Sy/NG4
_— = R || 2

19 5R|[F 3|1 S |63 2
gy [ [ — 9 A N
N 09 @ >
5 =3

¥
2 - Q—ea’.
B 4-4-2 LizSg fr LipSe » + *t w2 it #2584 & (NSG1, NSG2, NG3, NG4) F e vit & 4 - &
¢ & %F Li crpedp(d, inA)s it g e

BN EFIEfEE T 5 LIPS e A4 o F e Mg ot 2 7] 0 Fl 5

S B dtdma i e 70 A6 2L BRSO T v o alig

)

fREEE £ 5 PO G 0 & Bt FALA G NIV o
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% 4-4-2 LiPSs *t & % o v 't {8 £ m ek # it (Erel, in V)12 2 LIPS chdz #& 5t (Egis, in eV)#c

¥y
Li,Sg Li,Se Li,S4 Li,S3
Erel Edis Erel Edis Evrel Edis Erel Edis
G 0.06 0.03 0.03 0.04 0.01 0.02 0.03 0.10
NG1 0.01 0.03 0.01 0.04 0.05 0.01 0.02 0.00
SG1 0.01 0.05 0.01 0.04 0.03 0.02 0.00 0.08
SG2 0.02 0.01 0.01 0.00 0.01 0.01 0.02 0.09

NSG3 0.03 0.04 0.03 0.03 0.01 0.01 0.02 0.01
NSG2 0.02 0.33 0.01 0.20 0.03 0.63 0.07 0.56
NSG1 0.09 0.36 0.10 0.25 0.08 0.26 0.25 0.99
NG3 0.13 1.11 0.10 0.84 0.20 2.26 0.22 1.40
NG4 0.09 2.61 0.10 2.71 0.18 3.89 0.18 2.21

20 #Emen T B LIPS e W 18 fRAARR > A P L & 6 SRl i (Ere)
14 2 LiPS ez 4 it (Bais) i 17 4 17 > B Bedp 7120 £ 4-4-29 o & IF R > g
NSG1+NSG2 -NG3-NG4izw B4 5 2 7t » Hepe R g4 @i g ch
Era® Eqislichy & o] 3|7 &% (< 0.10 eV) o 1ZNSG1{rNSG2:ii% % 4§ > Eqgi
lgcid 135020 ~1.00 eV » xR Atk b LiPS ) B a S E F
SR B AR A LB R p AP L d s kil g Sk
4-8-27 cBEE S duofe F A % > RY (400 4-4-1)0 NG312 2 NGaindk 6 1 o
Egsthlic®~ £ %> # 17 125 23.89eV widfiifa;™ » A3 #73 LiPS
doehe 32 AFLI(B AT A5 ) B R R Ry o gt 2 v {5 A 4-4-12
F4-4-2e00 % > AN 3 RE 2 Egetnlicdh 2 LIPSehva v it § 1 AR B 35 1

T e AR o H XL AXF o
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% 4-4-3 LiPSs *t & % wm F s ¥tfs > LIPSs p S, enBader & 7 %< E(q(Sn), in |e])

Bader Charge populations of S, on non-Li-trapped surfaces (|e[)

q Sg" (Li2Ss) Se" (Li2Se) S4" (Li2Sa) S3™ (Li,ySs)

G -1.91 (p) -1.91 (p) -1.91 (p) -1.74 (h)
NG1 -1.91 (p) -1.91 (p) -1.91 (p) -1.87 (h)
SG1 -1.92 (p) -1.91 (p) -1.91 (p) -1.78 (h)
SG2 -1.91 (p) -1.91 (p) -1.91 (h) 2175 (h)
NSG3 -1.90 (p) -1.90 (p) -1.91 (p) -1.90 (p)
NSG2 -1.87 (p) -1.85 (p) 157 (p) -1.40 (h)
NSG1 -1.87 (p) -1.83 (p) -1.78 (p) -1.27 (h)
NG3 -1.48 (p) -1.49 (p) -0.95 (h) -1.01 ()
NG4 -1.44 (p) -1.39 (p) -0.60 (h) 20.79 (h)

AR LIPS*W it g 2 i BRI {5 > APRFFT X Asqii o
Baderg jr#icdp » @ Fla Liz sherriants » 3 7% 2+1.00 e > Flpt A E
7| AULIPS® 43k £ (Sp)inE dm % % (Q(S)* 24430 T EHFRT > £ 1 F_
B 2 SRR R E S hE T T (B (SR B R e
$#17-2.00 |e|> @ LIPSt 3 e v & 4 &+ 5q(S,) s - A 3 iTis B
L R R £-1.80 ~ -1.90 || 3T o & IF RIS AINSGL{eNSG2E - g(S))
FIf T BT kP -1.20~-1.80 |e| = + 0 A fEaEit ek i eANG3{oNG4
+ {5 3-060~-150¢ ¥ 03[z 50 ¢ Lidk & & 24 P50 T LIPS
L3 &4 5 LIS, F1utq(Sy) ¢ »-1.00 e[Fses # 2 § & B Lignatd 4 B> q(Sy)
G T AET LR RAE-100e)e 2 gt AQ(Sy)s R 2ERN TIEARM 0§

LiPSeex it ic 4% % > Hq(Sp)#74 chf 7 /ma% L o
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|Eads| (BV)

350 4

Physisorption

Pre-Dissociative
adsorption

Dissociative
adsorption

q (el)

r -0.50

3.00 A
1258
w1256
1254
1253
] (S8)
—)(S6)
200 - —+=a(s4)
——)(S3)

I—)

2.50 A
r -1.00

1.50 A

r -1.50

“1

1.00 A

0.50 +

0.00 - r -2.00

NSG2 NSG1 NG3

NG4

G NG1 SG2
W 4-43LiIPSs =t s 45 i %% (Eagly N €V) 112 Sy 557 £ 57 25((A(S0) in fe)
:gtmﬁe,@z‘«]fj], ,ﬁéj l‘f’m"l‘lfﬁﬁ# ,}»ﬂ"_._[.%'\]%]’_

SG1 NSG3

b ek Fit e

e m&;ﬁ% » P LIPS ek Mg g (3 4-4- 1)3’: L e ¥t 15 Q(Sp) PR

(% 4-4-3)f S B4-4-3 5 H ¢ LR & & B it 8 1 E(Ead) ~ 47

SR 2 Sy i 16 DR AT R E(A(Sh)) o Ay i B ey o AP RS -

LG Z R AW G 2w 3 D) et 72 M e vt (Physisorption) ~ Ff 3L e v

(Pre-dissociative) 2 % j# 314 ex ' (Dissociative) o 12 4= 32 4 ex i 4 o (G, NG1,

SGL1, SG2, NSG3) % % » [Eage| % i o] 1,20 eVenge [ » q(So)+ % &t £

g F S 190 et BT R £ 6 (NSGL, NSG2) -

e gn R L S L fRE £ 6 (NG3, NGA) ¢ 2 515 & % - ot

AR BT LIPSER AL 2 R 1S Saen T AR B o b 4T AUR] P q(S) 2

20 (Sa) i R ARE % § T LIPS 4167 I (W2 p) -
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84-5 F A RI BN F A G RF
BTA4E P n k> APRF IR IHLNERI AT R LG o

ORGP A R g B R X ' eNSGL ~ NSG2 ~ NG3 ~ NG4

>.

BBAGRFEH Aok BT S v R § 5 )

™

(R4-5-1)"%1 20 i 8 5 g eife® fri 2§ L A PR S8 > Flp A

PR PR g (- I )R A G AR A 2 B Ao d

B

4-5-14r B14-5-247 7 o

(b)

Bl 4-5-1 % o 97 peng 405 38 7 BAF4 5 0 102 S S LiPSs?

FAEF -2 R RaRS St A b NG3{oNGAS LIt it

i AREOT T = F e 2bd § o § - $ELisci ANG3{eNGAY e it B
5.0eVr b oot 4ot A NSG14oNSG2pF B35 1 91.3~2.0eV; @ 4 % = 3f
Livs b pes - B Z B Q" 37 5 - oS 4457 0Lt ga 4 4p 0
&> E3 1 LIPSHE F 3 BILT A b e 8] o 330 % = RELI 15 ey

&

o BAGEAD SN BB RPARLE P A-15~-18eVh R o



# 4-5-1 % Fr e ® 42 w3t NSGL-NSG2~NG3~NG4 pF ciex g iy #icdig (Eads, in €V)

Eads (eV) 1St 2nd 3th 4th
NSG1 -3.87 -3.06 -1.87 -
NSG2 -3.68 -2.52 -1.45 -
NG3 -5.17 -3.32 -1.55 -
NG4 -5.61 -3.96 -1.83 -1.85

(a) nLi@NSG1 (n = 1~3)
n=1 n=2 n=3 9
dl & |\ %9°
o= | =4 ]
=) FJ top view 3_4 J top view
(b) nLi@NSG2 (n = 1~3)
n=1 n=2 [ n=3 e
== S > ¥ >R o
g‘f 0“ = , .91 ¢
=B J J top view ) J - top view
(c) nLi@wNG3 (n=1~3)
n=1 n=2 n=3
(g ¢ & ’
<, e - 9
‘3,/ top view =& top view
(d) nLi@NG4 (n = 1~4)
n=1 n=2
0%:0® o0 9@
9
n=3 ‘\ )’ ‘ n=4 9 S
v A o
:g /& I_‘: ﬁ-‘?/l o’j,o ‘
‘é' top view 9 9 top view

Bl 4-5-2 7 I e ® ssm 5 v i3t NSGL ~ NSG2 ~ NG3 ~ NG4 i shavs i 5 fi

ERAPEHT PRB AT ST LG DR T AT o F 5 - HL
MR o F R A G BT R P s 3 “,% T NG4AzZ s L F

EArE S FF AR BRI G % LIS G R RBAEEY v

Pk e SELis potitak o s By ¥ d 3PNSGLZ NSG2 4 ¥ £ 5 %2
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He B ALIA b - BEE bt A A ZAELIZ 8 Rt o

rEped o x o ¥ %A 9-150 eV
LR AL 0 AL A P A® = $pLi e $LIPSHwR Mt &

4 B8 &NSGL ~
NSG2 ~ NG34 & F ¢ ¥4 & ©ex 't SELisik f5 23 ANGAF » % = 3

Life $ € b ik B¢ ST > T8 R IR- B = + $HfEAVFE A SH o 7 il
52 3FLIANGA Y » 74 RS enFF A 4 A et ngf » W F = JpLis At £
ok o NP R DPIRSE AL RI4LAE3 B RE TR

2LI@NSGL1 ~ 2LI@NSG2 ~ 2LI@QNG34r3LIQNG4:izw fac1 7 424 & o

(a) 2Li@NSGI (b) 2Li@NSG2
side view

@ 9 side view . - ]
¥ ] e s
¥ J ' top'view | J :)

(d) SLi@wNG4
side view

@ I/. side view . }\f .
3/ = top view | ’\"‘A

top view
B 453 L peoe A48 RS BN ?";ﬁr% B #.

(c) 2Li@NG3

top view

103



84-6 LIPS 7424 & e 42 T o4 15

FERRR g AR RS PN T AR G 15 2 - LIPS e B
45 b Hergi bk 4-6-1977 o ¥ U EFL% 7 A 3LI@NG4AzZ ¢t 5 B
2LI@NSG1 - 2LI@NSG2 ~ 2LI@NG3 % w + H s rgag b 423 7 4204 & " 14
2o (v £4-4-1) 0 oA BH 7484 5+ LIPSH R star 4238-1.50 eV 0 A
Z4 4w BT 5-090 ~-1.50 eV o G F drit o gt e R A 17 ZR 0 F TR
Mo e iy B 0 A B s LIPSev st 3 P AE e b Ao 3 LIPS
BLI@NGA % & + ciwxviae k1) 7 %-2.80~-3.30eVHiT» F @ Mt A% 3
24 o e tac R B o

A LIPS 7 424 6 b RS R A T ST RI4-6-17 o Breatd Z 4R
W AR o £ AAGNLIPSH » 2t £ 5 (p) = Ui o maa R kT (h) 2 5 e
e H Pl g R - W LIPSE 7 4LE G il 0 § A2 ) DR
4 7 (Destructive splitting)= *it#+] » H S el ¢ #74 = = 1 = L7 % s
A

Destructive splitting

2Ligr + LisSy — LisSm + LisSy (5% 4-6-1)

+ 48:5LIPS £ 2LI@QNSG24r2LI@NG3F ¢ Mz IR % » 23LI@QNG4A! {
4 & fa LIPS "fq‘ﬁi‘%’fs g I e B R FAApFnfRALE AR P 0 B A e

A g R R § LIPSe > H A A B A HALL o
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(a) 2Li@NSG1 (Unit: V)
~LbSe~  ~_~LisSs - B, Li,Ss

J/J_J ® ~ fF‘ x i ? i J'f
A —Q A @ . L @ | 2 S |
"J\ v;\ ‘ ',,,g ,: JY ; A i\
§ ’f A3 AP I
Yagry 7 111 L 109 | 1413
(b) 2Li@NSG2 |

ol Jol [
o J v ‘
: A |

2980T s 118

(c) 2L1@N G3

(d) 3Li@NG4
Wy R Che)
J/‘*J\ A Y}JJ,L A Y*L\‘J’L 1 A Jl/ Z s
"~ 308 NGE322 30 281

B 4-6-1 LIPS *tw fd 7 424 6 |+ ek rﬁ,zﬁ%‘»_am‘mg] % 2% ¥t it (Eags, IN €V)
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# 4-6-1 LiPSs *tw f8 7 424 & } % ' i Bedg (Eags, i €V)

Adsorption energies of LiPSs on Li-trapped surfaces (eV)

Li,Ss Li2Se Li2S4 Li,S3
2LI@NSG1 -1.27 -1.11 -1.09 -1.13
2LI@NSG2 -1.05 -1.27 -1.15 -1.18
2LI@NG3 -1.44 -1.05 -0.95 -1.06
3LI@NG4 -3.08 -3.22 -3.02 -2.81

FERL R MR &2 R PRt 0 AR O LIPS e gL Gt ip
Bader? jmi& (74 47 > H #cig 7|3t £ 4-6-2 - M2LI@NSGLnk & k3 > #1773
LiPS® S, jm @ JadF 5d%i7-2.00 |ejfw fie & H B *qae chficdp 1 2 B S B
e v oo 1 = EE(Intact)sx fip e e e o % & LIPS R H e
AR o X RASE DR F RS ST 0 5 - BRI IS
#1o FHREEAL dIR B E4a LIPS Mt 2LI@NSG2{-2LI@NG3FF -

3£ 4aLIPS 2 2LI@NSG2{-2LI@NG3 ! » Syen? jm B 4sT "% > J8 R A
3% 4% e0-2.00'% 1 #%17-3.00 |e| 5 77 LIPS >+ 3LI@QNG4A} chpFiz » H

h = L 4 -
SimiFHd IR

SRR TR U gh ) - SRR ARG S - VIR S R s g W
BILIPSY Li% p 3o S AT > A5 2 87 2 [LioSy + LipSyyp]es F+ 30 & m b o F]p
Rk SR JF s AT B § R A[A(Sn) + q(Sw)]iEd B 3 iT-4.00
O[T AT i o 3 e gE o F e LSS BRI R a o TRAS,

PR {ra%di7-4.00 e 0 F A LIPS g A 5 F B A H AR E -
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# 4-6-2 LiPSs »tw f8 7 424 & + w5 rq {8 S, e Bader T i #%(q(Sh), in Je])

Bader Charge populations of S, on Li-trapped surfaces (|e|)

0(Se) d(Se) a(Ss) q(Ss)
2LI@NSG1 -2.00 -1.94 -1.92 -1.93
2LI@QNSG2 -2.15 -2.92 -1.91 -1.87
2LI@NG3 -2.46 -2.69 -1.92 -1.92
3LI@QNG4 -3.44 -3.78 -3.83 -3.35

Yo fe 3t Bl4-4-3¢ T4 om - o AP RLIPST e 8 7 4L A G P Rt
BRSNS RS, T A S 1462 FEd 0 RIT AP BE R 0 § ¥
LiPS % 2LI@NSG24-2Li@NG3 + s st 5i #cdp & B F » w H K 4aLiPSh
ShT AT -2.00 e iR Ges A AT 2 pro W% @ LIPS # it e
R R T B A S R R </ Sl

|Eaasl (V) q (le)

3.50 - -1.50

- -2.00

2.50 A

258

- -2.50 ==m1i286
2.00 A

— 284
—1i253
—t—q(S8
1.50 a(S8)
L 3.00  =—4=—q(S6)
e )(S4)
3.50
0.50
0.00 L _1.00

2Li@NSG1 2Li@NSG2 2Li@NG3 3Li@NG4

Bl 4-6-2 LiPSs w3t £ 4 6 1 3 i in 8 8 18 ([Eagl, in €V) 2 Sy % 75(q(S), in Je]) B 4 ]
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otk N AER R 4 e YR A i BLIPSA 2 FRIH AR T ik
iiﬁiiiﬁﬁﬁgﬂwﬁT%’&ﬁﬁ%m$?%M%aw&%ajo
v 4E G ¢ 8 2LI@NSGLa: 5338 ehLIPS = B s e > B
82 PLIPS A 2LI@NSG2H » v 113t 3] 23 H 4pens B4 & % € HELIPSA

iﬁgifi_-_ﬁ?l‘é-‘fﬁ_/})i{] ’ I%ﬁ@f&éﬁm;fg d @%’H?}—'—O
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84-7 §434 % T ¥ HHH LIPS s s 41 ehf 5

A6 ¢ STk e b A 1% B R 4 kR R 5 e LIPS
g A2 REEE GBS tied EAE o B9 T3 R4 # Fl(Electron
localization function, ELF) st 49 5 21442 & F e + K V42K » Flpt 2 i
#-2LI@NSGL ~ 2LI@NSG24r2LI@NG3= B % » HELF® 755 @ > B4-7-1
do(topVviewdy) s drd MR S A AWK AT I BB LR B U E FRIL o
A B AR el B R S & R+ cPBader® g o b b o d SINZ S e B ik e

:_.,_ﬁw‘z\ HXZ2TGH CELFe» G % 7 AR B RE > TP i d RHAET

—\\

*+side view® o

HELFBA k5 > Z B g 8845 cNR+ + ¢ 5 24P ARG Fio
ERRAs ¥ UHEINHE 9290 T E ARG 2T+ RE AN
b3 @ w2Li@NSG12 2LI@NSG24 & + 0 £1SH i ff kTR (B ¢ 2. ¢
FIBlA) 7+ REMAE VAT NE-Rpli g I35 2 (S i) @ 2 Sorap
I FEBINAR L S 2L % 4-013e|2 % o d *C~NfrS& p ehg §
B 4 W 5 2.55 ~ 3.044-2.58 (in Pauling scale) » & NEB~ >t g 7k F pF > Neni
Fegix o ANAR AR eCE &9 +0.92 ~ +1.28 [e|ch T i 5 @ g SR At
BIE oSECHT LRSIk ERTF AT T H2S7 #&ffC

)t 5 (-0.16 ~ -0.30 [el f T i i
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(a) 2L1@NSGI (b) 2Li@NSG2 (c) 2Li@NG3

, . T
Top view PR

B4-7-1 =8 7424 5 cHELF B > B¢ e 5 3% & 0 Bader T i7 #¥5(q, in |e])

%fj ELFeng v g 2o F 3 £ 2SBR HEWFTF 4% 0

FEF X > Sehy Bt 33 e LT A & G b 0§ LIPS s

A2 F| B g i o g SN P L LipSerk Mt 2t 2LI@QNSGL14r2Li@NG3 4 & ¢ i
B B3 A Bt de B4-T-2971 o F A o LipSert £ B (p)ehs v 5t
bt A 2LI@NSGL4 & 0 LiSet # 7 F+ erlift s Fl 46 + £ F LipaiN - @
THFIF SR F A HBEL 2504 T F 0l &2 A iESe2 B 973 h
S-SEEHL iR R AR A 7 3% 0 B RAIFF LR 485 F T MR
#5378 A fe f LiSerx*it 2 2LI@NG3F pF » R H_ru -k T (h)efex i 25 30 ex
W o LipSe®F 284 chSeieff 34 6 chli» @ 2 Sehk ¥ 2 7 A BS; o
HapaHenpedts w5344 23828 0 wo i iife LELFeR & 7 4w

2LI@NSGLit 53 3 »eplid B P wag B s > E R R L G BIETLILS = F

ot 0 & 2LI@NGS3Y Bl ik > B8 R LiSerns A 4 o
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(a) Li,S/2Li@NSG1

@ Electron

\r ~ "@ gy back-transfer

Electron

N (Unit: 1‘{)\' Isosurfaces = 0.0005 |e|/Bohi?

(b) Li,S/2Li@NG3

No Electron
back-transfer

(Unit: 4) Isosurfaces = 0.0010 |e|/Bohi?

B 4-7-2 LipS v >+ 2LI@NSGL - 2LI@NGS3 # & F v fif 51522 EDD ] > 2 @ £+
242 FF~F 9 LENT I ARNAS oSS Bt L (dinA)ed 3 A g

4 AR

ARG HL RS AL W ILIPSEB B ST R A LS

] (Electron density difference, EDD)i& {7 » 47 > I f& & 1 >t ®]4-7-2¢ - EDD

i

3

TR AT T AT S R FIBF S A M A
HiEX A TR @D IR oA AFY TS LLLSeR s 0 B B A
% FEDDBIF P A5 £ B - 2LI@NSGL e LipSew 5t 14 > d % & 1+ § SB~ ik i

Ik BT 3+ I Se(#% T = Electron transfer)» @ Li,Sg® Lif] & v &7 F & &

F_&

%4 % eN(#5+ 5 Electron back-transfer) » i& % I % ;B LirSg22 4 o 7 &
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BNt R AT AR o T E p PR T FEER < 0 d SR ris A hE e

SR i E(-1.94 Jef) o fe f LiSer i 2Li@NG3 0 frivd &5 H

44

WA ST F(FS ®B) aLiSer RiEk R 3 v L Ae 0 Flmig =S,

S hf TS A (260 ) H T d T IS Serh B ALY B U

>~ iBS; 0 A5 é’ﬁﬁf]!”*[l_lgSg"‘L|83]E‘ﬁ/40\;"’/\%\\i Foo

(a) Li,S,/2Li@NSGI  (States/eV)

10 -
7 (Sg)=-1.94

T b~ S, T | Ew=-111 ——S6(p)

& o .78 6 1
2.13 ‘ 1,
M
D -
oY | |

(b) Li,S/2Li@NSG2 (States/eV)

10 1

¢ (S3+S3)=-2.92
En = 127 —S6(p)

6
4
2
o] U

(¢) Li,Sy/2LI@NG3  (States/eV)

10 -
¢ (Sa+S3)=-2.69
A )\\ ‘ s E,. =-1.05 —=S6(D)

. 05
6 4
s
5 .

2. 0 , . ; . : |
(Haiz:y) -9 -7 -5 -3 -1 1 3 5 (e%)

] 4-7-3 LipSe = *4 >+ 2LI@NSGL ~ 2LI@NSG2 = 2LI@NG3 B e ‘iq‘..‘%f#.l‘z 3 Sgerip #
1 PDOS Bl75 o H ¢ B3 §ed(d, inA) ~ worq it (Eags, in€V) 1 2 S, e 2 47 (0(Se), in Je])
v AR TR
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% pro2 ek s A R 2t B9 LipSe e fg 3t 2LI@NSGL ~ 2LI@NSG2 fe
2LI@NG3iz= B % o pF » H Sgeipinst &t 2 & ~ +7(Partial density of states,
PDOS) B 7 » 4c B14-7-3%7 7 o Li S| * 3 B i 8 41 1120 2LI@NSGL 4 & >
HPDOSHAj# 5 ~ 475 @ 22LI@NSG2{-2Li@NG3} > LiZSG*‘}';K A B H
&Rkt o PDOSEIRA)» - 2 4p o pRug B2 d s B9 - B g% -
AR > ¥ LStz M4 5 b enwisgil &40 (49-1.05 ~ -1.27 eV) »
fe X s~ TR UEPDOSS § T AR 2A R 0 kT R R
RAEFE AT NN T S AfEEE R A ST R € TR ¥

£ N 3 A 17 § AR E R -
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ARG P A PRLIPSSR A Z AR FAHE R PR B AR
ot TEHITFIEHEE Ep s AR ET 45 =8
i -E SR G RIA-8-10 ¢ 7 0 RS B AR R R R e
WP BT 7 AR FARANES T B o o SINETLIGEE R 4 S §

#-LIPSsit {7 f2 4 (Mechanism A) 5 @ A& 7 42eNB R 7 B 4F1 o~ € 3

-~

LiPSsi## 3]ifF % 3+ m & 2 S~ A (Mechanism B) » iz fa 1 ¥ &% Fs
BET A BERY g ZAINIRE EHY BRISHF HEa 7
T HEAee o wWGRLIPSShER i B A G I g R G 0 X2 HEE
b e oo A kA F & £ (Mechanism C) > @ i&f8 % B e e ;4 HLIPSs
IR Mgy X T ) AR MS i e B oo SF ATt o UNZ SE BN en
R G RS AT B R LIPSSA + ek fit i § 3 I fhex
el i F1 i 59 F Rl dELIPSSIUIS 1R A B0 T B AR FE 0 BRI G
i“é{%tﬁd“m./‘l%w%f»ﬁ,—kgt'lﬁ »g ,htangw MR T R e &

Mechanism A: Mechanism B: Mechanism C:

Intact Adsorption

Dissociative adsorption Destructive adsorption

Li,S, +xLi — Li,S, + Li,S,,
Li,S, — Li+LiS,

@ @ @ PS-splitting s,
Li-trapping Weak w S
3 interaction

M Li-trapped N-doped graphene Li-trapped N, S co-doped graphene
N-doped graphene

B 4-8-2LiPSS % 5 428 7 5 488 R 3 B S enf B ffrd 6 1 ez 41T R W

114



FRRF R
§5-1 %3
wi g F ampE o HP - fES VR R F S 2 v % (Proton
BRFRESRE R E c KB F ALY G E F 3 0 F & (Hydrogen

oxidation reaction, HOR) ¥ ¥ # :# /» ¥ J&(Oxygen reduction reation, ORR) :

HOR(anode) H, — 2H" + 2¢ (5% 5-1-1)

ORR(cathode) O, + 4H" + 4" — 2H,0 ;4 5-1-2)

Hydrogen

3 Oxygen

Heat ‘-/
Bipolar-Plate Gas Diffusion Layer Membrane Gas Diffusion Layer Bipolar-Plate
(Anode) with Catalyst with Catalyst Cathode)
B 5-1-1 PEMFC i3 7 & B ™
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bR Y o 5 PEMFC % A% ik M2 - 20154 ORR
hig T /& (Overpotential, m)- p ## [54& ¥ & * it & 5 PUC & 12 Pt 2 A K
R F AT P AR ¢ W R LT R e 2 2 B
wd 3t PR AT  RALEE 2 R BRI EG R L S 2
FEERER S PLER R A e £ 0 & FF LT I PR H
ML o Dt S ik & /Z\ T %.‘ Pt chs 4 122-127 f%i L % 122,128,129‘@% %
& (Noble-metal-free)?>271391% 4 = & £ JF (Metal-free)?>'*® et s 4 1 o
8Pt G AR SR F AL G R S A Fen TR
% i€ 7 ORR p erfcd 7 /& (Onset potential) 22 L & & /& (Half-wave potential) «

9355 08~10V 12 0.7~0.9V (versus RH.E) e f 122 127120120132-134

0.0FORR
-OZ‘ %I
ki B
gém
E=15}
O
_2.0"-1lllllllllllllllllll

0.0 02 04 06 08 1.0
Potential (V vs. RHE)

B 5-1-2 fx# 7 /& (Onset potential)¥? L ;& 7 /&t (Half-wave potential) 7+ & B ° fo# T &
(Onset potential) sz & 5 Tim B B i-Fd RFE 407 5 R = (Bl°P B LA TR
AT RR - EWEATR R Y 7§ RAAHA(N-GNS)iE 7 ORR 1T

mHEHTRE Y
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BB R T ST AR AR S 2 R 4% 2 (2°D)
MY T 255 T R E s ch f aad 10161813 g0 g s g
A2 5 MXene (Early transition metal carbides/nitrides)™* » — & < JeiF s
SBH s ORR ML e oy 42 B0560 N xene ehm 58 5 M,y X, Ty (0=
1~3) > Mim7EREEBHFLF TI~Zr-VE) XRELAREF TRIAA
Fo A A (F 23 O~OH-~F %)% MXene £.4 MAX (A % 13 &
14 & 40 Al £)cniuH 1 HE B & #13gm 24 0, 2T B A
FEAM Y MR BAEE S S ERAG P § AR A

fli.ik’,t:l—_?ﬁ'; Fp A e oo




MAX phases are layered ternary
carbides, nitrides, and carbonitrides
consisting of “M“, “A”, and “X“ layers

MAX phase

Selective HF etching of the “A”
layers from the MAX phase

Physically separated 2-D MXene
MXene sheets sheets after sonication

Bl 5-1-4 MXene %] ;427 3, B Y

F R E S R d 2 kR MAX B A T OUSER B
& MXene fit * PP EREXAMX 2 T JER 447 B g AR
e B o @ o f hiph S AR F s > B¥ L Ti
2 CodihTinCTu(N=1~3)5 2 p wis Bl e SR IEF S4BV
do NH 18 g2t B~ gogn 3 58 1981° L ORR™ + CO oxidation'®® ~ ¥ CO,RR™

Ap An
F F oo

9
|

FPRZEBER S A P EA AT ?)EJ::&F’J‘E’»AEL\-&PIF‘ T R

&
~ fo R e RS BT FR Y PUBARE (5 0 TiCoT, (T = OH or P

AR ERMEEREY 27 ORR M7 w24 35 2 3 R0~ Kt
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|
>
~=h
P

=
q
TR
A—
4y
oy
]
e
4
T
-
B
J4:
N}
T
(ﬂ}
¥
-
N
D
k=1
=
=5
e
ol

PREECEERFEZAP o Lo b2 BT g A Flpt g BT LR

Iri o
- F R 2 8 3R TinaCoT2 2 PUV-TinuC, T, (N =1~3,T=0
and/or F)iz et £ & $4>> ORR F B E B o 2 7 L BT F 5% 7 5 teend o R

o F R R B AT et bR e AR A &G 1 Ak n(TisCoTy)e

d >t H 3 i (Single atom catalysis, SAC) =1k st H sk eniplic (22 E
162-168 ¥ o® 4), 2 53 B e }I%ﬁﬂ" , ﬂaf SAC gﬁﬁg PARAFERAE G v f#
BF ot B O (o3t ¥ ORR &8 i+ Pt B2 &rane 5% L id F

1O o s A A d s g b 1 B R 3 Ptiz4rehd 603K ORR

PRFASIT D BT R e “,lrt sz vk i 3 Ay % & (Density of states, DOS)
B Bader T A BT FRAAL LG 4ERRE T 45 F OF ¢
WA ORR F B - BARBOM o PRy BW7 ORRAEZ F A5 T
ek s p d s Bl L LB (Volcano plot) o izt B 5 iR A P A B i e e

B F TinaC T % 6 £ 2 ORR F i} {iET 3 0 f5 & £ MR i

5

TR KH 4 T8 s o
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§5-2 3+ & Sk
§5-2-1 K $¥ck 2

AFxanty @ * 0 DFT & 2 H 2 4 8 85 3 8ic 5 GGA-PBE (Generalized

i

gradient approximation, Perdew-Burke-Ernzerhof)™® » &

¢ & T g 4 (Plane wave)
# &+ VASP (Vienna ab initio simulation package) £ 4 s @ & & 1640 4 2+
FRERE R aiERY o ot R E A RE(Fully relaxed)k i o e £
38 % 4ot (Projector augmented wave, PAW) = ;= %, & 1 & £ (cutoff
energy)ik _s 400 eV > # (Electronic step) iz acif 2% % 5% 10° eV o

TinCiTx(nN=1~3, T=0and/lor F)enZ m & * 7 4x4 2 7TxX5 el = 5=

/J\ ) Ji.-’“:' f/f;"_g)}é’_

Yok

FHEI VAN IBA mF RO FL LG AL LTI Y
@ % 2 4 % (Brillouin zone) Rl # * 5 Monkhorst-Pack = i ®» ] 14
42 g+ 7 x5 kiiawig* 7 5x5x14f-5x7x1 7 MP Kk points & {7 B~
B R BT AP RRE R 0 Bader e F At B ek F
g kY @ 27 A ¥ T F (Unpair electron) » 24 f# s @ % ISPIN = 2 2 %
NUPDOWN %-#cig (7 p *2 & it (Spin polarization) 8> ek it o

- P

L AR bl N

Eads = Esur+adsorbate - (Esur + Eadsorbate) (;‘(\: 5'2'1'1)
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5=

B P Eags & S e i~ Esurradsorbate B T4 BN B B B AT SLARAG
Esur A ik 73 SR N EI T Eadsorbate Bl 5 Kf?]'jl’;' ’lli‘—gi Z T I + o@m ORR
ik s fI* 7 % & F 4R 2 (Standard hydrogen electrode method)*’ 3+ & » &

et IRE Y v BT 3 PF R S4e;t 5-2-1-2 F] 3% 5-2-1-5 #77] » O, 82 H'F

Mol i3 #-€ @A A vl BY XERA S St g )

Oyq + H' +& — OOH* (% 5-2-1-2)
OOH* + H" + &~ — O* + H,0y, 7 5-2-1-3)
O*+H"'+e — OH* (5% 5-2-1-4)
OH* +H' +e — H,0 (% 5-2-1-5)
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§5-2-2 -k k& 3 it 3

d 3 PEMFC 9 ORR 9% 52 5 kAR s Y F R > 2xanty?d o
e r T B E A RARMBEEFAEZE 0 Y RIIki 32 ORR 0P F A 4
Ad as NP A R - KT e 3 A7 ¥ BficE o PCM (Polarizable
continuum model)#-3] » @ E - d w M4 - KB 7}4@5‘331&#%@ o %7
febd g keafh® > RADTimCT,(n=1~3, T=0and/or F)# & 3 4 1 7
X5 8 &t | ~BEh ket [ Bl E 2X30 MK 4o » 24 BER VRS F

3k kP o dof] 5-2-2-1 AT o

() a="21242138

(b)
Water Layer Al Lo : JJ‘L‘ - <

Adsorbate

Substrate

B 5-2-2-1 (a)%c » -k & 4 £ 15 chipin B > A phengh £ 4 S0 WY > F =5 A () kg - =
kG s LB e BlY id 50 A&d 5 Covd S HYKS R T

122



85-2-3 pd a3 IE
503 E kxenp d it F 2kt (Zero-point energy, ZPE) ~ % (Entropy, S)

"=

175 .

232 % 13 1 78 (Solvation energy, ASol) » H 2> ;8 73t T 3

_ @k @k _ hvk B
AZPE = R)} <? + W), O = . (7% 5-2-3-1)

AS = RY} (ﬁ —In[1 — exp (%)]) (X 5-2-3-2)

ASol = Etot - E(sur + adsorbate) ~ Ewater + E(sur + water) (5\: 5'2'3'3)
AG = AE + AZPE - TAS + ASol + xeU - 4eU (5% 5-2-3-4)
HY Rh Zhgh W|2mB ik~ E P2 0058 ¥4 ves A% K

Z
g

B4R A F 5 Eor > Eqsur + adsorbate) > Ewater &7 Egsur + waten B!l 4 =] % Z BE 1B i S
gt dg cH- Bokk®2e pokgsde e BIx & O ikl
Rk PEehg 3 @SBk 44 OOH* ~ O*fc OH* % p 5 1243 -3+ 5
d A PEAE R T35 20 208K 4 2R UYL BT 02 123V izd 48 o

48 52-34 7 AR AT Ed TANT @] ) A By 2 Enp

5 -ken & (hexagonal) fe #8844 14 2 F fiehd F ac £ ¢

EOOH* = E(OOH*+sur) - Esur - 2EH20 + 1.5EH2 (;T\“ 5'2'3'5)
Eox = E(o*+sun) = Esur - Eroo + Enz (% 5-2-3-6)
Eon* = EoHx* + su) = Esur = Enz2o + 0.5E; (3% 5-2-3-7)
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§5-2-4 L .L @] (Volcano plot)# gx# § & (Onset potential)
JI#* 5-2-3 & ¢ P Z2EDp A s NPT ."J%ﬁsi FEpd e £EAG

% 17 1) 22 3% i 7 & (Over potential, yorg) ° AG &3 5 3 2 40T

AG; = AGoop - 4.92 + eU A 5-2-4-1)
AG; = AGox - AGoo + €U (5 5-2-4-2)
AG3 = AGop» - AGos + eU (5% 5-2-4-3)

AGy =0 - AGou« + eU (5% 5-2-4-4)

He U G4 B> 242K D5 0V AGoor » AGoxfr AGop=R & p % 5%
5-2-3-4 o #izr BHBAOAG HESTR ¥ LED - B U &> 7 &
£ TREK(DRITHIH F)HE - #REORRF BT R 123 Vi E

RIS 3-8 9 7 0@ PRI i TR qopr (U JeefPIRLE S 7T A v gk

47,124,131y .
) :

Uorr = {-AGlle, -AGZ/e, -AG3/e, -AG4/e} At 5-2-4-5)

norr = |Min{Uogrr} - 1.23| (3% 5-2-4-6)
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85-3 TinChT % &

F LA LE 2 TiCh02 8 TinuCoFo & ik & (N=1~3) > # ZHde
B] 5-3-1 #757 o #7F B~k e 52 580 % 2202 Ti = fe iz en hollow R » &
PoPROTihzpht B ERARHE S pr? 2 Type |28 2 50 147-150,176
AR A S - kR (Ti)esege s w5 5 0.90 (TinChOo)fr 1.24 (TinCoFy)
Ao izhipape i @ = A MBL-d 302 FehR3I LT L 87 % 7]

i RFEIRET T OB A adteie o FE 4GB itess .

(a) Ti,.,C,Otopview (e) 1i,.,C,F-topview

(b) Ti,CO, () Ti,CF,
? - @ 092 125 ;‘;‘:f}*
‘ "{ d 9 I I
(¢) Ti,C,0, (g) 1i;C,F,

- 088 123 OOV @

g 9 9 I
(h) 1i ,C,F,

0.90 124 T3 " Nl

(Unit: 4)

B 5-3-1 BB B 15 e TinaCaTo & 3 » B B AUEMET 57 Bt BB A2 8 - & R
G epede(d, inA) o BlY 24 L0 A4 5 C¥E I Ti-NESLF
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(ﬂ532)" 1%

i

Z dp(Overlap)i % > &

5P F 2 Ti ehoverlap 47

it

300

-300
400

300

b

L1 &=
‘F"ﬂb

/Lgrz}?‘r?—r’//<%[§ég\

‘gh‘(

4 5s ~ F R

(@) Ti,CO,

200

=200 -

-300

-400

i
)
4

(b) Ti;C,0,

(c) Ti,C;0,

EH o P R Y

K=

At

-

33

-1

g] 5'3'2 Tin+lCn02 —fi’? Tin+1CnF2 %\» ﬁg E’—fj PDOS F‘%‘]?\!ﬁ

¥ iR A

s 0% Fiioa

A2 s o) Kﬁ; leCOZ A o %

% Tin1ChOy & Sue

E SN

plrany

~——Total 50

-300
400

300

200

Total 100

0
-100
-200
-300

-400
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3-6 eV s LA

ki

%2 (band gap ~ 1 eV)z ¢t

EAE . B

% & (Partial density of states, PDOS) 4 +7 [l 3%

H e end

H O Ti gt 5L

Tin+1CnF2

hiRT-TeV AT R E -

| (@) TiyCF,

.

-y

(©) Ti;C,F,

AR EF

¢ Ti,C;F,
U
n 9 \" A u

Total

Unit of x axis: eV
Unit of y axis: states/eV



@5'3'3 31] 'JT|n+1C 02 T|n+1C szé]}?—]‘l—)- rJ"J—I ij Baderg_‘/{‘?l"/:ﬁ\
B v uE D FFAT LR O keng R EFTEL V00 AU

-1.32 (0)2-0.82 (F) [e] » @ # - en &5 3 B84 %

o

ZH B PR

FRFLT RSN G FRTIASTER CHIFLT A OB 2

FHE - Chead T R(Q~-218e)) FBehi & (425 5 (q~-2.60 e])
(a) Ti,CO, (d) Ti,CF,
-1.32 d 9 J -0.83
L A 5 S S
218 O N 277
® d I I I
(b) Ti,C,0, (e) Ti,C,F,

20 %0 %% %
s & o

(c) Ti,C;0,

132 o Ter: -0.82
ol

+2.39 ‘/a " Ti-1t 1230

218 S &L C-1 T

o & W NN i

=220 ‘j\‘/l\ | & G2 -2.39

)
d I I I
e Tl & o g AR - Lk el o BlY 24 S0 Ad AC-RI L TiRES
S F

et ez By 4L ~ PDOS cheE & & 22 Bader £ 47 0 F MEM
FLA'\OB"]JNé Fg"ljﬂém bhiz\mﬁd-ﬁ;{;;’iéfﬁ‘g—é;% : ?l/zﬁﬁ% )/
é)]?e:* FRT|FA LG M 2 FARAR 8 B3 Bk chp 7] MOLBIS51T6-178 g

REG HRIRASTH A R EF N AL RF FOF b -
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85-4 Ptiv-Tip C T % &

WP AR AR T IR Az e Ft s Pt RS
BEAPREY BT TihwCiTo 2 Vv-TinwmCiToh4 6 > B argi 534 5-4-1 0
Pt 2 4 4 V-TinCoTo % 5 b o s i #3300 3 3 4 9 TihuCh0, £
F(LE2 20eV): 2 53 Foaddomiads damgix {3(E 50
eV)o b Euie B R e E PUE 453 % & TinnCiFo % & (HF B~ % 4 1 (B 5-4-1)
T ¢ E - BRLAZHE(IML) - Pt & 7 ¢ BA%- B 042 eV F JiuiE it i
(TS1)> d Pt~ A Feniz® »@ FH®BHE? - B Ti +(IM2) > @ &
B AR H i o Bl & 54-1 2.0 325 5 A(N/A)

Reaction pathway

F-replacement

3 d
H (eV)

B] 5-4-1 Pt w3 #g 3¢ T|n+1CnF2 oo BN K ek % (enthalpy, H, ineV) Bl® & ¢ 5 Co
STi~-REJS S FFES 5 Pt

/J
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# 5-4-1Pt it + %4 3 TineaCnT2 & V-Tins1CnTo e ¥t ic #edg (Eags, iN €V)

Surfaces Eags (€V) Surfaces Eags (€V)
v-Ti,CO; -4.82 Ti,CO, -2.24
v-Ti,CF; -5.43 Ti,CF; N/A
v-TizC,0; -4.27 Ti3C,0; -2.02
v-TisCoF; -5.59 Ti3CyF, N/A
v-Ti,C30; -4.25 Ti4,C30, -2.02
v-TisCsF2 -5.70 Ti,C3F, N/A

(a) Pt/v-Ti,.,C,0,top view (e) Pt/v-Ti,,,C, F,-top view

¥ a o\ -1.04
A +2.20
") 7. D 0.83
P . 2276
~ N N =3
I
(C) Pt/v-ﬁ3C202 (g) Pt/v-ﬁ3C2F2
0.91 Pt = _dmY -1.01
+2.34 . g .
-133 0.82
+239 < e +230
2.19 o5
+2.22 +2.16
¢
d I I I
(d) Piv-Ti,C;0, (h) Pthy-Ti,C,F,
0.91 Pt -1.00
+2.31 Y — Act. Ti. +2.25
133 o _ Ier 9 d 0.82
+2.40 ‘/Q Spec T-IS‘ +231
2.19 . ‘ C-I¢t ‘ ‘ -2.46
{27 o T2 ) A9
D00 C-E -2.38

d

d Id I I

B 5-4-2 Pt &3 #} {8 e PUV-Tin1CoTo & & S8 & & = 0T 32 Bader % i #¥5(q, inle])
BlYed 50-%d 2C-%FZTi~-RESEZFIFES 5 Pt

VAl
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2

i B SR ) 5-4-2 5 R
Pt e s>t 2 4% & 6 chig 4 1 2 Bader % 7 Hcff s> ] 5
138 o E S IRRS
H p - I ‘lil]}
I PtEBRRM LA E a0 &2 Ti A4 = fie i (trigonal) sidt %
¥ 'ﬁi' -
i B - fe e 3 (bridge) 2 3
B Ti &H° %7 5 Act Ti.) - #— 4L¥ R = fie i eoif & (bridge) = 5
-\(_{' ll"— ST &

i At 9091 3
7 e 13O0 Ptz g ik e Bader it 90

R ﬁ&}ﬁ'

_r 2 ;géfg £
= N 2\ 22 Sh _;4-" s ‘; I %
é ’ ‘\_" ._E' “u’.‘J‘ ‘7/“\ -{E Iﬁ BK IJ‘ E—_k = /{ — Z]
JE.;F,J I B" :: IR 3 ¥ ] W AF it =

[ 4o @ g — -2.53 —
EN ;e R B REE N b @ R0 (-2.76
Pt/V'Tin+1CnF2 ‘:1 ’ ’37 - C é] m% e i_g i%

2.46 |e]) > 12304 ABE R FF F 2 Pt iAn e o

i
H
i 8 3 ;
Y v (d) Pt/v-Ti,CF, |
i ' yz oz
(a) Pt/-Ti,CO, | - y |
3 v X : .
I ,
2 ) —dxy 3 E s
: s ' —dxz
i , :
l i —dxz 0 ? s
! —dx2-y2
’ ¢ —dz2’ :
i dx2-y2 :
-1 : - :
| 1
1
-2 : B E
| 1
h
3 : . E
| ; isC,F. :
I : (¢) Pth-Ti,C,F, |
| 1
1 1
"1 (b) Pth-Ti,C,0, | . |
3 i \ E .
| H —dyz
2 E — 2 : dxz
H —dyz
l 2
l ; dxz 0 0 e
oo i dx2-y2
’ 9 2 :
i —x2-y2 :
-1 : ) :
| 1
2 : . :
| 1
| i
-3 : . :
| . |
L : * (9 PtA-Ti,CF, |
| 1
] 1
"1 (¢) PtA-Ti,C;0, | ) |
; | 4 s o
2 E —dxy . E _d}jz
| __dyz 2 —dxz
| 2 5
l ; dxz 0 x ? -
; - dx2-y2
0 ? o . E
' dx2-y2 :
: i ) i Unit of x axis: eV
. : ¢ i Unit of y axis: states/eV
i :
-3 : .
:
-4

—

-t HoHP 4 A A dyZ:dxz,dxy:
%] 5-4-3 Pt/V-Tin+1C T2 & % 1+ Ptd-band 7 PDOS Bl:# > 2 @ 5 & F

dXZ _yZ
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d 2t H BsRken= fe =Tk B > Pt v d-band % PDOS Rl £3 B iG]
(degenerate) |+ » - £ & A & = RS i (dgz, dyz =y, dxy = dxz—yz) °
PtV-TiCoF, & & F > ST ¥ & #icn e 4o > Pt e d-band 31 5L+ 7 ¥7% % &

A PR T UL & 5-4-1 ¢ AR R AKSE e Ay o
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85-5 B & th Pt/v-TipC, To-O/F % &

TR P50 LR S e P, A r g O Pk A
£ 5 e PIV-TisCoT,-O/F £ 6 »O/F 2 & s 3d O Fant i) & 3 OIF
=32/0~31/1-16/16~1/31 2 0/32 7 f&-H # 32/0 4= 0/32 & F >+ n & 11 Ti3C,0;
2 TisCoFp % & > B4R 4- B 5-5-1 #1777 > [ PR TP 2 A G TR
ZaB R ATE(BY F ¢ FIBR) GF i FEAa andESiss > Lri

Ti3C2T2'31/1 m t % _7:;1; Fo ijbg =z X0 V-Ti3C2T2'32/O » F]pL l«LLM{

A

SE SN EL ST T3 I

(a) Ti;C,0, (b) Ti;C,T,-31/1  (¢) TisC,T~16/16  (d) Ti,C,T,-1/31  (e) Ti;C,F,
W W W W R A& 2 @ 2 & N
& < e %l A AR

Yo%

215 A i PR T V-TigCoTo-OfF 4 @ b o B s st i Bk 70 4 5-5-1 o

"1 PUV-TisCoT-31/1 chifedip 2. b > R ARanx it "E ¥ O/F o0t )% i %
550 5 - BARMAPM o @ & PU-TisCoT-3U1 s sep » d 5042527 0234
AR DL G o FP PR HAL T O/F v b s R pFe i cnAp B 1o @ B 5-5-2
1 PDOS B> TR Fgivenfia) > 5 ¥ O/F vb b *E i > Bo i L e 5LEd Ti

tH AR %M Ptend-band » A I Mg £ R o
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4 5-5-1 Pt * v-TigCoTo-O/F + 5w ¥t i (Eags, iN €V)

Surfaces Eass (eV)
v-Ti3C,0, -4.27
v-TizC,T,-31/1 -4.19
v-Ti3C,T,-16/16 -4.98
v-TizC,T,-1/31 -5.56
V-TizCaF; -5.59
“(@oF=320 (D O/F=32/0 .

“ o = W

_m .
-.:OO -4
' (6) O/F =31/1 .
200
~Total v
=—Ti 1
—C 0
—— 4 b

=300 o ' 4

Bl 5-5-2 TisCoTo-O/F % & (% f])## Pt-TisC,To-O/F ¢ Pt ¢ d-band(+ #])PDOS Rl
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§5-6 § # B R F A(ORR)¥ & ¥

F2 R Ew Gk A PREFHRORR ¥ A OOH* ~ O*fr OH*=

H3 PUV-TinaCoTo % & » B 5 2 ko] 5-6-1 777 o d ¥ Pt = fe 25 38

S e b oo Ft P BFA S a0 2 top B > 3 Pt v tetrahedral sope

’1/} I:f'

» H 3k ORR ® ¥ & e OOH*%74t F & (OOH* — O* + OH*)xp 12

CIEARNUE R

f %-?-37’1\0

nE_O- OH*‘\-ﬁ O-H*4gd R % ¥,
Mgz fav APt o Bader TRt & 5-6-10 13 hY ALY

B FERRA LA Fad T E YR E N A0BRRAL4e o

A PLend TR
G fReABE S AR RN HT ST B

(a) Pth-Ti,CO,
(b) Pt/v-TizCFz

OOH}QJ{ Qpﬁ’e
. tijr ép

OH*Ii]{ éj'

B 5-6-1 OOH ~ O {r OH w2 *i** PtV-TinuCnT2 % & iz Bl - B ¥ =d 5 O~ %%
NEILF-6 ¢ L H

(c) Pt/v-Ti,C,0, (e) Pt/v-Ti ,C,0,
(d) Pth-Ti,C,F,
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# 5-6-1 OOH ~ O 4r OH w3 *43+ Ptiv-TinuCnT2 % & 5 ¢ Bader § 7 #ic¥(q, inle]) » # ¢
O; % OOH P §E3 Pt 1500 R

OOH* o* OH*

Pt 0]} O, H Pt @) Pt @) H

Pt/v-Ti,CO; -0.74 -038 -091 100 i -044 -0.71  -0.77 -142 1.00
Pt/v-Ti,CF, -089 -046 -098 100 ! -076 -0.78 ' -091 -145 1.00

Pt/v-TisC,O, | -0.68 -043 -092 1.00 i -049 -0.70 i -0.69 -144 1.00

Pt/v-TisCoF, -0.84 -048 -098 100 { -076 -0.79 { -0.84 -151 1.00
Pt/v-Ti,Cs0, | -0.67 -042 -092 1.00 { -048 -0.70 | -0.68 -145 1.00

Pt/v-Ti,CsF -086 -046 -098 100 i -0.79 -0.79 1 -083 -151 1.00

BRORRY A3l FRA OB ALa i HF T kL
B (~0.101e))> 2 Pt 4rac 59 A 4 #-17 0.30 [g| 50 £ B o b At 79 B O%er st (4
¢ Bader T 7 % 1t (Ae) i b+ (] 5-6-2) » SFBLE RN k2> is W d Pty

2P nh- CEHETFLO e 7 BRI & OB A di g B Pt

s ijgﬁﬁ,cgi_;ﬁ;;;.ﬁ ; tg‘}*Jc # 5 (~ +0.45 |e

)8 O » R AL TR

A%

(% 561) 0 5 F- CHDOTFTRT L

A 4

O*=x*t 1 7 FER Lendk o pFo kR frip k- Pt m?‘zg £ M T 54025 e >
¥ - C/%;ﬁﬂ;ff};%zr*ﬁ% 317 94035 || o A iinE A4 t“?‘ﬂy}mﬁl i F] o
Kp»agm i AT A ® 3k AR 54-2°F Bk Eis s~ C
BF T E(~-258e)z~* OB A&m(~-2191e))> Flm 3 { % 0T+ i
éa,%%‘si Tiqfe Pty - RRGELY FAEAH O @ OB A 4a pchx- CK
AR EARPLZEREL ST FEBFAE
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(a) Ti,,,C,0, n=d./273
0*:‘, -0.71/-0.70/-0.70

Tt +0.48 /+0.42 / +0.43
~ - +0.08 / +0.06 / +0.05

n=1/2/3
.- -0.78/-0.79/-0.79

) 5-6-2 O*w ¥ & PtV-TinuCnTom {60 & &/ + T 35Bader T j7 cndic i % i £ (Ae, ineV) o
23 20 d 5 C~%17 .‘»T"A?E_g = F‘/Hi‘? = Pt

AP Bt A A G TS AR R SR RS T S
e FEL SR 56300 3 FERAAALG FagEpEs cF TR D
ST 3 BEY AY- CR T3 T URESd Tiime 3 P SR HRELS
P OB AL G R FLTIAAHEEY AOBRAL - CERTFTE

;Ll‘ ﬂl; E=8 B ﬁ_, ' 3 ~ l_o
o L RELRIFS T T Y LR

Bl 5-6-3 & fpir it fe hE 3 iE e o & B
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kT MO X PB4 G o AP fEs #ORR ¥ A Fn

IR = e PUV-TinuChTo-O/F % & > H e g 5 Bader & j=7 12 2 4 (Enthalpy)

AW F 5-6-2 22 [B] 5-6-40d i el - BRAEF OF chnt b & A Ap

Mo AR R R R

% 5-6-2 O0H ~ O 4r OH w43+ Pt-TinCoTo-O/F % & 14 0 Bader 3 7 #ci(q, inle]) » &
¢ Op %4 OOH p §E4E Pt B iTeh O B+

OOH* o* OH*
Pt 0, 0, H Pt 0 Pt 0 H
Pt/v-Ti3C,0, 068 -043 -092 1.00 ! -0.49 -0.70 | -0.69 -1.44 1.00
Pt/v-TisC,T»-31/1 | -0.69 -043 -092 1.00 | -050 -0.70 | -0.70 -1.45 1.00
Pt/v-TisC,T,-16/16 | -0.78 -0.43 -0.94 1.00 ! -061 -0.74 i -077 -1.46 1.00
PUV-TisCT-1/31 | -0.83 049 -097 100 {-075 -079 | -0.82 -150 1.00
Pt/v-TisC,F» | -0.84 -048 -098 1.00 !-0.76 -079 ! -0.84 -151 1.00
H (eV)
5.50 A
: —32/0
1.50 — 311
- —16/16
1/31
0/32
3.50 =
2.50
1.50
0.50
OOH* O* +H,05  OH* +H,0,

B 5-6-4 ORR ¥ & #& 4 »* PtIV-Tin1CnT2-O/F % w v %4 1S 12 (enthalpy, H, in eV)

Reaction pathway
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85-7 p d it B (Free energy diagram)# % ., @] (Volcano plot)

P 5-2-3 8P hpd siig e 20 > APy R Ad4TRU =0
123V iRT hE Jgp o it 4o B 5-7-1 977 » 3l el @ P 530 4 5-7-1 o
SREBNEPE FERAAZGhid n ¢ MY OBRA4s > Ehd i
M A F AREF o d 3 ORR # - BLFHEBF B> il TR
AT (P U=0V) HABRRERL 123V AR e 4 89 - B 5
WHAER T AL ET R LERRT SORR b4 R B E 123V ek
T il T E AT R G H (R R E) R ERREHE A

A BT -

5 U=0YV S ——Pt/v-Ti CO,
| ——Pt/»-Ti CF,
\ —— Pt/v-Ti,C,0,
_ - — Pt/v- Tl*( 2F2
% Pt/v-Ti C,0,
< 31 Pt/v-Ti,CF,
= ;
2
e
= 2-
-
5} | -
g.-) T T T ]
3 14 gy cEEEEtE Ll I
U=123V i B
| | PO
=TT | R
T [T —
-1 T T I |
Oz(g) OOH* o*+ Hzoa) OH* + Hzo(l) 2H200)

Reaction Pathway

B] 5-7-1 ORR ** Pt-TinsCpTo & & ek i p d s BI(G,ineV) > 27 ¢ 77 4T R U
0% 123V Eaukn ARG RE EMRE T
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# 5-7-1 ORR ** Pt-TinuCnTo % & & pFenp d i i3 1 38 #icdp (in eV)

| AZPE  TAS ASol AG ! AZPE  TAS ASol AG

Pt/V-TizCOz Pt/V-TizCFz

OOH* ! 0.53 0.26 -0.60 498 | 053 0.27 -0.54 4.62
o* 0.10 0.13 -0.45 3.31 0.10 0.09 -0.54 2.26
OH* 0.40 0.13 -0.77 1.10 0.39 0.14 -0.35 0.89

Pt/V-TingOz Pt/V'TiSCZFZ

OOH* 1 0.53 0.24 -0.58 4.83 0.53 0.28 -0.63 4.39
o* 0.10 0.09 -0.62 2.82 0.10 0.08 -0.55 2.19
OH* 0.40 0.13 -0.81 0.81 0.39 0.14 -0.65 0.49

Pt/V-Ti4C302 Pt/V'Ti4C3F2

OOH* i 0.53 0.26 -0.90 446 1 053 0.27 -0.75 4.14
o* 0.10 0.09 -0.60 2.85 0.10 0.08 -0.79 1.66

OH* ! 040 013  -081 079 ! 040 013  -0.61  0.39
ROEPY REETRYOM G S ERF Ed 524 8¢ gt g2
i % %9 1 §l(Volcano plot) © 4o @] 5-7-2 #77% » X LBl 5 Uorg B $F1Z f#

Bt p d i (TR > ORR = - BHIRE G VA AF BATHI A &
EHFE D - Bh] o Uorr 0 5 224 &7 I8 o ds TR (Onset
potential)e @ fx#> 7 B ¥ ORR #3324 B h T /R 123V 4 im,]’*p‘ TRy
drBl? o d HETET o FH AR O FBFAAL G T R OB A
LH i TAR LD (40 B9 BiEni PIV-TiCF 25 » 2y =074V o

VLBl FOL RAERIK UG B B BT AN AR TR - B

3

(OOH 14 4 » {57 5 F4 )5 "% » & PUV-TisCoF, v PUV-Ti,CaF, 1171
KB LT HE RCkhEd BT 2 K) BB AL AT R
R A dm o Ol RZBEET A TN AL LR o
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1.23

1.03 -

0.83 -

0.63 A
Pt/v-ﬂdgCSOE

0.43 o Pr/V—H,;CRFE
Pt/v-Ti,CF,

Uorr (V)

PI/V-HRCEFE

0.23 -
Pi/v-TisC-0,
PI/V-H‘?COE

0.03 -

_0.1‘? L] ] L) ] ] L]
370 390 410 430 450 470 490 5.10

AGoog- (eV)

] 5-7-2 ORR #* PUV-TinuCoTo % & ¢1F o LB B¥ £¢ 2 % ¢ § @5 mfom o A b
REZORRY - HEFe H T FIE/HBF K> 2 RENIET T BT RIE S

AL EAFB R A 4 5 ORR % & if i F]» 24 i 3 Ptiv-TisC,T,-OfF
(3L/1 ~ 16/16 4r 1/31);8 & % & 1 PDOS B4} % "B 5-7-3 - KB » ¥ 03
.o Ptend-band 5g ¥ O/F % M » it £ Keh® B lH# (2 d F ) 5 g
" fRE L e d-band A B F g o e R T B AP g
d-band ¢ & (deen)* @ SEF O/F B i H4e > X H A H? A FHGE

12 1eV)p o Tichd-band 3 4cARS - 2 P &7 ip 0t 2 *h o g OFF 0%
o Tiehdband & CehE ik~ 4% > ad F2 Ty 54 Bk
Foo R H A B RREET T GE R GRS PtA 2 Tio fed
NTiECehd M4 L F 28467 5- CHP R+ BiED s qe o
1 FEBR A% s $# ORR & g 47 -
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(a) O/F = 31/1

25 Ti: d,,,=-4.03 eV :
20 !
15 :
10 :
5 : —C(s&p)
0 : e Ti(d)
5 3 empi(d)
-10 !
-15 |
-20 L
-25 |
(b) O/F =16/16 !
25 - . - 1 —_—
Ti:d_,,=-3.71eV | |
| N
|
:
|
: e (58&p)
' eTi(d)
; e Pt ()
|
|
|
|
I
|
(c) O/F = 1/31 i
25 1 Ti-d.,, =-328 eV !
20 - :
15 - :
10 - :
5 - ! e C (&)
0 - . Ti(d)
.5 = 0 3 Pt(d)
-10 - |
-15 - |
=20 - : Unit of x axis: eV
-25 - : Unit of y axis: states/eV

] 5-7-3 Pt/v-TizC,T,-O/F (31/1 ~ 16/16 4+ 1/31)i% = % w 7 PDOS ®]2; > # ¢ A T
TR BACLT 1eVawR A o B 4 7 0 Tid-band ¢ (deen, N €V)
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§5-8 A% B
AE 2 3 T ChT ¥ PtV-TiC T, (n=1~3, T =0 and/or F)s4 &
B FIFERT A REFAAEN LG T E ORR sk i 5o f AN

PHEd4EE T % PDOS B 25cha s %9 7 FERRAE L 542 R

’

s
\an

FRAAFRY TREISRGS LRI ERE L R I RPRAIR S
heR A A G o B P AREEEFOFEA S PR T & PR i
BAGEAD RS VLB E  FREF FEALDL G 27 ORR
PR BT R E FERAALALG PROBRNAL S22

Bl 5-8-1 5L 7 & F 7t o A licdg 418 TinaCoT2 &2 PUV-TinaCoT, 4 53k

-\

SRR & s G A S S S e e ST T2 S

HET A 3 H 4 ORR 04 T -

oW
%ge” Reduction React’’

Stapye U sta‘;\eﬂve

es
Sreactjy,, V-S. ygore r¢*

Pt/v-Ti,.,C,0, Pt/»v-Ti,.,C,F,

Bl 5-8-1 ORR ** Ptiv-TinuCphTo(n=1~3, T=00rF) % % 1k i+t

—l \
cm\fv
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$A% U7 &R SCNT ARHRIES # &
29 C-CH4EF
86-1 # 3
APy - R RG] & & F (Syngas, CO + Hp)it {7 § 4= & =

(Fischer-Tropsch synthesis, FTS) & %l £ sigfiei g 2% » H F R840 ¢

FTS (2n+1)H2 +nCO — CnH2n+2 + nHzo (j,'\: 6-1-1)

1¥ i Fed Co £ ws FTS cnfdit & » 4 & chg o Hpeh L B 7]
e A m 2 o X P R E I L R4A P (Cs~ C)e & FTSehF oiEsz -
CO¢ 2% > ko A4 CHy(x=0~3)n? FFAH > & CO?J‘z;gcJ
B3 CH, 45 (CO + CH)'™ ™™ s CH, fh ot 3 Apde s 7 @ phadE B 3
4v 5 H ¢ CH, 5 238 ¥ L «nH #(Monomer) 827187 B TaESE (e TR
FREFEE G SR e d $ (Co ~ CER R Y o ok PR
ST L G 2 Co 1k A S o BTG AN 0 W7 - BRSAEF(C
product » 4= CO, 22 CH,) ¥ ix 4 #ru)ehw & ¥

B AR R L xR Rk e Fe & Co s RAA A

185,186,190,191,193-195,198 , 199 . 185,190,191,194,197,199—-
e 1A % £ A2 & F B8 £ FH(Mn

20 | RLES20I-208 | 71186202204 | Njj205 5 ypp % o e Ho Mn s i e ] 4o
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3 Fe s Co 5 AKX ehiflie (7 FTS P it 49§ seidif 4e CO g4 5 & » "¢ i
CHy 91 o b 6] 10206 0 ook s 4 gt 31 e ¢ RFagAH 186,187,195,196,202,203
R B e BERF G2 2o fF Tk s AL 0 2RS4
A % % 5F g% ¥ (Carbon nanotube, CNT) * i& 7 FTS ehv {7 & 19019
191,198,203,205,207 _ He - g esimas Co 4 ’ff%ﬁ‘é JP seerA £7 e CNT HL ¢
H A FTS P CH, chif 45 0% i ¥ e Cgyrt HHE 3 186,207 , (¢ 4
CNT s F i+t 7 B4 248 = LI R $ FTS gt o

H i (Single atom catalysis, SAC) fr4% = Lt JE 2 2 |4 F 1 *K’ﬁ EL
Fgain P, 5 Br Er v S LML RRS EETE RS
Be it e o (MN,) 0 i3 f86aid 4 3 g CNTZ2 20 s = a7 g g PO2080T 2
gt P a Ao A > HRF SIMN, P s £ Ef ki i

A B s iR G (T AR T o Blde e MNING/CNT + CO £ O, ek vk

it (-2.14 eV)F @ 1t CO B et i in (-2.20 eV) ke ess 2o e F P b

jsF RFA AL 2 e o gz g PP (Gl R 6-1-1) 1 v
* ORR z_® o
J"?":U.'ﬂ'.u o -"-'-:.?.--‘-'- .L.J.-.-‘-“: = U—U‘ g ',.J—U.-
0__¢no_.n.iﬂHbuﬂL

2. i T Y| b€ bod o

e n-.? © 0O ’n""c"f;}'c —ﬁ 0 <041 Ao—
E OB BB b D’ﬂ H .P"c'-
b, 0. o o 6o o d| W 4 ‘:'h_,--. -

(a) M{M3N6V4 (b) M;M2N8V4
B 6-1-1 B & o i3 4 i B~ S g 4 22

D=
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K P R AR BWEREL/E Y w i B8 CNT x5 T 4834 FTS
P C-C =4 F & & MiM,y/Ngh-CNT (M = Fe, Co, and Mn) £ & 1% {74 o 2\ ipe

7 [CO + CHg] ~ [CO + CH,]#2 [CH, + CH,] = 48 % I chsl sx sk i » @

ﬂ\?—

TE SR A AT T B PRI R e

o FRd E AT LI AR 5y § oot i C-C SRR i i d o B
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§6-2 3+ ¥ %

Srp AR Y gt B % @ % 7 VASP (Vienna ab initio simulation package)
#oag 8% 5 o (plane wave) fa s £ & fhig B 25 B 3 (Density functional
theory, DFT) » = #%& B 25 5 #c(Exchange-correlation function) fJ:iE * 7 GGA
(Generalized gradient approximation)® 3 PBE (Perdew-Burke-Ernzerhof)~ ;#
3, &0k i B (cutoff energy)zk % % 400 eV o g =4 (Pseudo-potential) & e
B * 7 458 % 40t (Projector augmented wave, PAW) = ;2 ©%, S yrker &
BE * 7 Grimme #o3e B # chDFT-D4%M2 3¢ (= 4%, 3, + (Van der waals force)
R o 7 <+ # (Electronic step) 2 3= 3% (lonic step) e agiF i 4 WK 25
10" 2 10%eV > @ 4 fzac ¥ #ch] 5 0.02eV/A -

PTEAET T 6 BEAFHE > i1(6,6)-CNT > & 12 arm-chair =
Taf ko B 4SS BB 15A duppdg £k CNT 2 FFeh 3

% o7 F#HE@A-6F-83)F =+ B~ (6,6)-CNT> H B~ & F 0w 5 2.82 -

2

T

F_L

4.29 4 5.71 wt% - k-point B]4]* 7 Monkhorst-Pack = ;
(Brillouin zone)p i 17 1 X 1 X 5 eiBedk o 3t B BV AT 75 RF ¥ 5 %
> B (Fully relaxed)i g6 - % 3?2 8.2 7 7 A %7+ (Unpair electron) »

Ay & % ISPIN =2 122 NUPDOWN %-#cig 7 p *d& it (Spin polarization)

L
=h%
3
&
=

a

T AT APRLE Y 0 Bader h AT
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Z w 7 = i (Formation energy, Ef)gd = 5\ 3 25 (8 ) ¢

Et = E(CxNyM,) - nyuc - Nyun - Nyitm (7% 6-2-1)

HP E(CINM)E £ 7 < ing B215(6,6)-CNT v £ ~ndnyn, B % 7 %
e CINIM 1 5 B B uclundun B A =) &% 4 3 3 CIN/S & 5 ++(6,6)-CNT -
F 8 Npr2 2 B4t £ B (bee # 7 e Fe ~ hep # 760 Co & Fee # 7 e Mn)p e

fL %‘fzgc °

SN E il RS il ) U AR = e PG H

Ecoads = Etotal N Esur A ECO - ECHx (37\: 6'2'2)

Ecoads = Etotal = Esur -5 2ECH2 37‘ 6'2'3)

¥ Ega~ Ear~ Eco# Ecm B 5 & £ SR8 end & 040~ 3 & § sk Ao o

oA~ F & CO i £ § ik CHythae £ o
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§6-3 £ B¢ wehf Bis CNT £ & 53 i 1t
AN P LA BB T B E § B A (66)-CNT ) 3 &
(Formation energy, Eq) i+ o> 4o ff] 6-3-1 4777 <384 shig f 44 7 = & 215220,

2
4

§ R+ B3 0y B Y (Axial, a)22 i g (Helical, h)® & > P~ #ic g s
7z FeNg- ~ 2FeNg-fr 2FeNg-(6,6)CNT = 48 > @ H ¢ FeNy-cB~ & %—fﬁ_ st
P F R AOIE e A R L B f R o IR B i'ﬁ‘ e
AR B B 5 R 5 R T 0 55 2Fe/NGher i s 4R (h)A) 5 s A1 E Eo b i
o 1B Fe® w4 5% Erde e ) % 2Fe/Nga (1.61 eV)4r 2Fe/Ngh (1.27 V) -
g P H 2 FeNg d At 2 deiT c EEAR O Ata £ HY X240

DA BEATET N Noh b i » BB & & Bpremin o

(a) Fe/N,a - 4
e > - eNg= 2relNg=
(L& 8 L} and 2FeNgCNT :
(b) 2Fe/N,a (d) 2Fe/Nsa-1 i (g) 2Fe/Nsh () 2Fe/Ngh-2 _
: rrr—r—r— T i Sy — = :
L S I rﬂ:ﬁr:“r =S |
. N N . :
: Ef=1.61 eV Ef=2.87eV E =1.27eV Ef=2.27eV
i (¢) 2Fe/Nga-r (e) 2Fe/Nga-2  (h) 2FeﬂV6h-r (k) 2Fe/Ngh-3
L PRt T i ‘
Ef—z 77 eV Ef=%11eV

B 6-3-1 & ;% 223 25 B~ i% 2 ;% FeNy- ~ 2FeNg-f- 2FeNg-CNT = 48 4 ﬁimﬁ%#a A5 =2 i (Ey,
ineV)» ##° 4 d¢ 5 C~iFES 5 N-~%JF 5 Fe
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(a) 2Fe/Nsa (b) FeCo/Nsa | (c) FeMn/Nsa | (d) 2Co/Na (e) CoMw/Nsa | () 2Mn/N,a
veow]lvew

E;=127¢V  E=151e¢V  E=053¢V  E;=173¢V  E=0.69eV  E;=043eV

B 6-3-2 % ¢ £ %%? M1M,/Nga ’f‘-" M1M,/Ngh & 52 .rl/"""",—"fﬁl A% B Ry (Ef, in eV) s HoP A g
L CNEES S N» HEa v EY

AP ER-Fe * Co & Mn 27k T Rpifashapsles
(M:M2/Nga f= MiMo/Ngh) » H &4 B2 E; 7> ] 6-3-2° 8 5 7 b ek B 7
o R EEFAL R > CNT &6 ehd S0 AT ARREE - 7 E ok
PRl A - Ko By i, £HF ke 2 7 Mn P o
P B €M MGF S o AN PR A PE Y B MiMy/Ngh & sLig

7 {8 ég‘;‘l’-ﬂ » T iz—“r’ﬁ M]_Mz/Nea ’f\—” M1M2/N5h F m N E: 71> B8] 6-3-3 ?oo

FrF % ek L FeNg-(6,6)CNT 2 6 e B3 A0 > 24 0 g shigat & 4%

P

PN

BA%Y T VA (Er<2eV) o
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E;(eV)
Single metol

) - substitution Bimetollic substitudion

Keference state:
pristine (6, 6)-CNT

B Axial
HE Hedical

0 .
Fe Co Mn 2Fe FeCo FeMn 2Co CoMn 2Mn

B 6-3-3 2 @uidah)t> Al - FE2ERFP MNz-f= M1M2Ne-(6,6)CNT %
Suend) & gt (B, ineV) 't fie
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§6-4 FTS ¥ B A $ chi sk
7 % FTS ¢ «hC-C 24t F Ji» 2 i #- K [CO + CH;] ~ [CO + CHy]
2 [CH, + CH ] = 6% s it i3t MyMo/Ngh i 56 b > 45 Bl4e ) 6-4-1 #7577

_.7%7’ e e IJI'#"L MTF 67,4 kL

\\i\«

-8 N A m e Nt A RS

4O Fdept 0 CO Bt is 34 5 B i 7 C-O ehifide o

2Fe FeCo FeMn
CO+CH4 e
ﬁ ’
,/\ (\
o
CO+CH, JFi ?
J 4
CH+CH, ‘)F ~Ei
B 6-4-1 7 I C-C &4 F ek s e fd A CFES EN~2F 509

H ¥
¢ i H’-,E!fﬁ fj?, Jﬁ"rﬁﬁ:@ﬂ

B3t MIMoINgh & & b e e v it (Bcoaas) B 71130 % 6-4-1 & )
6-4-2¢ 5 3 FAEBF COT i M E Myt i ¥
M0 2 M0 it 8L A 0§t s k3 2C0INgh £ & sher i 4 B
33 ~2Mn/Ngh # & Pldcdg » @ 3 i fE & ek SL8 B P18 5 H b

& Bl B e
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# 6-4-1 7 F C-C =4t F B+ 3t MiMy/Ngh % st b enk e ¥t it (Ecoads, IN €V) % B Mg 2 B
(M]_CO E\‘ M2CO)

MM, Sites CO+CHj3; CO+CH> CH»+CH,
2Fe MEO=pmSO -3.08 -4.13 -5.78
MEO -2.89 -3.58
FeCo -5.24
MSO -2.63 -3.80
MEo -3.06 -4.21
FeMn -5.86
MEO° -3.16 -4.06
2Co MEO=MmSO -2.62 -3.36 -4.73
MEOo -2.52 -3.69
CoMn -5.12
MEO -2.70 -3.24
2Mn MfO=M2CO -3.81 -5.03 -6.90
2Fe FeCo FeMn 2Co CoMn 2Mn
0
-3
-4
-5
-6
CO odsorbed ot
M, (M) or M, (M,50)
7 A
Emads (EV) ®CO+CH3 ®CO+CH2 WCH2+CH2

B 642 7 b C-C #42F s b & MiMo/Ngh % & 1 1% &2 5 it (Ecoass, N €V) » H ¢ M;“©
2 M0 & COmrgat My My & » 04 Aiig 91 & 6-4-1 ¢ 4o 4 el (7 ]
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86-5 C-C 34F R
#[CO + CHa] ~ [CO + CH,]2r [CH, + CH,] & v v 3 £ & 1 » A min g2
et TR E fuing o~ C-C R 4EF i i (B2 F A (AE)#cdk > 40

6-5-1 # % 6-5-2 %77 -

# 6-5-1[CO + CHg] ¥ Jis t=# I MiMo/Ngh 4 & T i v it (Es, ineV) ~ ¥ Jis it (AE, ineV)
#5 %i £(Ep, ineV)

MiM, Pathways Ea AE Ep
2Fe M§O=Mm50~ 1.97 -0.14 -0.14
M§o< 1.59 -0.38 -0.38
MEo- 2.23 +0.19 +0.19
FeCo
Mo 1.87 -0.61 -0.35
M5O 2.02 -0.15 +0.11
M§9- 1.89 -0.16 -0.06
MEo= 1.95 +0.10 +0.20
FeMn
Mgo- P +0.26 +0.26
MSOo< 2.12 +0.09 +0.09
2Co M§%-=m§°~ 1.71 -0.53 -0.53
MEOo< 1.87 -0.13 +0.05
MEo= 1.62 -0.58 -0.40
CoMn
Mgo- 2.28 +0.09 +0.09
MSO< 1.33 -0.44 -0.44
2Mn M§o-=m50~ 2.36 +0.14 +0.14
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# 6-5-2 [CO + CHy]#2 [CH, + CHy] & Jis 7 F2 MiMy/Ngh % & T 75 1 5 (Eq, ineV)~ & &
it (AE, ineV)& & % it £ (Ep, ineV)

M:iM, Sites Ea AE Ep M1M, Ea AE=Ep
CO + CH, — COCH;, CH, + CH; — (CH>),
2Fe M§°=m5° 1.06 -0.44 -0.44 2Fe 0.77 -2.08
FeCo M50 0.56 -0.82 -0.59 FeCo 0.43 -2.43
M5° 0.66 -0.73 -0.73
FeMn MEO 0.90 -0.45 -0.45 FeMn 0.47 -2.09
Ms° 0.85 -0.47 -0.31
2Co  MS9=MS° 0.6 -1.18 -1.18 2Co 0.12 -2.92
CoMn M50 0.61 -0.73 -0.73 CoMn 0.14 -2.39
M5O 0.53 -0.73 -0.28
2Mn  M59=m5° 1.15 -0.03 -0.03 2Mn 0.74 -1.44

# i [CO + CHo] % s i 75 5 § A7 7 F = [CO + CH] 2 [CH,

-

+
T

+CH, e F P » & Boigde s f Aordgden g BT & P &g drat > 18

F_&

FHE AR C-Cat; R[CO+CHg] ek BFF > H P — Brdd € 8 R A

4y

SRR 2B E LT - B A58 C-C4 > 24 COCHz B ¥
Ter- B EHRF G TEER o » Fldopt o [CO+CH]F B : g7 2 f6F &
i b (B 6-5-1) 1 M99~ M9~ M,2972 M,0 o 8 i) ki Mlcoi?a ~ AR
ACO=*tt M} > F spid CHy #8531 CO i B4t 24 COCH3 R 1% 7
Myt oe@ B A[CO+CHl*TF ¥ it F st i 26+ hEy it
(o AP FREMRTEM T NIRA CH; %31 CO ik e o T4
6-5-1 fv % 6-5-2 ¢ A R 4T i 1= o
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] 6-5-1 [CO + CHg] ¥ Jap¥che 467 it £ Jis o 7 7. B

M 6527 FE1 & C-CHeER B A H Fasitii 5 1[CO+
CH,] ¥ Jis*t COMNn/Ngh % o #73% # ek S % i B oM, O F iz 2 ¢ >
Hapyig * BME "G o975 e Ey % & R[CO + CHg] > [CO + CHy] > [CH, +
CHol 8% » ios $HBT] 0 2 % Aot ek iR £ £ > 0 20 3 Pl dr
A& RF adrht ER[CO+CHs]F it 7m & 5 B B0 @ 4
w1 g_» [CH, + CHo]F i & 2Co/Ngh §= COMN/Ngh 4 & + e E, i3 0.12 v
014 V> * 4 & FTS Y &a fi k%A 2 C-CAeEBerT i 2b¥ B o ot 7t >
AL H By ¥ Econds i 7 (FB] > 4] 6-5-3 471 o BIY = fEF s i w8
|Ecoass| & IF BE et ARRE » R A B IHSF S L G 4R SARR > A bh i P B H
TR ERE B o 2 KkH > CoMn/Ngh % & iz (7[CO + CH3] ¥ R F*
4 B E,s @ 2C0/Ngh % & B it (7 [CO + CHQ]2 [CH, + CHo F b 5 5

M E, o
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E, (eV) = CO+CH3 mCO+CH2 mCH2+CH2
2.5 -

1.5

0.5

2Fe FeCo FeMn 2Co CoMn 2Mn

B 652 7 b MiMo/Nh % & e C-C S 455 Jis i 1 it (Ea in eV)

E, (eV)

@ CO+CH3 @CO+CH2 oCH2+CH2
2.5 A

1.5 1

0.5 T [ e

0 3 4 s 6 7
|Eco-ads| (EV)
Bl 6-5-3 Ea "laﬁ'lEcoads|E’ﬁﬂ-l i ‘]V-}— ﬁ—@ > [ ¢z f;ﬁ_ﬁ }.@ﬁ”&% P1'éub TR #9 i
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86-6 M;M,/Ngh &2 AJA,@MM,/Ngh % & 0§ + .3#—;—’}#&\ bl
OB & B (Booass) ~ & T T A (Bo) 2 R e (AE) vt 4
dEHEE T SR R E A FRAEE S Ry LR -
7 ABLBR MIMINh 5 560 B Bader /753 & 6-6-10 45 ¥ 4
e R 4o 6-4-2 917 o b A G b N € K AP AETIE S 0 % &5
FAER I AER AN D BT FAR RPN E B A E DT IR A
B(N>C>Co>Fe>Mn): 4 fery 453 BILS HenT 345870 5 a FR 47
PEBERFMEM) GED 2 BT RIRES Ly DEHEL Bt
Hea Fom oy = éﬁﬁ%’ﬂ'l‘??[gﬁp%;ﬁ‘ Lodey im £ B & < 7 CoMn/Ngh % %t »
Co % Mn e 8 2+097 £2+41.60 e & f 5 97 & ¥ M@ b B hdf
Bader @ frdicdy o 04t > 2 G 6 BENRFFHI AT ERA A4 F R
B INg 2 Ng(q=-1.9~-22e)) e+ & £ # % 7N;*N.*Ns &2 Ng (q=-2.4

~-2.71e]) -

# 6-6-1 MiMy/Ngh % sie Bader T 7 #cdy(q, ineV) » H # %52 5% 43 §) 6-4-2

Bader charge population of M;M,/Ngh surfaces (in |e[)

MMz qM1))  a(Mz) | a(N))  a(N2)  a(Ns)  a(Ns)  a(Ns)  q(Ne)

2Fe +1.28 +1.28 -2.51 -2.59 -1.98 -2.03 -2.59 -2.61
FeCo +1.30 +1.00 -2.48 -2.58 -1.94 -1.88 -2.54 -2.56
FeMn +1.24 +1.57 -2.48 -2.58 -2.03 -2.10 -2.61 -2.63
2Co +1.05 +1.04 -2.57 -2.67 -1.97 -1.94 -2.56 -2.57
CoMn +0.97 +1.60 -2.45 -2.54 -1.98 -2.02 -2.62 -2.65

2Mn +1.51 +1.45 -2.62 -2.59 -2.07 -2.13 -2.61 -2.63
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# 6-6-2 M1Mo/Ngh & st hw g v 18 e Bader T /7 % I £ (AQ, ineV)#icdy» % .7 + &
T ALE Agene f o R R My B¢ My b e it b

M:iM, Aq(My) Aq(Mz) Aq(Aq) Aq(A2)
CO + CHjs
2Fe +0.11 +0.13 -0.26 (CO) -0.17 (CHs)
FeCo +0.11 +0.14 -0.29 (CO) -0.10 (CHs)
FeMn +0.12 +0.13 -0.27 (CO) -0.26 (CH3)
2Co +0.09 +0.09 -0.18 (CO) -0.08 (CHs)
CoMn +0.14 +0.06 -0.08 (CHy) -0.38 (CO)
2Mn +0.09 +0.20 -0.36 (CO) -0.24 (CHs)
CO + CH;
2Fe +0.12 +0.17 -0.27 (CO) -0.24 (CHy)
FeCo +0.11 +0.17 -0.28 (CO) -0.11 (CHy)
FeMn +0.16 +0.07 -0.18 (CHy) -0.37 (CO)
2Co +0.14 +0.09 -0.18 (CO) -0.12 (CH,)
CoMn +0.12 +0.18 -0.17 (CO) -0.34 (CH,)
2Mn +0.08 +0.21 -0.36 (CO) -0.34 (CH,)
CH. + CH,
2Fe +0.17 +0.16 -0.23 -0.23
FeCo +0.16 +0.16 -0.24 -0.10
FeMn +0.19 +0.17 -0.22 -0.36
2Co +0.12 +0.13 -0.13 -0.12
CoMn +0.18 +0.17 -0.12 -0.34
2Mn +0.12 +0.19 -0.34 -0.35
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IRSRAL S B 51 L AR MR M, i 4

25 A % Az’ﬁi— I /J Bpl T A AlAg@MlMglN6h 1 Bader 7 q_,/{F’ ‘TL 'E‘(AQ)

F3 & 6-6-20 d 3P N1 2 Neshlichp ' BenT W #1283+ > g
~h

324 51 0 3 HECHy» CH 2 2. COA T » Aiid d A o @IS

AAER A AG AR FRTRTI T AR T LR LT (Aq>0)
&[CO + CHg] F P& » HC-M 4 ¢ 2874 » £ 154 25 % OC-CHakt » Fpt %
CHy 2t & ert b (R X7 (7% 4 )4%33 > PR 4t CO & CHyeh& ) 7
oA AR 0 ¥ F RA%G J1 0 BEar gAXM R T CHyehd £ 2 &A%~ CO
TR EEAXEF o & CoMn/Ngh & & + d 3% CHy e %43t o & % ¢ Co ~ CO & %t
W Mn o B MO F e T E RS AT A ¢ (B =

133 6V) o A #n 4 £ BT 3 B ARl PR 661 ¢ o

E,= .39 ~ 2~3beV

oc*  *ch, | oc*  *cn, | oc*  *enm,
oe \ ' %° N f. %e f.
o °
eo oo ®eoce’ ®eo0ece®
2Fe, FeMn, 2Mn 2Co CoMn, FeCo

€, =133~ .59 eV

® = electrons

B 6-6-1 7 I % & $0 £ 5 if[CO + CHa] P en + B4 £ B 7 L W
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BT ORAPREF Y B R 4~ 17 (Partial density of states, PDOS) {22 [CO
+ CH,]#7[CH, + CH ] ¥ &7 E 48% 9352 #] » PDOS B & 33" §) 6-6-2 &2
Bl 6-6-3 ¢ o d *riga fAF Y 5 AR LTS (T B Y o C-Cy S 4)
Bt kO end M anti-bonding (r*) £ B B d < 0 H oatar £ A%
AXE L FR T F T4t AR 6-6-2° 7 oumEI > 4 2Co/Ngh 2 % + > CH,
2 COmm*y it & FPt £ 5 & i [CO + CHy]F J& 7% 1t #c 3 2Mn/Ngh &

M FERHCOn*n £ 0 FRE LG & B [CO+CHyF BiET At o

’ (a) 2Fe ! : : () 2Co b4 |
IR i RE e |
) o Y ; d !
0 ::4‘6“‘1 ‘:‘i k“ L"’é‘r“—: ' i EDUS of
PRI covon
\ |'= f 1‘ I"“' |
BERUL RS
-5 ] | ﬁ |
’ | Y
| |
' :

=

N

&
:
=

B b

-
e
2

Unit of x—oxis: eV
Unit of y—oxis: states/eV

Green region: 0 ~ 2.5 eV

|
|
|
|
4-8 0 4
Bl 6-6-2 [CO + CHy] & w5 i » C 22 M * AjA @M M,/Ngh % & 1+ - PDOS Bl » 3 e
LB 4oBlP AT e 27 2 R M E 0L 256V AR B RH R
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—

@ & [CH, + CH,]% sx ' p¥ » izdt anti-bonding =it £ £ B8 L 5 P 5 (B
6-6-3) o KA k3L 0 1L 4=[CO + CHpl% v s iy i » gt pF i § cha* { fi%
Fermi level > F]pt Z 88 ch E, » T;rs %A [CO + CHyl ek Jis i ar o JEB P & 14

| e s 3t 2C0/Ngh 22 CoMn/Ngh & B 4 6 o » B a*ic 8 284 iT

o

Fermi level » iz~ f2f 7 5 @ fes B 5 3P it 43 19 P& X 9[CH, + CH,) &

Joié 2 (0.12 4 0.14 eV) -

3k

(a) 2Fe

- |

-
-

Onit of x—oxis: eV
Unit of y—oxis: stotes/eV

Green yegion: 0 ~ 0.5 eV

-3

|
| |
| |
| |
| |
-1 0 3-1 0 3

B 6-6-3 [CH, + CHy] % s %% » C 22 M+ AjA,@M:Mo/Ngh % & 2 PDOS Bl3# » 2 =+
FrEE L deBl Y AT o A1 3 R B E 01 056V A %d RE AR - &
¢ H5LR4r 1 CHy 5 i Fermi level sha*ic £ re
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% 6-6-3[CO+ CHo] & [CHy+ CHol F JE &7 I & & ™ ek JiiE it i (Ea, in eV) & s 5 4 B
4 er1 anti-bonding &t £ (z*, in eV)

M; M, Ea o* (Cy) MM, Ea o* (C1/Cy)
CO + CH, — COCH; CH, + CH, — (CHy),
2Fe 1.06 3.05 2Fe 0.77 0.72
FeCo 0.66 2.84 FeCo 0.43 0.53
FeMn 0.90 3.00 FeMn 0.47 0.64
2Co 0.46 2.75 2Co 0.12 0.05
CoMn 0.61 2.88 CoMn 0.14 0.11
2Mn 1.15 3.39 2Mn 0.74 1.12

A B 82 el ] & 6-6-8 ¢ o 2 ded K bl 5 F] & IR0 B

6-64 w8 BT By 8 mh% BORR 2ehn AaM - A% Aifa LA

FEEDF T R i R AR Bt AR -

E, (eV)

3.5

® CO+CH2 CH2+CH2

2 .
1.5
1 B
0.5 -
n* (eV)
0 T T T T T 1
0 0.2 0.4 0.6 0.8 1 1.2

B 6-6-4 [CO + CH,] 2 [CHy + CHo] F st % I 4 & T ¢ Eq 27 7% B 555 )
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# 6-6-4 ?}]?ct‘ 3+ E[CO+CH3] ~ [CO+CH]2[CH, + CH  F B> 7 L} ahk R

it it (Ea, V)

Catalysts CO + CH3 CO + CH;, CH, + CH, Reference
Fe(111) 1.05 1.35 1.06 224
x-FesC2(510) 1.35 1.16 1.03 225
Co(111) 1.37 0.69 0.42 226
Co(0001) 1.19 0.56 0.12 221
Co(10-11) 1.50 1.00 0.47 183
Co(10-10) 1.17 0.60 0.33 228
Co,C(101) 1.18 0.99 0.73 229
Co,C(011) 0.46 0.87 0.55 230
C-Co,C(101) 0.94 0.60 0.42 231

2C0/Ngh-CNT 1.71 0.46 0.12 This work

CoMn/Ngh-CNT | 85 0.61 0.14 This work

=t

B AP -

Ay LR e O DR

57 B3 MiMo/Nh 3846 b 82 3 4 Lt ) foie (7 FTS e

»

=
oo

<=

_‘J:_L,

A2

Hopl g

=f8 C-C =gEF B By 730 4 6-6-4 o 8 & ¢ 7 g > VP oriE % on

M Mz/NGh 'El_lLﬁ?'

E. ficdy !

FURRA TR A
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§6-7 % B

M;M,/Ngh-CNT (M = Fe, Co, and Mn) » 3-8 % FTS ¢ i 3 »cat & ptdaf B
12 8 C-C 3 F o PHRT T $ P EL ST  RIOFTELE N
% anti-boonding ic £ (n*) £ R ¢ B4R K BREFaE a0 FWOF RS

FRH 6-7-1o sFhoarid s APEH LR iR ST I AE
A A FTS?Y e Fl > I FE T URE B T Hi Ba o

C—C coupling with C—C coupling without
Frogment migrotion Frogment migrotion

CO + CH; — COCH, CO + CH, — COCH,

@ @\ ¥

More e~ to CO B

Less e +OCH3
B) 6-7-1 C-C 4 F B ek B¥47T = B
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The catalytic activity for the adsorption and dehydrogenation of alkanes (C,Hzn42, n = 2, 3, 4) on a low-
symmetry Rhyz cluster (Rhyz-Lg) is compared with a system consisting of the same cluster (Rh;z-Ls)
supported on either an unzipped graphene-oxide (UGO) sheet (Rhy3-Ls/UGO) or a TiO,(110) surface
(Rhy3-Ls/TiO,). The adsorption energies of these alkanes, calculated using density-functional theory,
follow the order Rh;3-Ly/TiO, =~ Rh;3-L/UGO > Rhyz-Ls. Our proposed reaction path for the
dehydrogenation of ethane, propane and butane on Rh;3-L/UGO has first barrier heights of 0.21, 0.22
and 0.16 eV for the dissociation of a terminal C-H bond to form -C;Hs, ~C3H; and -C4Hs, respectively.
Compared with the barriers on Rhys-Ls and Rhys-L/TiO,, the barrier on Rhy3-L/UGO is the lowest for all
alkanes. The calculated data, including the electronic distribution and the density of states of alkanes
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|. Introduction

To improve traditional steam-cracking processes, the direct
dehydrogenation of alkanes (such as ethane, propane and butane)
to form light alkenes is regarded to have growing commercial
importance, and could provide a flexible source for the formation
of natural gas. These strongly endothermic dehydrogenation
reactions (C,Haniaig) — CpHang) + Ha(g) are however driven
at high temperature, therefore requiring a considerably large
supply of energy.' The selection of a catalyst to activate alkanes
accordingly becomes an important issue. According to literature
reports,”™ rhodium is regarded as a general catalyst with an
excellent catalytic ability to facilitate the dehydrogenation and
selective partial oxidation of alkanes. The specific activity of a
metallic catalyst is related to its particle size and the degree of
particle dispersion. Highly distributed catalyst particles of small
size on supports are generally considered to be ideal catalytic
materials because of their unique electronic characteristics,”**
especially nanoclusters containing fewer than 20 atoms.'*"!
Adlhart and Uggerud'® measured the reactivity of C-H bond
scission of various alkanes on Rh,," clusters up to n = 30. The reaction
rates were cluster size dependent and gave the same trend for the
ethane, propane and butane systems. Maximum dehydrogenation
was observed for Rh,," clusters, 10 = n = 15. As pointed out by
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adsorbed on Rh;3-L;/UGO, Rhy3-Ls and Rhy3-L/TiO,, to support our results are presented.

the authors, small Rh clusters (n < 10) could compensate the
endothermic C-H bond scission of alkanes by forming more
Rh-C bonds, thus increasing cluster size is favorable. For
n > 15 clusters, the internal cluster temperature played a
destructive role and suppressed the dehydrogenation kinetics.
It is difficult, however, to control the particle size of nano-
clusters where n = 20, unless a suitable substrate is used
to disperse and to support these particles. Furthermore, the
catalytic activity of the same nanoparticle on various supports
would differ appreciably because of the varied interactions
between the particle and the support, depending on whether
the interactions induce a positive or negative charge transfer
effect.

In this work, we selected two supports, unzipped graphene
oxide (UGO) and a titanium oxide surface (TiO;), to anchor Rh
clusters. Graphene oxide (GO) with an unzipped structure is a
novel material that has been investigated experimentally and
theoretically.'®*® It is composed of highly ordered oxygen atoms
doped onto the hexagonal lattice of pristine graphene.'” Having
GO as a support for a Rh cluster was reported to improve
catalytic activities in a previous study.”” We also selected a
traditional metal oxide, titanium oxide (TiO,), for comparison,
because some authors have shown that titanium oxide as a
support can provide a strong charge transfer between the metal
catalyst and the support, such as Ru/TiO,, Pt/TiO,, and Rh/
Ti0,,”"** thus enhancing the catalytic activities. In this work,
we investigated the adsorption and dehydrogenation of three
alkanes - ethane, propane and butane - on Rh,;-Ly/UGO (Rh,;-Lg
cluster supported on a sheet of unzipped graphene oxide), for
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ABSTRACT: Direct methanol fuel cell (DMFC) is an efficient power source.
However, the DMFC anodes are easily toxified by CO or other hydrocarbons, which
terminates the methanol oxidation reaction (MOR). The most commonly used high
performance catalyst on DMFC anodes is Pt or bimetallic PtRu. In this work, we
apply density functional theory (DFT) to investigate the adsorption of CO and H,0O
on pristine Pt,/MO,(110) and the oxygen-rich Pt,/0-MO,(110) surfaces (M = Ru
and Ir). We find that the application of the oxygen-rich surfaces significantly reduces

H,0+CO protons + CO,

X ‘ Pt/o-MO,(110) (M = Ru

CO removal
in DMFC

the adsorption energies of CO and H,0 molecules as well as the major reaction

barrier (CO + OH — CO,) in the water—gas—shift-like (WGS-like) reactions forming CO,. Our detailed analyses on the
electronic interaction between the catalysts and adsorbates indicate that Pt,/0-MO,(110) may be a promising DMFC anode
material, which reduces the poison problem, and that it may be the actual experimental system that is responsible for the

observed efficient CO removal.

I. INTRODUCTION

Direct methanol fuel cell (DMFC) represents a promisin:
renewable power source for portable and mobile applications.
During the operation, methanol oxidation reaction (MOR,
CH;0H + H,0 — CO, + 6H" + 6e”) and oxygen reduction
reaction (ORR, 1.50, + 6H" + 6e~ — 3H,0) occur at the
anode and the cathode, respectively. The most common
catalysts for DMFC anodes are Pt-based materials.' ™ DFT
computations have confirmed that the reaction barriers of
MOR are low on Pt(111) surface even without the inclusion of
the solvation effect.” Despite of their high performance in
MOR, many issues persist with Pt-based catalysts, such as high
cost, slow oxidation rate, and poor catalyst stability.””'' The
most severe of all is CO poisoning on the Pt-based anode that
occurs during the stepwise dehydrogenation of MOR, leading
to a nonreversible loss of reaction activity within several
CyCleS.l__'ll_H

Previous studies have shown that the adsorbed CO may be
detached via coupling with OH species in aqueous environment
through the water—gas—shift-like (WGS-like) reac-
tions,"~*'*"572! a5 shown in Scheme 1. It has been shown
that the application of Pt/Ru bimetallic materials"” or the
combination of Pt/RuO,* and Pt/IrO,,*”” while maintaining
the MOR activity, leads to an effective production of OH
species on the catalyst surface. Among these, RuO, and IrO,
surfaces have been shown to exert the highest catalytic activity
for water dissociation"”” and remain stable in an acidic
environment.””’ The OH species generated on the RuO, or
IrO, surfaces would thus couple efficiently with the CO
molecules adsorbed at neighboring Pt active sites, recovering
the MOR performance."”'* In addition, RuO, and IrO, can act

A 4 ACS Publications  © 2017 American Chemical Society
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Scheme 1. WGS-like Reaction Mechanism®

H;04) + €Oy — Hgy+ OHy, + COy,

l

2”” + C02 T H(.) * OCOH(.)

“Symbol (a) refers to the adsorbed state.

as benefit species for dispersing Pt into smaller clusters or
atoms on surfaces. "' >**7*¢

Previous studies have shown that the facile water splitting
reaction driven by RuO, or IrO, surfaces results in the O- or
OH-covered surfaces, depending on the environ-
ment.">'*#*****7 Both experimental™**’ and theoretical®’~**
studies indicated that in the presence of oxygen, the oxygen-
covered (also called “oxygen-rich” or “o-rich”) RuO, or IrO,
surfaces might form. Crihan et al.*’ observed via STM the
existence of fully occupied o-rich RuO,(110) surface at room
temperature. First-principles calculations reported energy
barriers as low as 0.25 and 0.29 eV, respectively, for the
dissociation of the oxygen molecule into the two coordinatively
unsaturated O sites (O,) on pristine RuO,(110)*" and
IrO,(110)** surfaces. The existence of such o-rich surfaces is
often overlooked regarding the catalytic performance of RuO,
or IrO, surfaces for MOR reactions. It is evident that a
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ABSTRACT: One of the most critical problems in lithium—sulfur
(Li—S) batteries is the shuttle effect. The transfer of soluble
lithium polysulfides (LiPSs) from the sulfur cathode to the lithium
anode leads to a degradation in Li—S battery capacity and life
cycles. Recent studies reveal that the carbon-based interlayer
materials introduced between the cathode and anode can
effectively improve the shuttle effect problem and increase the
battery life cycles. In this work, different types of the N-doped, S-
doped, and N,S-codoped graphene surfaces are investigated by
theoretical calculations. We find that a strong interaction may exist
between some of the heteroatom-doped graphene surfaces and
lithium ions, and that the adsorption of LiPSs may proceed via one

Li-S battery interlayers

Q> &

J -'\', LY c()—dl)ptd x Other Surface.\'
Graphene

of the three mechanisms, the dissociative, the destructive, and the intact adsorptions. Detailed structural and electronic analyses
indicate that the Li-trapped N,S-codoped graphene interlayers (NSG1 and NSG2) could efficiently reduce the shuttle effect
through the intact adsorption mechanism. Our results provide a plausible explanation for the observed better performance of the

N,S-codoped graphene interlayers in Li—S batteries.

KEYWORDS: Li—S battery, heteroatom-doped graphene, lithium polysulfides, shuttle effect, DFT calculation, VASP

I. INTRODUCTION

The lithium—sulfur (Li—S) battery is a promising candidate for
a future energy storage system due to its high theoretical energy
density (2600 Wh/kg), high theoretical capacity (1675 mAh/
g), as well as the abundance and nontoxicity of the sulfur
element." ™ A typical Li—$ battery consists of a lithium metal
anode, a sulfur (Sg) cathode, and electrolytes. The overall
discharge reaction is Sg + 16Li" + 16e” — 8Li,S. During the
discharge process, the Li ions, oxidized from the Li anode,
diffuse to the cathode and combine with sulfur to form various
intermediates, including the soluble (Li,S,, n = 3—8) and
insoluble (Li,S,, n = 1—2) lithium polysulfides (LiPSs).' ™
Despite the many advantages of Li—S batteries, some
persisting problems need to be solved, such as poor cathode
conductivity, cathode volume expansion, and lithium dendrite
formation at the anode.' ™"’ One of the most difficult problems
is the shuttle effect, which directly leads to low capacity, short
life cycles, and an overall poor battery performance.'™* During
the battery operation, the soluble LiPS intermediates diffuse
from the cathode to the anode and create an electrochemical
inactive layer on the anode surface.' Some literature studies
reported setting up a polymer separator between the cathode
and the anode, in an attempt to reduce the shuttle effect by
physically blocking the LiPSs diffusion, but the effect is
limited.”"*" A better improvement may be achieved by applying
an extra coating on the separator, such as metal oxides (TiO,,
Si0,, and Zr0,),”' ~** to enhance the adsorptivity of the LiPSs

4 ACS Publications  © 2018 American Chemical Society 455
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through the polar metal—oxygen bonds,”" or 2D metal carbides
(MXene phases).”"**

A different strategy to resolve the shuttle effect problem is to
add an interlayer between the separator and the sulfur cathode
to restrict the soluble LiPSs,”**°*" as shown in Scheme 1.
Both the interlayer and the coated separator in the Li—S battery
attract the LiPSs via the chemical interaction between LiPSs
and the surfaces. Recent studies reveal that the carbon-based
interlayer materials, such as heteroatom-doped graphe-

Scheme 1. Composition of an Improved Li—S Battery
Including an Interlayer and a Separator
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ABSTRACT: Alkali metal sulfur redox chemistry offers promising potential for high-
energy-density energy storage. Fundamental understanding of alkali metal sulfur
redox reactions is the prerequisite for rational designs of electrode and electrolyte.
Here, we revealed a strong impact of alkali metal cation (Li*, Na*, K*, and Rb*) on
polysulfide (PS) stability, redox reversibility, and solid product passivation. We
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employed operando UV—vis spectroscopy to show that strongly negatively charged (7f’6,)
short-chain PS (e.g, S,*7/S;*") is more stabilized in the electrolyte with larger cation "9

(e.g, Rb*) than that with the smaller cation (e.g, Li*), which is attributed to a /)6
stronger cation—anion electrostatic interaction between Rb* and S,%7/S,>~ owing to 2

its weaker solvation energy. In contrast, Li* is much more strongly solvated by solvent 9
and thus exhibits a weaker electrostatic interaction with S,*~/S,*". The stabilization of ¢
short-chain PS in K*—, Rb*—sulfur cells promotes the reduction of long-chain PS to

O Weaker

short-chain PS, leading to high discharge potential. However, it discourages the
oxidation of short-chain PS to long-chain PS, leading to poor charge reversibility. Our
work directly probes alkali metal—sulfur redox chemistry in operando and provides critical insights into alkali metal sulfur

reaction mechanism.

Bl INTRODUCTION

Developing redox-active chemistry beyond lithium-based
materials is critical to ensure long-term sustainability in energy
storage. Elemental sulfur offers one of the highest gravimetric
capacity among all electrode materials reported to date with
large earth-abundance and relatively low cost.'~* Unlike most
of the lithium-ion (Li-ion) intercalation materials whose
reactions are based on one electron per transition metal ion
(typically less than 300 mAh/g),”'" reactions between
elemental sulfur and metal sulfide store two electron per
sulfur atom, yielding 1675 mAh/ gsu]ﬁ,,.""—'“’ll Much attention
has been focused on lithium—sulfur (Li—S) batteries, which
operate based on the formation of lithium sulfide (Li,S) (2Li +
S — Li,S, E° = 2.15 V), yielding a theoretical specific energy of
2600 Wh/kg. """

Recently, other metal—sulfur batteries including room-
temperature sodium sulfur battery,'"* ™ potassium sulfur
battery,”**” magnesium sulfur battery,”*™*" and calcium sulfur
battery’' are emerging as alternatives to the Li—$ batteries
considering their high earth abundance. The development of
metal sulfur batteries is limited by several problems including
irreversible loss of active material, low Coulombic efficiency,
rapid capacity fading, limited rate capability, and high self-
discharge."”>*”'***7** These challenges are deeply related to
the reactivity/stability of the soluble polysulfide intermediates
and their subsequent side reactions with the metal anode
(crossover).

V ACS Pub“cations © 2018 American Chemical Society

To tackle these challenges, mechanistic studies’ *" and

material designs on sulfur cathodes''~*° have been intensively
conducted for Li—S$ battery system."”***” The stability and
reactivity of polysulfide, the reaction pathways, and the
influence of solvent molecules on these key factors have
been studied in the Li‘-containing electrolytes, 373447
Going beyond Li—S batteries, understanding the differences
and correlations between the Li—S and other alkali metal—
sulfur redox reactions is the key to leverage the knowledge in
Li—S batteries and benefit other metal—sulfur systems.

Alkali metal—sulfur batteries behave drastically different
from each other and the underlying mechanism governing the
differences are not well-understood.'®" "' !520212347 oy
instance, we compare representative voltage profiles of Li—,*
Na—,” and K—sulfur’® batteries reported in the literature (all
in tetraethylene glycol dimethyl ether, TEGDME), as shown in
Figure S1. Clearly, the voltage pattern, achievable discharge
capacity, Coulombic efficiency, and polarization are extremely
different.”>*“** However, these differences originated from
combinatorial effects from cathode and the anode (the two-
electrode cell). Therefore, it is critical to systematically study
the influence of cation on the sulfur redox reaction kinetics,
reaction intermediates and reaction products excluding the
contribution from the metal anodes.
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ABSTRACT: Ideal catalysts for the oxygen reduction reaction (ORR)

have been searched and researched for decades with the goal to
overcome the overpotential problem in proton exchange membrane fuel
cells. A recent experimental study reports the application of Pt
nanoparticles on the newly discovered 2D material, MXene, with high
stability and good performance in ORR. In this work, we simulate the
Ti,,,C,T, and the Pt-decorated Pt/v-Ti,,,C,T, (n = 1-3, T = O and/or
F) surfaces by first-principles calculations. We focus on the termination
effects of MXene, which may be an important factor to enhance the
performance of ORR. The properties of different surfaces are clarified by

oW
Qb’g en Reduction React'®

Stabje U“sﬂb‘e('\\'e
esg re‘c"ye VS. More yead

exhaustive computational analyses on the geometries, charges, and their

electronic structures. The free-energy diagrams as well as the volcano plots for ORR are also calculated. On the basis of our
results, the F-terminated surfaces are predicted to show a better performance for ORR but with a lower stability than the O-
terminated counterparts, and the underlying mechanisms are investigated in detail. This study provides a better understanding
of the electronic effect induced by the terminators and may inspire realizations of practical MXene systems for ORR catalysis.

KEYWORDS: MXene, termination effects, oxygen reduction reaction, single atom catalysis, DFT, VASP

1. INTRODUCTION

During the operation of proton exchange membrane fuel cells
(PEMECs), the overpotential of the oxygen reduction reaction
(ORR) is one of the determining factors for cell efficiency. In
the past decades, the Pt/C or Pt-based catalyst has been
observed to show the highest performance for ORR."”
However, the popularization of PEMFC is limited by the
high cost of Pt. Many recent literatures focus on reducing or
replacing the usage of the Pt catalyst by applying Pt-based
alloy,'_“ metal oxides,"”* and noble-metal-free"*”~'* or even
metal-free materials."”'*> Compared with the pure Pt catalyst,
these promising materials show similar to slightly better
catalytic capability, with an onset potential and a half-wave
potential of ORR in the range of 0.8—1.0 and 0.7-0.9 V (vs
RHE), respectively.'~*%%!'=13

Alternatively, the applications of two-dimensional (2D)
materials are attracting growing attention in many battery or
fuel cell systems because of their unusual optical, mechanical,
and electronic properties.”’*™*' In particular, the newly
discovered early transition-metal carbides/nitrides (MXenes)**
have also been explored for their catalytic potential in
ORR.'"**** The general formula of MXene is M,,,X,T, (n
= 1-3), in which M represents an early transition metal
(usually Ti or Zr), X is carbon and/or nitrogen, and T,
represents the surface terminations (usually O, OH, or F)**~**
controlled by HF etching from the MAX phases (A represents
mostly group 13 or 14 elements, e.g, Al)."4 With respect to
other 2D materials, MXenes can be relatively easily
maneuvered by switching the elements M, X, and T to achieve

v ACS Publications  © 2018 American Chemical Society
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chemical and mechanical stability, as well as to adjust the
physical properties for different applications. Among all
possible permutations and combinations of MXene, Ti,,,C,T,
(n = 1-3) is the most commonly used material in several
territories, such as NH; sensor,”® Li—$ battery,"’(""T ORR,*
CO oxidation,™* CO, reduction,’” and so on.

The properties of the Ti,, ,C,T, surfaces are largely
determined by the identity of T, (the termination type), but
the effect has not been fully investigated because of its high
complexity. One literature reported a low overpotential as well
as a high stability in ORR when catalyzed by the Pt
nanoparticle-decorated Ti;C,X, (X = OH and F) surface
under an acidic environment at room temperature.l“ However,
it has also been predicted that the terminated fluorine groups
may desorb or can be replaced by other elements.””"’ The
influence of the terminators on the surfaces has not been
explored, which may be an important factor to enhance the
performance of ORR.

In this work, we simulate the Ti,,,C,T, and Pt/v-Ti,,,C,T,
(n = 1-3, T = O and/or F) surfaces to investigate their
catalytic behavior for ORR by first-principles calculations. To
mimic the experimental environment, both the pure and
hybrid terminations of Ti;C,T, are constructed. The active
center is constructed by a single Pt atom adsorption for the
ORR intermediates to adsorb and to react. Single-atom
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Asymmetric allyl-activation of organosulfides for
high-energy reversible redox flow batteriesy

Guo-Ming Weng, @ ? Bin Yang,+” Chi-You Liu,” Guan-Ying Du,® Elise Y. Li{®*®
and Yi-Chun Lu @ *?

Organosulfides (R-S,-R) exhibit a high theoretical capacity and low cost, but suffer from sluggish
kinetics and poor reversibility. Here, we demonstrate an effective and universal strategy to improve their
redox activity by replacing one organic functional group with an allyl (A) to form asymmetric allyl-substituted
organosulfides (R-S,—A). This promotes the cleavage of the A-S bond owing to facile generation of allyl
radials, thereby improving the reduction kinetics and capacity. We verified the formation of asymmetric
organosulfides by gas-chromatography—mass spectrometry and show that the allyl-activation strategy is
universal to a series of functional groups. We successfully increased the discharge potential (up to 280 mV)
and discharge capacity (up to 200%) of the organosulfide compared to its symmetric counterpart. A
highly-concentrated liquid electrolyte (5 M) with a volumetric capacity of 224 A h L' was realized,
demonstrating a substantial improvement in volumetric capacity compared to other reported liquid
electrolytes to date. This strategy revitalizes organosulfides for high-energy and low-cost energy

rsc.li/ees storage applications.

Introduction

Sulfur-containing materials have been widely applied for energy
storage applications owing to its high energy capacity and low
cost." Organosulfides, organic compounds containing sulfur
atoms such as disulfide (R-S-S-R) and trisulfide (R-S-S-S-R)
bonds, are promising redox active materials for energy storage
due to their large abundance, high degree of environmental friend-
liness, high structural diversity, and high theoretical capacity.” '
The reaction mechanisms of organodisulfide (R-S-S-R) and
trisulfide (R-S-S-S-R) involve reversible redox reactions between
organosulfides (R-S,~R, 2 < n < 3) and thiosalts (R-S-) and sulfide

ions ($>7) when n > 233113
reduction

R—-—S—-—S—-—R+4+2e =— 2R-S§"
oxidation

reduction ”
R-S—-S-S—-—R+4¢ =——— 2R-S" +8§°
oxidation
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Visco et al. first reported tetraethylthiuram disulfide as a
cathode material for sodium batteries.'* Subsequently, dimeric™?
and polymeric organodisulfides™*™'” have been reported. Liu
et al. have systematically evaluated the redox behaviors of
organodisulfides®® and found that the redox kinetics are slug-
gish as evidenced from the large peak separation of the cyclic
voltammograms ranging from 1250 mV to 1630 mV for various
organodisulfides.” Organodisulfides exhibit intrinsic slow
kinetics and low achievable capacities’ despite many efforts in
developing electrocatalysts.”*'>'%2% This can be potentially
attributed to the large bond cleavage energy required during
electrochemical reduction, slow charge transfer rate and irreversible
side reactions. Recently, Wu et al. reported that organotrisulfides
(dimethyl trisulfide’® and diphenyl trisulfide™) exhibit a higher
discharge capacity and faster redox kinetics than their organo-
disulfide counterparts owing to the extra sulfur atom (that is not
bound to the alkyl group) and the reduced dissociation energy
of the S-S bond."’

In this study, we introduce a new strategy to improve the
reaction kinetics and achievable capacity of organodisulfides
via asymmetric allyl-activation. We substitute one alkyl group
(R) in the symmetric organodisulfides (R-S-S-R) with one allyl
group (A = allyl) to form asymmetric organosulfides. Such
substitution is expected to facilitate the cleavage of the A-S
bond owing to the facile generation of the allyl radial (A*).*" The
formation of asymmetric organosulfides is confirmed by gas
chromatography-mass spectrometry (GC-MS). We show that
the allyl-activation strategy is universal to a series of functional

This journal is © The Royal Society of Chemistry 2019

191






(O ETEEE S

International conferences (Sort by date)

>

10th Triennial Congress of the International Society for Theoretical Chemical Physics
(ISTCP-2019) (Clarion Hotel The Edge, Tromsg, Norway, Jul. 2019) (Poster)

The 8th Tokyo Conference on Advanced Catalytic Science and Technology (TOCATS)
(Pacifico Yokohama, Yokohama, Japan, Aug. 2018) (Poster)

International Conference on Functional Carbons (ICFC) (National Taiwan University of
Science and Technology, Taipei, Taiwan, Nov. 2017) (Poster)

Asian Consortium on Computational Materials Science (ACCMS-8) (National Taiwan
University of Science and Technology, Taipei, Taiwan, Jun. 2015)

Internal conferences (Sort by date)

>

Bzt~ F g %3 F# (National Taiwan Normal University, Taipei,
Taiwan, Dec. 2019) (Oral)

R4 s 2 HlHis#kE (GIS MOTC Convention Center, Taipei, Taiwan, Jun.
2019)

2019 4™ ACS Taiwan Chapter Graduate Student Conference (National Taiwan University,
Taipei, Taiwan, May 2019) (Oral)

"Rt & ¢ & ¢ (National Sun Yat-sen University, Kaohsiung, Taiwan, Dec. 2018)
(Poster)

Wk E -8 )4 2 =3 € (Institute of Chemistry, Academia Sinica, Taipei,
Taiwan, Sep. 2018)

" R & ¢ & ¢ (National Chiayi University, Chiayi, Taiwan, Dec. 2017) (Poster)

Wh 5 v 5 ) =4 " &3 ¢ (National Tsing Hua University, Hsinchu, Taiwan, Sep.
2017) (Oral)

15th Workshop on First-Principles Computational Materials Physics (National Tsing Hua
University, Hsinchu, Taiwan, Jun. 2017) (Oral)

P Ri-g ¢ & ¢ (National Chung Hsing University, Taichung, Taiwan, Dec. 2016)
(Poster)

NTU-University of Tokyo Joint Colloquium on Modeling and Simulations of Materials
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(National Taiwan University, Taipei, Taiwan, Nov. 2016)

WHE L 24 " P3¢ (Institute of Chemistry, Academia Sinica, Taipei,
Taiwan, Sep. 2016)

Topical Summer School on Theoretical and Computational Chemistry: KMC Modeling
(Institute of Atomic and Molecular Sciences, Academia Sinica, Taipei, Taiwan, Jul. 2016).

Wz e~ Frg 0 106 §# 2L rrld £/54 8 (National Taiwan Normal
University, Taipei, Taiwan, Jun. 2016) (Poster award)

» R g ¢ & ¢ (National Dong Hwa University, Hualien, Taiwan, Dec. 2015) (Poster)

WA E L 2t £ € (Institute of Atomic and Molecular Sciences, Academia
Sinica, Taipei, Taiwan, Feb. 2014)
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