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(Investigations on the electrosynthesis of nickel alloy catalysts and

their application to water splitting)
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1. 1 JkF®iEaxp

SH, {taBRkotErEasnsh, 279 —vHo, e Ez v ¥
—JHE LT, KEXPWIfFEhTwE D, 7Y —vik#FEix, BEMREZI ALV —%&
NIFEE LKOBEBRMICX VEGETE 5, KRITWRERESLREIERIC XD,
COFEZRMS L, TANVF—ICETE S, KFthaoEHozoI1c, Bl
e, AP CRKFEREIX P ZHIMT 28N x I nTwd, B ¥ —KH
(IEA; International Energy Agency)lt, 2050 FF ¥ To/KFHE 2 X P oH#fER % 7l
L TWw3% 2, Figure 1-1 12, 2020 25 2050 Fic ¢, EEE a2 X+, #
B, AR A ¥ -0\ Hlizs, %D 27Y —vIKREED 2 % b g g
WEERRT, RREOYF VAT, IMWBHAZVK 20 KFLrOFAERGET AL ¥
— AT, REDILLGERZHAVWEZ L —, 70 —KELHAHTE 2K
T2 e PRI 2, 2050FFTic, 7Y —vKFEEF, 5STWHEROKEMEE?E
RL, BREE O aX MK EMHAGDEDL L, DLW 2 EKFERTMH I DKL
BliET 5B TES, HRTIE 2050 FFCcoRkFHE 2 b0 HEMEIX[20 H
Normal-mB3 AT LREI NS, COBHEZERT 2ICIE, KEBEBEOHEREICDH
RELATNE ROV, KEREBIL, 420FBAFEMcaEING, chb
X, BEMRELEFRECESWCHaEINS, FREOMIEK % Figure 1-2 ICR T,
KEMEEDOEARFH L, EMETCHMINL 2 DO0OBEBTHERINS, ERE
X, EMA—HFOBEMB» L I —HFOEMICH X T 5%E % 5, Proton Exchange
Membrane (PEM), Anion Exchange Membrane (AEM) ¥ X UNE (R B 1L ¥ & i 2 & < 1%,
BT EFHEREARERE CX s Taifidn, ZOBKEREIL, - OEMD» S
b~ STOEMICA AV R T 2EE 2, AR I A X2 YR
T35, IO 0BEMMEECTIE, WEEREZH R, —J7, 77 YV KEMRDE

fREx, SREOKIRILA ) Y LR TH B, ARSI NH AL, KOH BR D&



B 2L fLUH MR X o THMc i ng, TA A Y KERITZ, HOW 2
WMV NiZHEHTEZ228006, P—ZALaRXFBEWI EEREE T2
(Table 1-1), # D 7-2®, KEEB/KFEEICHEFEINLTWE, LEALAXESL, TN
L7 NiZ/KEROERERZ2EME LT, fHTZIZERATE ARV, TN, T
EXMFCREREECEE?BETH Y, 20 X5 REMCZEERm AR+
STHhwrLTH B, FicT / — F Tk, B3%KEFLEKIS(Oxygen Evolution Reaction
DLF,OER)PAEL 2720, MEMmICH S HREOBI A2 OEFERH KD L Tn
%,

Table 1-2 1T, AR D F /K E L E O PERE & 2050 FI1C TR X 1 5 &K E SRR E O
HHEZ T3, TAh VKEME PEMEMREHE IR ICHALs L TH Y, SHiffic
A OFE S FoEMYEA S L. PEM EREEIIREmME2 L 21c/hE L, &
TE L WIIE 3@ v BEARREALY) 13 RSS2 R b @\, IR E O MEEE % T
L@ icid, A /7 _R=vavPARARTHD, LENMLERT—ALT v 7 EHAHEIC
T 270G LRI ZEE B LRI L T2 X 2HlIRT 5, B2 U6E
LTAKZFHECHBELAENRLZHIBT 2., 2L C, MAELZE® CKEREEOFHF
mEE I T e nkoons,



X International Energy Agency, Global Hydrogen REVIEW 2021 % & (T {E ik

Figure 1-1. Future outlook for hydrogen production costs(2020-2050).



Figure 1-2. Different types of commercially available electrolysis technologies.



Table 1-1. Types

of water electrolysis and their respective characteristics.

Alkaline AEM PEM Solid Oxide
Charge carrier OH OH H o
Temperature 20-80°C " 20-200 °C 20-200 °C 750-850 °C
Electrolyte Alkaline liquid Alkaline solid (polymer) Acidic solid (polymer) Solid (ceramic)

Anodic Reaction

Cathodic Reaction

Efficiency

Material

40H — 2H,0+0,+4e
HO+2e — 20H +H,
59-70%

Ni

40H — 2H,0+0,+4e

HO+2e — 20H +H,

Ni-based alloy

2H,0 — 4H +4de +0,
+ —
2H +2¢ — H,
65-82%

Precious metal

207 - 0, +4¢
HO+2 — H,+0
up to 100%

Oxide, Ceramic

% Under pressurized conditions, even at temperatures above 80 °C



Table 1-2. Key performance indicators for four electrolyser technologies today and in 2050.

2020 2050
Alkaline AEM PEM Solid Oxide Alkaline AEM PEM Solid Oxide

Cell pressure [bara] <30 <70 <35 <10 <70 <70 <70 <20
Efficiency (system)

B 50-78 50-83 5769 45-55 <45 <45 <45 <40
[kWh kgH> ]
Lifetime [thousand hours] 60 50-80 >5 <20 100 100-120 100 80
Capital costs estimate for
large stacks (stack-only, >1 270 400 - > 2000 <100 <100 <100 <200
MW) [USD kW ]
Capital cost range estimate
for the entire system, > 10 500-1000 700-1400 - - <200 <200 <200 <300

MW [USD kW ]
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1. 2 JKEMR

i

KDOERTEL, 200 FEOELEEH L, KECERELKET 2HEEHA TH
b, HROKEMBEEOHIICESZ T TICE L ORIMFEF 2472 3, 1789 1
Deiman & Troostwijk H 1%, FEK[ZFAHAL T, KTiizZI B OoHRICRIEL 72
2AROESMICER L BEEL, TAEZFHEEI LAY, Volta X, 1800 i K & &Hith
I L, HBOER%IC Nicholson & Carlisle 23, 2N Z/KDOBEXmEICHERL 7

Do Z D%, KOBRITMHICERINDE T RAIKKRLBRTHLZ L ZRWHL -,

ﬂ'l

BafbFoFREICH», ERT AN F -0 HE L ERKI NS 7R DR HEIBER

X

-

ChDHIER, 77 7T —DEQ[THEDOFNIC X o THENL X N7z, mEWIT, KD

E- W)

=

AR MICER I N O, D, 1888 4EIT Lachinov 2% 1.2 /K

X

Fa

EAREEE R BASE L 72, 1902 £ F TIT, 400 B % 2 5 T3 F K i 26 & A B L,
HRICE2ETC, TEIELR LY PR KEREEDOHBICHE LS 2 72, HEH
Al gE = 4 v F — BB (IRENA; International Renewable Energy Agency) Z D Hi[E] % 5

AT FH L 72 D(Figure 1-3),

51 #1800 F—-1950 £F)

KEMEBREIC / AV z—, *V—, Yy AT, 297+ TKAKEELFA
LT vE=TAECHHINLCOZ, TR RKRETEEL, BEL LTE L

TT AR MEMERHL Tz,

5 2 (1950 F£-1980 F)

oMK, FIV~—fb¥D 7L -2 20—t XoTERINSZ, 1940 FiC,
Dupont (%, #ENBLEMNE LML EE, X044 VLA =B % 5%
HUl7, Z#2d, PEM BUKEMREDOIZ L E D Lk o7, PEM BUKEMHO £ 1 I 1T,
MikzMiEcx 372D, ThICXY, AT LD0EMIBRIBICEBSh, shke

%ﬁ%}giﬁﬁi [/7%.0
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5 3 1A% (1980 FFE-2010 4F)

InFCcoXERNRCEBEMLL, 22X FZHITL, AEBEZBE kW LK

L7ze ZDORER, v 27 L5 E L, 50,000 Kl 288 2 2 AEREBL 7=,

B4 2010 £-2020 4F)

7V —VvIKEOFERAIANERL R ZENRMARBICET L, £72, L%

BRAEESEML, 7Y -V KEPZAALF —BROFEED LALICk o7,

%5 (2020 4E DL

K2 = b (<USD200/kW), &EiitAtE (>50,000 FEfE), S (LHV @ 80%IC T

DEERT 2 KEMKBEOHFAEL KD LN D,
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1. 3 T7aAHhVKEMR
ToAVIKEBIT, BT AVF—%2FHL, TAh VKEBERE KR LEERICH

32, eq 13 1ICZDRICAZRT, BHTIE, KipFrKELKBELDA AV
CHBITE NG, B Tid, KB4 4 v 23igHE e kiciibansd, ke LT,

KT IEKRFELHEC2: 1 ORECKIET 5,

Cathode: 2 HyOqy + 2 ¢~ — Hae)+ 2 OH (aq) (D
Anode: 2 OH_(aq) — 0.5 Oz(g) + HzO(l) +2e” (2)
Overall: HyO@y — Ha) + 0.5 Oy 3)

DBLXACFERIGICLE R VETEIL, eq 4 TR T Lo, NPT L > Tk
ETED, ARGIIEHEL v Z ¥ —, AgH IRIGT v 2 A —, TIZHEE, ArS

BEIGZ Y P e —%2iEd,
ARG = ARH — TARS (4)

At VEEUrey 13, eq. 5ICART X HIC, ARG ERICETE(z=2), 77 77T —

EF (96,485 Cmol™!) DREDHICX o TiHRE 3 3,
Urev = —ArG/zF (5)

WmEE 25°C, FEJI 1 bar (FRMEIRRE) TIX, KAMBRIGCDOKIG T v £ L — ik ARG
=237kJmol™' T, At VEE Uwy=—-123V &A%, KIET Y XL — FTIEER
BECIIIETCH 2720, KoMEFIHFARNKIETH 5 8, Au[HitkD 720, EED L

NEEFKDERISOT SV EELD SR TILEND L, eq. 6 DEV)FE
JEUw 1E, MIGT v 2L —ARHICIKTF L, TRRMIGT v 2L —ARG & R[5

REAIBLTH BTARSTHER T %,
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Un = —ARH/zF (6)

ST Clk, KOBXRAMOKIGT v 2L v — It ARH=286k] mol-1 TH 5,

L7 ->7TC, BANFEL IZUw=—-148VTH 3B,
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1. 4 T ) kEMH il
KEHEa 2 P 2 KRS 2201, BotiEgr LT3 cenx—52
nY—Thd, KEffoBMmclx, 487470t vBE%ZMHS OER 4L, K

XABEBIEE DT, FOED, TNTETCIKUTOMBERR XN,

RuO, & X U IrO,

RuO; & IrOz 1, OER X § 2 w2 R 3720, v F~— 27l [
mEANTWD ), 7z72L, WHFD OER MERITARITEICKRE O HBEIND, kL
ZAE, IrO 7 4 v AN OERIEMZ /R L, 7=0.275V K T 0.1 mA cm2 I
ET 2, RuOy 7 /KT RECEBELETHLT 2 01lmAcm2 217, 72, ZEMN
ICRREZ R T, Ru)0y 1x, SEMRER T TEKILEY) RuO2(OH), iIcZ i X h, it
7u b v b, SEBLIRE D RuSH0 ISR 2 10, Z ofEEfE T, EREHR T
FREET, WIRPICERT 2, 0212V THEBED 7 — X5 2212 T T W

%, RBEMEN FTIEERCIRED ()0 BRI S, BRETICHBET 2,

Ni B {L®

Ni BRIE¥i3, TAh VHEEEPCOEEICIELDH % 720, OER DEN - &
THDH D, Inb oo E, NTFY A4 X, REKE, WMMEELEET S
tcHETE 3,

Ni X — 2 0 BIRE KLY

NiR— 2D BEIREKELLY D, OERMEL L CHENARBEHETH 3 12, BIREK
ALY IIESLEERREVICH 2200b 59, OER MERED A b %137 o Rk 7 i
#H L, NiFe-[#IREKBILYDOIEERE N LRHMLNT W5,

Ni U vt

Ni R—20 ) vz, —Mic7 A Hh ) KEMH O K% KIS (Hydrogen

16



Evolution Reaction A N, HER) @il & L CHI 5N T %25, IT4E, OER it & L

TOMIRDEATH 5 13,

NiR—Z2DEE

Ni#fho B R EELAHELILT AL COERMERZ M LEIFE2 N TX B, *

DHFTCCoBIXUFe T Ni 641X OER e 1 LIk ICEh BRI TH B 14,

ERE, MBI A P/ Ry —=or, ZKEE, SREHERICE, YT AERE
KXV ARING, TULDARER, FBREXTy 7 Th 270, Hi%n Fica
AL ERT D, ke, fRondMBERIHRRTH 2720, KV~v—"f v X —-LE
AL, BEMEEATILERD L, 2 D=0, R OF ALK L, o R
HEDOMEMRE Z Y Y\, —F, BIETIE, 7vHRy b=V v AT v 7 TOHKT
Hbo T, FVv—NA4 v X =%, EMr o BEEMBEEZTBIE2C
EMRTED, Wik, iBoBERE, EKERIEHCE 2L oM EYEH 5, &
Wil L¥Em T oMBEREE S22,
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1. 5 ffEoHM

Ko Hiix, KoBLRDMOBENLER 2729, NiZ2XvF~v—2L

A
L, TEL_VOEBREELHBEME b @mECREREM (M) 2%
528 THb, TIZTIR, MEOEARN G2 > TENIGH (BEE, 22
M, MEOMAY) TT2EFICANLEZT ) - FHBCETL .

BT, HEMOREAMREIAL, M OMREL M T 2 20 I HH &
hpERAMF NI A= GBELE, RWERTE, 2—7 = VHR) B LUK
T, 7TA AV T TD OER DM AR AN = X L& MRS 2,

FI3FTIE, NiY, Sn?, Fe 2 aLMm»roROMT 2 LICXY) NiAyva
FiCNi, Sn, Fe 2o 2zl ¢, %D OER FitEx2#~7-,

FHAFTETIE, Ni,Sn,Fe 2 L DEEOMALELL 5 2 MECTEML 2 Ni £ v v

2 (NM) B & RIEH D NM ERRIC DT 25,40, 50 CCITR-ITFL =27 v Ah Y KK

7T OER & HER ORERGFEEH 2 WIE L 72,
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2. 1 #s

KDOERSRIE, 2 EBWFELTHL, 7/ —FTO OER X 4 EFRIE, /1Y —
FToO HER I 2 BT KIETH % 72%, HER X Y OER @ )5 A #EBIFEEE 2 7 iR 2
729l

CIVEVWIAALF - LELE T2 U(Fig. 2-1), MREZ #HEim+ 2 LT, B
J& (FFIC% B TRIG) B 2 HEROMHMIIMLETH 2,

ARETE, Bk 1o, HEmOEAM 2T L, Mo ke

B+ %
I E B BARALE S A — & (G

, RELEREE, 2 —7 = VEHE)

BIXOEBE, 7ArhYEETTO OER OB AXA =X L DR %2 AT 5,

20



Figure 2-1. Polarization curves for HER (left) and OER (right). The 7. and 5. are the

overpotentials for cathode and anode at the same current (j), respectively. Reproduced
from Chem. Soc. Rev., 46, 337-365 (2017) with permission from The Royal Society of
Chemistry.
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2. 2 R
2. 2. 1 KMIGHEER

KDBELRTHIL, AG 25 273 kimol ! DWEAK )G TH 5, It %= et X ¥ %113,

WHEAZ AL F—AGHER/NMELT Z2RERDH Y, ZON, AG & DEDBEE ()
ICHH Y 9 % (Figure 2-2), ALY RIGIC BT 2 il o = 2 BEAE 1, AR & KIS
THEL D eq l WRTRIED XD REMBEZHES G 2RET 22 Lichd, %

DEERE X, EEE, RIBHREE, £ -7 A NROEER AT A -2 THEDL L
BTED,

O +ne” &R N
(1) WML

BWEMIE, NRE L Z2MEOEREZFMT 220 CRdDEBELETTH S,
MW b, FFEORIGEZHRENd 2 720 ICHIM & L2 B, B0 22 P BN (Eey) & 55

L2, VY APORICEINIE, Eqldequ 2D LHICKRTILENTE S,
Eeq = Eeq + RI/nF {In(aox/ared)} (2)

T CTT, Eq IRIGEHEOEEVFEEN, TITHMTERE, RIKJEER, FIZ7 7
7T, n IRIGCE T, aox & area T N NEALE, BTXEORBRETH 5,
OER D Eeqlx, T4 VAT A T 0.40 V vs. SHE(Standard Hydrogen Electrode) & &
Nz, LaLl, ERICE EJSLEVDIEOEMEHML 20 X RIC I ETL 2w,

eq. 3D XS piE, HIMINSIEMEANFEFHEEMLOETH Y, EIXE VI

Y, ORI AAF —CRIENETT B A EkT S, , nlt, BIRE
JE23 10 mA cm™? K DOEZ 59 (Fig. 2-3 Tldjio & L TR T, )o
7]=E_Eeq (3)
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AG=273 kI mol!

Reaction progress

Figure 2-2. Schematic illustration of the catalyst’s role in lowering the activation energy

barrier.
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Figure 2-3. Polarization curves for cathode (red) and anode (blue) electrode. jo is the
exchange current when j, = —j.. Reproduced from Chem. Soc. Rev., 46, 337-365 (2017)

with permission from The Royal Society of Chemistry.
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RPEIRE L (o), KGO VHRFICE T 2EMOKNE I TH b.eq. 1B VT,
7/ — F&ERG) & Y — FERG)IZ, KIEEmEZAHT 2L, 2hZh,
S5TRIND, kIFHEEBHTH 2, AT N2 2EROERG)IE, 7/ — FEIRG

EHY = FERGIEDED I & TH Y (eq. 6), THilKi(n=0; E=Ee)lT 02725,

Ja= nFkacox (4)
jc = l’lecCRed (5)
J = Ja = Je (6)

VTR, BE LR, BITHRORE, £/, AGIHR—ETHU ERET S L, jo
X, AT eq. 7 TRI N, RICEE vICHHIT S,

Jjo= kocnFexp(-AG¥*RT) x v (7

DEY, oAREVEWS 2L, EMBEHBRICETIEFRIEENH G L
WO EEWRL, M RKICYEOBER oK A/ ERBEMEEIERE KT 2,
72720, FHEERIE, & dBEVwIcELL, EHROBERITE R & 7% b (Figure 2-3),
EBr LRk EERELZ LB TE AL,

25



(3) 2=7 e x—7 zVER/

jold, XF 77— Txnrw—ArLHMNTES I, NPT — - T xrrv—AI},
BALZMML ZBRICZ T 2 AGIRHET 2L Teq. 8DXIICKRIN, nt*
hNicXoTBllllsng joFERER2, 2F 0, COoBRED 5 %5 2 01F, KIS

BT T 2008000, 20O AGHE, -(1-f)Fy L 72 5,

J = Jo [exp(BFn/RT) — exp(=(1=p)Fn/RT)] (®

N T T xne—AEHEALLAZRX 22 =7 203D, bR Ex—7
VBB TH % (eq.9,10). b I Figure2-3 Z EMDOAE & n ODRABRICER L 72D
EMOMEE L1525 &R TE S (Figure2-4), b 2/NX WIR Y, RIGHEESHE W &
W ZEEEKL, BERR()CIKTT S, ZORKE, jold, bE OV ETONFEL

DB R» ORI TE 5,

log(j) = log(jo) + n/b €C))

b = ap/dlog(j) = 2.303RT/aF (10)

26



Figure 2-4. Tafel plot. Slope & is the Tafel slope. Reproduced from Chem. Soc. Rev., 46,
337-365 (2017) with permission from The Royal Society of Chemistry.
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2. 2. 2 ®BWETHBHKICE OER A1 =X LA
B BEEERICE T S HE BARIGB LN OER DM A X =X Lk

bt DREEICO VTS 5,

(1) H/%&ET Ko
HMEFNIETIE, eq. 10 D aldeq. 11 THRI N, HE, 0572, Tk, ¥
VAP =T 77X —BEFEILICR S, TORETHNIE, b DOBGAEIX, 120mV

ec’le b,

a = =1/2 + 5/ (1n)

L2L, FBECIRE 22 ICEMARIGAT vy 7R&ENTe h, —#HoME L 7%
KIGAT v 7TCREREINE, ETBH, T-3EGCMHMRICR DL ERT v T
¥ 2, Bockris & Reddy iIC X o CTEHIHINAELEFRIGD o ld eq. 12 IR
N3, TIT, np FHEEER XY ETORKICORIGE T, vIideEo G Tl
C2EEBBEOEE, n IEERBICETIRIGETH TS 5, Guidelli 51, 1
OUEFEOBTARABCEES:T I LRIILEAERVZD, it 1 $21F 0 &R
Tw3 0, BEEMIETEERICTHI2HE, i3 1IKFELL A 225, LERE

DigE, ElX ok 3,

0q = m/v + nf (12)

eq. 12 13, BEEMBEZTHT20ICHEMTHZ, 2L 21X, BRUOBEBTBEHKIG
DRERBETH25E8, nn L vy OEIIWMA LD 0ICHFELLS, nnk plEZzhZN 1 L
0.5¢7% %, al¥ 05 LR IN, WMIGT 5L —7 = VEELIE 120 mV dec™' & 72 2
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EVvODEIZ TICEFELL, nnDfEIZ0&R2, LEeoT, ald 1T, F—7 1]

BLix 60 mV dec'& 7%, OER (4T KIL) &0 —Ho % Cid, HHBEPI
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OER X, KDOBR D H(eq. 13) KHF2T7/ —FolRIEATH 2,

2H,O0 — 2H, + O, (13)

OER D A A =X L, Figure 2-5 KT 4 DDA T v 7ok ns, Bt
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OERD 4 DD AT v 7D ZNEZNDIGHK % Table2-1 I3 d, TR, ZhZth
DRIGVERBEEDOHZEGD b BPIRIBINTWE, 2Dk, FHO b »LKIED

HERBEEZHERETEL T,
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Figure 2-5. The OER mechanism for acid (red line) and alkaline (blue line) conditions.
Reproduced from Chem. Soc. Rev., 46, 337-365 (2017) with permission from The Royal
Society of Chemistry.
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FRVEST P COMRIELE A 1 = X 4

M + HzO(]) — M-OH + H" + e~
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M-O + H,Oq) — M-OOH + H" + e~

M-OOH + H20¢1)— M + Oz + H" + e~

I ESS
H Y= FRIG

4H,0 + 4e~ — 2Ha + 4OH"
T = FRIE:

40H™ — O3 + 2H,0 + 4e”
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M + OH™ — M-OH

M-O + OH™ — MOOH + e~

M-OOH + OH™ — M + Oz + H20()
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Table 2-1. Theoretical value of the Tafel slope when each elementary reaction of OER is

rate-determining step.

Tafel Slope

Step No. Elementary steps of OER
(mV dec™)
I M + OH™ — M-OH 118
I M—OH + OH~ — M-0 + H,Oq) 59
III M-O + OH™ — M-OOH + e~ 24
I\Y% M-OOH + OH™ — M + Oz + H20( 17
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SR, HRDOZALF —FRT vy vy VXD DERRDT B E ., O, iR &
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AGuo' D7 & DR %83, OER @ Bl T 23 i b K A 13 1r0, & RuO, T
HY, MBERE CRERMABESFAEST 2 L %2R T, NiOx i, 1rOs, RuO,
It 2 HmBELETH Y, FIETHBRAZ X 51, EMELE LCHICL

W EDRgrb,
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Reaction progress

(b)

Reaction progress

Figure 2-6. Schematic diagram of the energy potential in OER (a) and schematic diagram

of potential change in each elementary reaction of OER(b).
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Figure 2-7. Volcano-shaped relationship between OER activities on metal oxide surfaces
vs. enthalpy for the transition metal oxides in acidic (black square) and basic solution
(white square). Reprinted from Electrochimica Acta, 29, S. Trasatti, 1503-1512, Copyright (1984) with

permission from Elservier.
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3. 3 MR EEE
3. 3. 1 BHHKkomZE
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Figure 3-2. XRD patterns of the coatings deposited on a Ni mesh substrate from aqueous
solutions containing 0.06 M NiCl>+0.02 M SnCl>+0.02 M FeCls (a), 0.06 M NiCl>+0.02
SnCl; (b), and 0.06 M NiCl>+0.02 M FeCls (c¢).
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Table 3-1. Compositions of the coatings deposited on a Ni mesh from aqueous solutions
containing 0.06 M NiCl,+0.02 M SnC1,+0.02 M FeCl3 (a), 0.06 M NiCl»+0.02 M SnCl,
(b), and 0.06 M NiCl»+0.02 M FeCls (c) as determined by energy-dispersive X-ray

spectroscopy.
Ni (%) Sn (%) Fe (%)
(a) 74.2 22.8 3.0
(b) 81.8 18.2 -
(c) 85.1 - 14.9
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Figure 3-3. Scanning electron microscopy images of the Ni-supported Ni—Sn—Fe, Ni—

Sn, and Ni—Fe coatings.
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(Figure. 3-4), f@aEE I L CEREE DE (Aj = (Janodic - jeathodic)/2 at 0.05 V vs.
RHE) # 7m v b L7, ECSA=Cq/Cs DX %\ % &, Ni-Sn—Fe, Ni-Sn, Ni-Fe ®
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Figure 3-4. CV curves of Ni mesh electrodes modified with Ni-Sn-Fe, Ni-Sn, and Ni-Fe

coatings recorded at scan rates from 2 to 10 mV s~! in Nz-saturated 1.0 M KOH electrolyte,
and the resulting plots of the current density difference (Aj at 0.05 V vs. RHE) against the

scan rate. Results obtained for the bare Ni mesh electrode were included.
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Figure. 3-5 IC Ni-Sn—Fe, Ni-Sn, Ni-Fe B ffi i &5 X O REHi D Ni £ v & 2 Bk
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Figure 3-5. Linear sweep voltammograms of Ni mesh electrodes modified with Ni—Sn—
Fe, Ni-Sn, and Ni—Fe coatings recorded in 1.0 M KOH solution at scan rates of (a and b)
1 mV s™!and (¢) 0.01 mV s~!. (d) Tafel plots of the linear sweep voltammograms in Fig.

4c. Results obtained for the bare Ni mesh electrode were included.
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Table 3-2. Oxygen evolution reaction properties of Ni and Sn or Fe-based oxides in alkaline conditions.

Catalyst Electrolyte Substrate };if:;l ;;SR; at lgﬁfgﬁr_‘ﬁﬁv) Es(‘)ll; Dur(alllo)ility Ref.
Ni—Sn-Fe %(())I;I/I Nickel mesh 37 276 (n=3odf)4mV) (50-80 01 ng em) This study
Ni-sn-Fe o Nickel foam 62 253 (n=2()511’>3mV) (200 = o) 14
Ni—Sn—Mn ?(1)];[/[ Graphite 63 576 - - 18
Ni—Sn—Co 111':1)0]!1 Copper foil 62 270 (;7=3§‘09mV) 15V ]v(; RHE) 19

Ni-Sn 2;23;;”’ - 72 - - - 1
NiFe/NiFe:Pi? %((é)l\]f Carbon fiber paper 38 290 - (20 mzlf\Ocm‘z) 8
NiFe-SW? KOH  Trdin tin onide 39 240 (;7=382g mV) (10 m?:cm‘z) ?

a”’Pi” means inorganic phosphate. Here, the catalyst was synthesized by a two-step strategy of electrodepositing NiFe hydroxide on a carbon fiber paper
substrate, followed by reaction with phosphorus vapor.

b”’SW” means stepwise. Here, a stepwise strategy was used to synthesize the catalysts: Ni-based films were formed by cathodic electrolysis, followed by Fe-
based films by anodic electrolysis.
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(3) 2=Vt —o—HHE

f R A O RE W R iE R T 3 20, & — v A — " —HE (TOF) THIK
T2ZLPEETH S, TOF IZAEEA.0 mo) 2 HEATHE B 72 W iIcEK T 5 0,501
DELELLTEHRINDS, TOFIXOERD 7 7 77 —%%% 100% & KEL, X

HRicHESTHwTEHRL 7=,

TOF=(jxA)/(4%Fxm) 3)

KNP D jIIEEOBETIC T 2 EWLHE (A cm™2), 4 13 E RO AT A FH(0.25 cm?),
41X OFR RIGICB T 2B TFBEE, FIx7 7 77 —EH(96,485 C), m & filt i
D Ni, Fe DREALMPIBICEI NI TRCOBBEELRIGICH G T 2 L E
L7Z)TH D, EMTHZ NI Ay vald, MEcERSCHEBEBINLTY S LRET
%, Figure. 3-5(c)D LSV I} D &% Ko TOF #HH L, @EERICHN T2 7'
v b % Figure.3-6 IC/"§ . #=300mV ICHF 2 FEH2 S5, TOF DE % HES 5 &

Ni-Sn (0.03 s™") < Ni-Fe(0.04 s™") < Ni-Sn(0.24 s DI & 72 - 7z,
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Figure 3-6. Plots of the turnover frequency of the oxygen evolution reaction as a function
of the overpotential afforded by Ni mesh electrodes modified with Ni—Sn—Fe, Ni—Sn, and
Ni—Fe coatings in the case of experiments conducted in 1.0 M KOH solution at a scan rate

of 0.01 mV s,
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(4) B4 7 iR

Figure.3-7 1 1000 %+ 4 7 L@ CV & IC B F % (a)LSV & (b)LSV X JHd 5 X — 7
zA7ay FEIRT, @5 E X Figure. 3-5(c) ¢ AL 0.0l mVs!'& L7z, Bbh
2Rt E CV i ofER & &b T Table 3 IC/R 3, Ni-Sn—Fe, Ni-Sn, Ni-Fe fifl # (X
CVHIRICHE WT OER ICMNT 2 10 mAem2 ICEET 2 WEITLF L X —7 = L4
FeofEIc KE mZLIE R v, T, ARG & Z2IRT, —J7, REHD Ni
A vy 2 BRI 10 mA em2IC 83 2B FE T DE D 1 vetore cv=317 mV 2> 5 7 atter 1000
cvs=352mV, % —7 VAR DAED 46 mV dec™! (before CV)2* 5 59 mV dec™! (after

1000 CVs) & Kigic F5 L 7z,
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Figure 3-7. (a) Linear sweep voltammograms and (b) the corresponding Tafel plots
measured after 1,000 cyclic voltammetry cycles recorded in a 1.0 M KOH solution for
unmodified Ni mesh electrodes and Ni mesh electrodes modified with Ni—Sn—Fe, Ni—Sn,

and Ni—Fe coatings.
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Table 3-3. OER properties of various electrodes measured before and after 1,000 CV

cycles.
Before CV After 1000 CVs

Specimen Overpotential Tafel slope Overpotential Tafel slope
(mV) (mV dec™) (mV) (mV dec™)

Ni—-Sn—Fe 276 37 265 39

Ni—Sn 309 42 311 40

Ni-Fe 298 47 275 42

Bare Ni 317 46 352 59
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3. 3. 3 ENMROEREEOLE
(1) XRD »¥% — v & EDX & ¥
HIEE-10-—200 mA cm™2 TR 5 2 L 1T X > T Ni-Sn—Fe #EZ Ak L
Too CORE, HEMEREZ 48Cem2 ICHE L 72, 15 L7 XRD »¥ X — ¥ % Figure.
3-8(a, b)IC/R T, TRTCOBREHEICB VT, NHMAZTH 3 NizsSny(ICSD No. 01-
072-2561 a=4.10 A, b=4.10 A, c=5.18 A, and V=75.5 AHICIiJ@ S 1L B [P ¢ X — v A
KINTz, (102), (110 — 7 PEREE ORIV, (KAFM~> 7 b L 72,
Figure. 3-8(c)D K 73 3T Tlk, BMHEE ORIV, FeG AR M ANL &, v —
IR 7 LR EAEDE D L NisSna T ~D Fe OV IALZRKE L TWw b, iE
HY %X, Fe EADHKR, EBRHEE OB AKICH W, (102), (110)E— 27 27 o —
Fico722 b THhI M T VA X%y —ARcEo2HET 2L, EREE

DRI, fH2JRAD L 72 (Table 3-4),

60



Intensity (a.u.)

T
% Ni substrate
* mA cm2

*
-200 h

-160 \
-120 A

-80
-40

Ni;Sn,

ICSD 01-072-2561

()

Intensity (a.u.)

T T T
% Ni substrate

mA cm-2
-200

-160

26 (degrees)

12.0

Current density (mA [Sik

Figure 3-8. (a,b) X-ray diffraction patterns of the Ni—-Sn—Fe samples obtained by applying

the noted current densities. (¢) Compositions of the said samples plotted against the

applied current density.
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Table 3-4. Crystal data on the Ni—Sn—Fe samples obtained at different values for the

current density.

Current Lattice constants Cell Lattice Crystallite
density a b c volume spacing size
(mA cm™2) (A) (A) (A) (A%) (nm) (nm)
=10 4.17 4.17 5.03 75.6 0.206 17.28
—40 4.18 4.18 5.05 76.4 0.207 7.84
—80 4.08 4.08 5.19 75.0 0.209 6.04
-120 4.18 4.18 5.10 77.1 0.208 4.59
—160 4.09 4.09 5.24 75.9 0.211 4.77
—200 4.15 4.15 5.08 75.8 0.208 4.43
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(2) BARALFEARLKEE & SEM &

HRMHECREIMT 22 LI XV FERL %2 Ni-Sn—Fe #lED ECSA ZHHI L
7z Figure. 3-4 FAkI1C, 0-0.1 vV O B HiPH (vs. Hg/HgO) ICH T, 2-10 mV s7!
DRF/EIEECTT7 7 77 —lED R CV MR ZRLH L 7 (Figure. 3-9), @51 # I
W 3 ERBEED 72 v b % Figure. 10a IC/”3$, ECSA (ZHEMHEE O KICHE -

THAMN L 7= (Figure. 3-10b), < DfdE A 1%, Figure. 3-11 ® Ni-Sn—Fe #¥ i © % i i g
BRI X, T A X0 X CEGICHHTE 5, K, HIIMERE

FE2RA-80mAcem2 XY b ADIHICAR 2 &M T DERIRIERERHIEIC 2 5,
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Figure 3-9. CV curves of the Ni—-Sn—Fe samples prepared by the noted applied current
densities, which were recorded at scan rates from 2 to 10 mV s~! in Nz-saturated 1.0 M

KOH electrolyte.
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Figure 3-10. The resulting plots of (a) the current density difference (Aj at 0.05 V vs.
RHE) against the scan rate and (b) the ECSA value of the Ni—-Sn—Fe samples prepared by

the noted applied current densities.
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Figure 3-11. SEM images of the Ni—Sn—Fe samples obtained by applying the noted

current densities.
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3. 3. 4 WK OERE LR EREC TS HE
(1) V=724 —=THKAr 2T T A
LSV #Ml7E IX, Figure. 3-5(c)& [ U D513 E 0.01 mV s™! THME L 7z, Figure. 3-
12 D@LSV B X UPBILSVIENIET 52X =778y P55 10 mA cm 2 ICE T
BE, B -7 VB2 ETROEREEDORE L L T Figure. 3-13(a)
DHES T 7ICRT, BIREEOEKICE W, @EES XX — 7 = VA B D 23
DL, BREHE-120 mA cm? XV b ADECTEDBZIT S & E L2 KIE i d
T2, TNZND ECSA DI THHMAL L 72 LSV(Figure. 3-14)2> 5 10 mA cm™2 i F|
ET2FCcoOBEFOMERHLAL, ZoME, EMEE-40mAcm2 ZHEIic, #
WAL CBBIEAYIE L2, 2oz Xy, MR bto®ERNIZ, BREKE-10-
—40mA cecm2 Tlk, 4 P40 O, -80mAcm2UETIE, SnilMIIc kY b
o INIEE A PEBAIBICHFS LT b Lz 5, ECSA #ligflizic
BWTHERBEL-120 mA cm2 LY b ADETRIBEZIT S LHEEBHAD T 5

(Figure. 3-13a),
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Figure 3-12. (a) Linear sweep voltammograms of the Ni—Sn—Fe samples obtained
imposing the different noted applied current densities recorded in 1.0 M KOH solution at

scan rates of 0.01 mV s™!. (b) Tafel plots of the linear sweep voltammograms in Fig. S12a.
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Figure 3-13. (a) Overpotential required to reach a geometric current density of 10 mA
cm~2 (obtained from Figure. 3-12a), overpotential normalized to ECSA required to reach
a current density of 10 mA c¢cm™2 (obtained from Figure. 3-14), and Tafel slope (obtained
from Figure. 3-12b) of the Ni—-Sn—Fe samples obtained imposing the different noted
applied current densities. (b) TOF of the Ni—-Sn—Fe samples obtained imposing the

different noted applied current densities.
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Figure 3-14. Linear sweep voltammograms of the Ni—Sn—Fe samples obtained imposing
the different noted applied current densities recorded in 1.0 M KOH solution at scan rates

0of 0.01 mV s™!. The current density was normalized to the ECSA.
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Figure. 3-6 [Al Bk, TOF O %5 4 2 &, Figure.3-15 D X 5 7 TOF 7 v v 2
BFoi, y=300 mV OER»HLHEH B L ZKEREEL ICH T 5 TOF OfH% Figure.
3-13()ICAR T, BIMEE-120mAecm2 X Y b OIS % 1T 5 & TOF {H25K
fEiCmy 32, 20 &5, Ni-Sn—Fe @ OER i&HtEo i kix, Hic Rk A
DRIFIC X 2 b D Tld7e <, il & &2 #LE (NG, Sn, Fe)tbic X % i 7¢ & 1 1§
WAL 72O L RBEING, Z10F, Fe AMBLICHVAThE ZLick - T,
OH 7r¥ & Ni [Hofiea v ¥ -zt & vz & #2395 (Figure. 3-16), Ni, Sn,
Fe O it 7x 2 L HIPH 13, B E-120mA cm 2 LA £ T D Ni-Sn—Fe DK TH 2,

Figure 3-8c £ ) 67.4=<Ni=<75.8,21.6=Sn=22.8,2.6=Fe=<10.2 (GEf71Z%)TH > 7=,
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Figure 3-15. Plots of the turnover frequency of the oxygen evolution reaction as a function
of the overpotential afforded by the Ni—-Sn—Fe samples obtained imposing the different
noted applied current densities in the case of experiments conducted in 1.0 M KOH

solution at a scan rate of 0.01 mV s™L.
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Figure 3-16. Schematic diagram of the bond energy between an OH molecule and Ni.
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3. 3. 5 wEMWMAR

(1) 7w/ RFvaXrl— LG

Figure. 3-17(a)iC Ni—Sn—Fe, Ni—Sn, Ni—Fe & RK{EHMiD Ni A v ¥ 2 B IC B T 5 &
BMCORMBBROME LRI, FERBEEICE T 2 REIERIZ 18 K TH 2,
Ni—Sn, Ni—Fe {Effi M lx Z 2, 40h, 90 h ZB2 2LV Lo EMA LR L, &
KN RIEDO NI Ay v 2 B L FAREOBMNE o7, T OR, fELSEEL -
ErMENnb, —J7, Ni-Sn-Fe o5&, EMIEREE ORI TcHICy 7
FL7Z2A, Al ld 162h Off], iBIEIHEL o7z, 2O Lh b, RiffsE
TH L 72 Ni—Sn—Fe filt #1338 £ 10 # 5 X 4172 Ni—Sn, Ni-Fe flt it X v $ LE L T
2 Z L 2 B (Table 3-2), iR Bt © Ni—Sn—Fe ® XRD ¥ & —  (Figure. 3-17b)
B L R D SEM % (Figure. 3-17¢)% 7~ 37, Figure. 3-17b IC/Rn 3 X 5 1c, @WMERTD
N7 NisSny R IC X 5 XRD »¥ % — Vi, BREZICH BRI N, Z gz
X5, Fig. 3-17() i d Y, BRIV EMATORRDOEL T 3+ 1
Y —FHMEFFL T W3, XPSIT XY Ni—Sn—Fe ® Ni2P fEIK DL 2E 4G G IRE % R~ 72
(Figure. 3-17d), BHETIZ, 2ffiicHERT 2 -2 HH L, EFEZIZ, T 0 HH
KLU, sfliickT 22— 3Bt LA, coclrb, EFAOYWHEIL, Fe F—
7 NisSny DERBICHALYIEREK E LT3 core-shell EiETH - 7- L HE T 5,

BRREEIIRBOMRYIE?, SXO N B{EWIcZ{L, ik, Ni-Sn-Fe 2% OER
e L CIEL KMBBEL 22 & 2 EBR T 5, BT, BITERE QA IC KB 71T W
% (Figure. 3-17b)o 8 W 2 L, il IE O KD 3R E O NisSm D £ TH - 72,
Ni-Sn-Fe FE CEE I NS ZEMIZ, LLOEHEICMAT, KEOMHEHOES X
X > CFBATE %, Figure. 3-3 2b b 2% X 91T, Ni-Sn—Fe Ix Ni-Fe X U b &
EHhIcEHEABEEEZAEL T 5,

Ni-Sn—Fe O it 4 F O3, Figure.3-18 KR X 9 1C, EEZ DO EHR D Ni
Bl e ET 5, 2ZTRT LI, Fe RF—TEhbZeT, WEZALY
—PmEiltI b iEims 5,
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Figure 3-17. (a) Potential profiles of bare Ni mesh and Ni mesh electrodes modified with
Ni—Sn-Fe, Ni—Sn, and Ni—Fe when polarized at the noted current densities (red). (b) The
XRD patterns of the electrode modified with Ni—Sn—Fe before and after the stability test
in Figure 3-17a. (¢) SEM image of the electrode modified with Ni—Sn—Fe after the stability

test. (d) XPS spectra of the same samples as in Figure 3-17a.
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Figure 3-18. Structure of the active site of Ni—Sn—Fe catalyst.
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(2) 2 &M% EREFA

Figure. 3-19 (%, Ni-Sn-Fe fE#fidEMR & REM D Ni A v ¥ 2 T % Bk Iic v 7%
2 EHR v DM AR T H S, HEH TR E X, BEMIC Ni-Sn (B i R & F v 7z
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AV CHIE S N EE, BEREE600 mAcm2 T 181V THhos, T Ofld
E 2O E AN = A v ¥ — - EEEIN R G B AR E © 2 HEEH (600 mA

2B WT 1.8V UM 20X LC+10 mV I E THZETH » PIEATERE & L T
X, TEBML L THI LRI NE, —F, [NEDOBEIEth - 7Kk FH A7 B
Fo— K=y 7] 203, 2028 4 TIC 80,000 o Hfr 2 AT 5 L OREED
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FHEMA2EBEL 72, ERBEE+600mAcm 2 TO L AL ¥ —H&EE KkWh) 2 KERE
ENormal-m> ) D EHE CTHR$T 2 2 L ic X » EH L 72, Ni-Sn—Fe & i & % [5 % 1
w7 2 EMerDOENIFENIL 5.59 kWh Normal-m™! TH o 7z, RIEH Ni X v

VaBEMREBGHBICHWAZ 2EME LD Z L, 6.15kWh Normal-m™! T - 7=,
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Figure 3-19. The cell voltage of untreated Ni mesh and the Ni mesh electrode modified

with a Ni—-Sn—Fe at each current density when used as the anode of a two-electrode cell.
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Fiekhtise s 2 LRI L7z, TONHEMIZANTTIERTH S NisSny D i il
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% 4 B Ni—-Sn—Fe, Ni—Sn {& fffi % & o i & K 77 25 8)

4. 1 #sS

LB RtofiE» eI nsh, ZoFkARaRBFs AL —F>r VT LL
TKFEPRF TN T2, KR FWAKBECHBIERIC XY, REDOBHZMHS C
L%, TANMNF AN TE 3, KFEthaEEB T 201, BiE, HRb s
U —vAKFRERMICHWET 28 NP ARINT VDB, 7Y —vikEIL, BETRET A
MNFE—ZBHRE LEzKoBLRDBICE>CllETCE 2, KoBEXRnEIIX()E

QIR FT LXH51CT7 /= FTOER, # Y — FTHER XTI %,

OER: O, + 4H* + 4e” = 2H,0 E°(T=298.15 K) = 1.23 V (vs. SHE) (1)

HER: 2H* + 2e” = H» E°(T=298.15 K) = 0 V (vs. SHE)  (2)

KEFE 2 P22 27201, eq 1,2 0ILAAEL 2B MO % L& 2
RUNIE ROV, OERMME LCEAT =T LB LAY Py o BILY(T b
H RuOy F £ X 1r02)Y), HER il & L TIHHEHERN— 2D A& VPR R b 72 L T
nNTwz, L2L, IhboxnHREIFmALCcREichsd, 22T, THLOEEREIC
Rb2ftte U<, EBEBRAMESFEHINL TS, fl2 X, Ni & Fe DE AR
{t¥1, LDH % & GKBEAIHBE T SN2 35D, —F, Ni& SnnbhdAaix, @
BB W TP EMozoIc TEMICHAAINTCEZ, ZLTKERDOZDD
BHBE LTRIEEAEERSI R TV AW &), FEI3E T ~7 X 51, Ni-Sn fli i

Z Fe & A L 72 Ni—Sn—Fe it # 1.0 M KOH 1T 276 mV & W 5 /NX BEE T

)

10mAcm™ ® OER EiftZE L T &7 ¥, —fRiC, OER @7z ® D ffEHSE <1, =
WDOT AV KERTCTZOWRERFMiE T2, ZOfE, TELMFICTEVE
WA Eco ok iRt icBS 2 EHIZ, EBRWPIEZ T 4k BN
MRICBECTHARRL T2 9, Z IR DES I D BT 5 2058 B3 1l BT 23 81

FEREBEEL5 25 eFET L, LT AL v 2 bR (eq. 3) 1315 FE A7 2SR JE i

&1



XoTEZbsztaERLTWES,

E = E "+ RT/nF {In(aox/areq)} 3)

T, ETIF25°CTOEHMEEMEN, RIZAMTE (8.314 Imol ' K, 7T iFHxt

R

W, n IKIGICEST2EFBTO, FI37 7 7757 —EH (96485 Cmol"), a L&
LRITCHEDOIEETH 2, LKIEBEREILGo)d T2 MIE DB TH 5 (eq. 4)

= kenFexp(—AGYRT) (4)

T, kIFHEER, o X EREORKICY DRIE, n 13 RICE T, AGHIIGTEL
IANF—Thb, LEXY, HELOEREME HER ERICHEE®* 52 22 L ik
HATH 2, 72, eq. 3254552 X 512, OER, HER DO FHENL(E)7Z T Tl 7x
K, ZHEMOFHEMD TAWECL > AT 2, AR 2EEOEMRYE TER
LHlE % RT3 2856, MECHEN SN2 S HEMD SHE FLHE o P8 7 (7 135
BicloTALT 2 L CERTIVNEND 2, MEMERELZ KT HEL LT, 10
mA cecm? CEHETZ2DCLELRBEBEEL LI LIERAVWLNE 10, 2 ZTHEERM
BELlLiELcE DBEFRCODWCEMINETNEERL AWV, 2%, ZiROGEI
BoN-BER-BMEHMBICECT 10 mAcm?2 ICEET 2L Z0SBEMOIETRE
B2 & RIS DIEHEE MR ENL E° (25 °C)% W L % 721 TR W (OER(7=298.15 K): 1.23
V (vs. SHE), HER(7=298.15K): 0 V (vs. SHE)), L » L, EX L& IhiX, EKIE
DENFHFHEEMDENT 2L ICERTRNEE, MEOBMREEKRENE%
FML 72 22D XHICE W TEREM, OER, HER D FHERICH W TIRED
WERERI LTy 129, Zhu 5, Duan &, Wang &, Kong & D i 3 T Ik

SWHEM O FHEME) I CTREOFEIIEREL T35 DD, OER, HER O
VT EAL(E) XS E & LT vy 2427, 75, Hausmann & (X, S EM & OER
D VA EAL(E) % #E U, SOGTE 2 @) 3FAi L 72 28, 4% 5 13 25-65°CD 1.0 M KOH

HicsnT, TAravERAQP TR e ) a vy a2BEkis 5 2 & THKRL 7 Fe-
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Si DEM-FEAMAMMZIGL 72, Z DHEIER, 65 CCOIFICIF D N7z B ift-E Al i
BT, 10mAecm2ICEEST 32 D IC L BEARBETLD 25 °COMFICH N, 17mV KW
RO T 2 AW TIE, B 2 WE D T A Y KEH T Ni-Sn—Fe & X U Ni-
Sn fill B CHER L 72 Ni B> OER ¥ X " HER F5tkE o R K 7 25 8 % i ~ 7=, fHIR
25-50°CiC BT, ZDXEH %M T 51, ZIHEM, OER, HER O F-#FE(E)
IEMME L 72, BT, Ni-Sn 3 X ' Ni-Sn—-Fe TEMiL =z NiEMH A v v 22 2 h
FNIEM L BRI AAALY 2 BEBHEALICEWTREAL 2 BE CoOKEMEENE% T

fili L, OER, HER #§tk & @ B % J -~ 7=,
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4. 2. 1 ¥
TRCOEYERAE L - FThh, HRETI IR ZOTEHEML
720 Ni FEHM o AL #H i A v 3 3 # Pakuna-171-N (NaOH, Na»COs;, NasSiOs,
Cmi2nH212m 140010 m:12 2L n:10 #2£ ), CH30H) X Yuken Kogyo 2» Ll AL 72, % D
fth D 3~ T DALY E X Wako Pure Chemicals 22 53 7L — FEEAL 72, X

T DEW T Advantec RFU464TA THRFEL L 72 /K (18.2 MQ em)% F W CFAEL L 7=,

4. 2. 2 Ni-Sn—Fe, Ni-Sn f&ffi Ni X v > 2 O {F#l
HERAINCEREBEMTH 2 30 A v 2D Ni Avia (3x3 ecm?) % 50 gL D
Pakuna-171-N O KIER F (50 O) CERMEEL -1 mAcm™2 & L, 1 oHEEIEL -
e, MK THEL 2, RIT3.0MHCL 0.3 M FeCl; 20 bR 2 112 i3 (25 °C)IT 1
SrRRIE L 72, @K THH L2, Ni-Sn-Fe #ili2 & T2 720 DiRid 0.06 M
NiCls, 0.02 M SnCly, 0.02 M FeCls;, 0.5 M K4P>,07 3 &£ T8 0.1 M CoHsNO, 2 & K ik
IN3, D pHIE 85 TH o7, Ni-Sn K% G T 5 72 DA iE Ni-Sn—Fe #EIE
EFEMT 720D R»0 FeCh ZIRELZdbDTHDY, 2D pH L 8.5 THh - 7z,
Ni-Fe #iEZ AWK T2 72O DB Ni-Sn-Fe fEEZ &K T 2720 DR 5 SnClL %
BELZDDTHY, pH 13 85 ThHo7ze TRNFNDOBICWUHELZ Ni A v ¥ a
#REL, - 120mAcm? DERFECRERIOML 2, ZoBOBEBEBESEIZHIC 48

Ccm2Tho7z,

4. 2. 3 &R
(1) X #H#H (XRD)
XRD »¥ % — v F X #RiE & L T CuK,(A=0.154051 nm) % ff /| L, Rigaku SmartLab
OkW ZHWHfF L7z, 40kV O —2L&EHE, 30 mA O — L&, 1°min! DR

oy VviEET25°0 5 80°F TD 20 FHBICIE Y INE L 7=,

84



(2) = A0F 488 X #55 H(EDX)ik
B 43 47 M1 i X JEOL JSM-7000F SEM i fif )& & LT\ % JEOL JED-2300F % F\»

f,
— o

(3) ELEETHEME(SEMEIZE

M Z ¥ JEOL JSM-7000F SEM % i \» 7=,

(4) FEHH 7 7 X< FH 57 (ICP-AES)
fltiiE 2 & DEMIC X Y BA MR ICERKPICHEI N2 EBEEA L v %, Sl

Nano Technology SPS-3500 D #5Ef5 A& 7 7 X~ Hrik (ICP-AES) T~ 7z,

4. 2. 4 BERALYRER
TRTOBELRFME % Bio-Logic SP-300 TiT o7z, HHEWN AR 3 Eiky X 7 4
R, IS L 72 Ni B D 2 I K IEM Ni BB 2 ERAME L7z, Hg/HgO
BEM(I.OMKOH ZfH) & Pt a4 V& Z X NS, Wike LCfifL 7z, PTFE
o —Hh—dIcERE, SRR, SE2ERE ¢, [HEiREZHWv T 25, 40,50 °C
CHIEIL 720 BIE SN2 T X TOERMIE, 60%D iRMHEIC X VFEHEL %,

(1) ZHEBOREWE
HEE T D Hg/HgO D IR BAL Emeas(Hg/HgO, T)% eq. 510 & V) SHE BE#TFER L

7z (Emeas)o

Eneas(SHE) =E.q(Hg/HgO, T) + Eneas(Hg/HgO, T) 5)

T Z C Hg/HgO ZHEAR(1.0 M KOH)D W )& T I 35 1F 5 F#i B L Ecq(Hg/HgO, T)IZ

RALVKRDDZ e TE B 2,

Eeq(Hg/HgO, T) =109.27 + 1.00420T — 0.00348053T> (6)
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(2) V=T 24 =T HAr 2V A} Y —

OER, HER MHeEFEfliD 720, V=T A4 —FFKnrxv X+ Y — (LSV) #EiR,

1.0 M KOH (pH = 14) T L 7z, OER i ic 1%, Rest potential 2> 5 0.8 V vs

BT HIPH CENEL 72,

X DIEH L 72, Eeq(OER,

SHE, HER FFAMiiC 1%, Rest potential > & -1.3 V vs SHE @
OER,HER IC B 1J 28 EE(n)IZ Z L £ 4 eq. 7and eq. 8 IC
T)Y Eeq(HER, )L DHEIE T F 17 % OER & HER @ 2] #1015 AL (Eeq),

SHE fE#tckaIns,

70ER = Emeas(SHE) — Ecq(OER, T) (7)

NHER = Emeas(SHE) — Eeq(HER, T) (8)

Z—7zA 70y FEILSVOILL EBRYESLOHEL 72,

(3) 4 ve—%xvXEIS)HlE
BRALEA v v — X v X5 EEIS) X FE %L 100 kHz~0.01 Hz, AC EEIRIE 5

B X\
mV CEfi L7z, BAIZAECHEELZ NiEM%EZ 0.671 £ -1.094 V (SHE), K{&

Ni EM % 0.7271 &£ -1.158 V(SHE)ICk — A F L 7z, ¥ Z Tl % L ¥ N OER ¢ HER

KT 2 BMEE|IOmAcm 2B o35,

(4) 7m /) KFvvairby—

0| mAcm?2 DEREET25hDEEREMRABR A ERL 72,

(5) 2 &M+ o PEEE i
Ni—Sn X TF Ni-Sn-Fe TEHiL 72 Ni A v > 2% ZNF NnfEMm & G 4iA

ATE 2 BWELICBWTERAZEECOKEMREFELZTML 2, KD ~®, Ni

Avrvarbh bW TOREUEBRELITo 2, 2 &ML O % Figure 4-1

SRS Y, 2 B VIZRRE, REHAOEEMR, PTFE 5L — % —, 2, &

86



&, [, B OEER, BGHWELOLE 23, BWME, BHEICIE 30wt%® KOH

BWHBR Yy 7k 8N, JiiEd s, BB EEBREICI VT 7,
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(Cathode cell Anode cell

PTFE separator

Cathode

1

|

Diaphragm

i Current collector
Current collector

Figure 4-1. Schematic diagram of the two-electrode cell used for the durability tests.
Reprinted with permission from J. Phys. Chem. C, 128, 14578-14586 (2024). Copyright
2024 American Chemical Society.
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4. 3 fERLEHE
4., 3. 1 Ni-Sn—-Fe,Ni-SnDF*¥ 772V ¥ —v 3V

(1) XRD ¥ % — v

NiCl+SnCl+FeCly(# v 7 v a)F X U8 NiCL+SnCly (¥ ¥ 7 b)yEWIC Ni A v &
2 BREL, BINEE-120mA cm2 THHE L 72 D XRD »¥ X — ¥ % Figure 4-2 T
NT . v T (a)ld 20 = 30.5°, 43.5°, 54.5°, 63.4°, ¥ v 7 (b)ix 20 =30.5 °,
433 ° 545° 634 °ichmfre—2%E L7z, v 7 (a), (b)) XRD X% — v 31}
D=L TEY, NITHED NisSnp(ICSD No. 01-072-256 HICIRlEEn s, v 7
N(a), (D)DK TIEREIZTEDL S 771 ASTH o 7=, iy, 102 v — 27 oFfllE L
7 —HICE I F VY T (), (d)D 102 S DFEETH A XIZZnENn 4.4 L 42

nm TH - 7=,
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Ni mesh

Intensity (a. u.)

NizSn,
ICSD 01-072-2561
101
(101) (102) (110)
T T T T T T I T |
25 35 45 55 65 75
20 (degrees)

Figure 4-2. XRD patterns of the Ni mesh surface after cathodic polarization at a constant
current density of 120 mA c¢m™ in baths containing (a) 0.06 M NiCl, + 0.02 M SnCl, +
0.02 M FeCl; and (b) 0.06 M NiCl, + 0.02 M SnCl,, along with that of bare Ni mesh.
Reprinted with permission from J. Phys. Chem. C, 128, 14578-14586 (2024). Copyright
2024 American Chemical Society.
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(2) EDX 4 #7

IANF—HI X BREEIC XY Ni 2y v a Lo ok s % 17 -
72 (Table 4-1) ¥ ¥ 7L (a)D Fe & H & (3.2%) X BB D RIERIL 4 A v DR
— & ¥ 7 — ¥ (20%) (=[FeCl3]x100/([NiCls] + [SnCly] + [FeCl3]) & V % 13 2 20 ic/h X
Vi, T, M ZHTEARA A v OHEEM AR L T 2 AR B B,
Fe2 /Fet #1 tHH D AR HEFE fi7  (—0.44 V vs. SHE) %, Ni2*/Ni® (-0.26 V) & X 1% Sn2*/Sn?
(-0.14V) M OEEEN LV DHETH S, ¥~ 7 (b)D Ni/Sn b i i B R A K D
BECETZ2ZNEMA—KL =, Y&, v 7 i(a), (b))% % 1LZ 1L Ni-Sn—Fe, Ni—
Sn & RiLT 5,

(3) SEM &
Ni—Sn—Fe, Ni—Sn ® Z [fi SEM 4 % Figure 4-3 IZ /K 3, Ni—Sn—Fe, Ni-Sn-coatings (%

10 pm AP O ERIRKZ P TR I D 2 L8005,
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Table 4-1. Composition of the deposits on Ni mesh from baths containing (a) 0.06 M
NiCly + 0.02 M SnCl, + 0.02 M FeCl; and (b) 0.06 M NiCl, + 0.02 M SnCl,. Reprinted
with permission from J. Phys. Chem. C, 128, 14578-14586 (2024). Copyright 2024

American Chemical Society.

(a) (b)
Ni (%) 75.2 82.6
Sn (%) 21.6 17.4
Fe (%) 3.2 -
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Figure 4-3. SEM images of Ni—-Sn—Fe and Ni—Sn electrodeposited on Ni mesh. Reprinted
with permission from J. Phys. Chem. C, 128, 14578-14586 (2024). Copyright 2024

American Chemical Society.
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4, 3. 2 HAZEEICHEIT S Ni-Sn—Fe, Ni-Sn EfiE M O #E R, KEFRER
15

(1) V=T 24 —FKrE2EIT L

%5 3 ETl¥, Ni-Sn-Fe, Ni-Sn, Ni-Fe & ffi Ni & X O R {Effi Ni © OER i& 1 %
B L 72, 25°CTD LSV ICHEWT OER ICH T 3 EHRBEE 10 mA cm2 I EST 20
ICH g 2B 1E Ni-Sn—Fe IR LT 276 mV & B b, AL ZEMof T
BINTH o728, —#HDEMD HER iG M D 72 ® @ 25°CTD LSVs ZHllE L 7=
(Figure 4-4), HER B EE 2 10mAecm 2 ICE#E 4 2 D ICE L 72 #@%E[E 12 Ni-Sn I
Xt LT 266 mV(HER DA icxt L) BAED Sh, B L 72 FEM O ¢ i/
T®H o 72 (Table 4-2), T X Y, BT Ni-Sn—Fe, FEHiIC Ni—Sn I fl A A A 72 /K&
fREZHMEL, ThZhoBEMD OER, HER DR EMKTFZH B 2 F 72, KRIEM Ni &
Wwo L ki

Figure 4-5a (¥ Ni—Sn—Fe(Z" ) — )& Bare Ni(7 v —)D &L TD OER X H TH
2, WIEIX O BFID 1.0 M KOH HTiT o7, & 2 CTHlHOEMN IZFRETD
Hg/HgO B D IERE% eq. 7 %> T, SHEHM¥EICEW L 2d D TH 5, OER
BIMOAT DGR e — 27 1%, Ni-Sn-Fe it (7/'V —v) O Ni¥*2 b N ICER T %
8300, Z OFF#IL, Figure 4-5a DL KX (Figure 4-6) T3 & 91T, RIEH Ni 2
YU a(FN=)THBEINAZDY, ZTDKESIE Ni-Sn—-Fe/NM OEFE LD b1k 3
PICNE v, ThiZ, NMEBHOBILELA S LICBILINAZZDLEEZLL, WTh
DEBEICHEWTH OER EWIT KRB NI A v & 2 (7 —)X b b Ni-Sn—Fe & fifi Ni
A v ¥ a2 DA less positive TH D, £ LT, ZOEEFERICARDIIFENI -
Tw3,

Figure 4-5b 13 Ni-Sn i Ni X v > 2 (AL v )L REM NI A v ¥ 2(TLr—)D
FECDO HER EFH TH 5, TN OmEICHE W TH, Ni-SnEfli Ni 2 v v = (%
Bare Ni # v ¥ =2 X0 b HERICH L CTiEMETH B, 2L T, FEMD HER Hi#RI1Z

WL & B IT less negative IZ 7% o 7z o Introduction Tk~ 72 X 9 IC, OER ¥ X ' HER
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BMICBTE2 7 rE2ENENANIGT 3 KICDNFEREEENDL 7 b EA
TWwWs07T, 473 LdMBEEEORERFEERKL W2 bIF Tl i

FERP BT,
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Figure 4-4. LSVs for Ni-Sn—Fe-, Ni-Sn-, and Ni—Fe-coated Ni mesh measured at a scan
rate of 1 mV s™!ina 1.0 M KOH solution, along with that of bare Ni mesh. Reprinted with

permission from J. Phys. Chem. C, 128, 14578-14586 (2024). Copyright 2024 American
Chemical Society.

96



Table 4-2. HER overpotentials required for achieving a current density of —10 mA c¢cm™2
in 1.0 M KOH solution held at 25 °C. Reprinted with permission from J. Phys. Chem. C,
128, 14578-14586 (2024). Copyright 2024 American Chemical Society.

Electrodes Overpotential at 10 mA cm™2 (mV)
Ni—Sn—-Fe/NM 300

Ni—Sn/NM 266

Ni—-Fe/NM 314

Bare NM 330
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Figure 4-5. LSVs obtained for (a) Ni-Sn—Fe- and (b) Ni—Sn-coated and (a, b) uncoated
NM electrodes when the electrode potential was scanned (a) anodically and (b)
cathodically at 10 mV s7' in a 1.0 M KOH solution held at the indicated temperatures.
Reprinted with permission from J. Phys. Chem. C, 128, 14578-14586 (2024). Copyright
2024 American Chemical Society.
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Potential (V vs SHE, 60% iR-corrected)

Figure 4-6. The enlarged version of Fig. 4-1a. Reprinted with permission from J. Phys.
Chem. C, 128, 14578-14586 (2024). Copyright 2024 American Chemical Society.
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(2) B0 -1 5B 7 o i FE Al 1
TFHEMNOREIC X282 EET LI LIk T, "EOBEL"ZRED -
72o OER,HER D KJGH, eq. 1,2 241 ¥ X F H(eq.3)ICYTIEDH B2 LT D@D

x5,

E<q(OER, T) = E “(OER, T) + RT/4F {In po>[H']*} 9)

Ee(HER, T)= E “(HER, T) + RT/2F {In[H"]*/pn2} (10)

p BT AEONRIETH S, 22T E BEEEMEMNZIREMEL-ENTHY,

eq. 11 L eq 12 X VIR CTCEZ 2 MERE 2o Tk 2 2 & TE B 3,

OER: (0E/3T), = AS/nF = (So> + 4S8y - 2Sm20)/AF (11)

HER: (3E/OT), = AS/nF = (2Su. - Su2)/2F (12)

Sy ruv¥—TH 25, Sur, Sz, So2, Stizo & Z L Z 41 0, 130.68, 205.14, 69.91(J
K™ mol™)& 9% 3¢ OER, HER DREMREIZZ N Z N 0.169 mV K-! £ -1.354 mV
K'eREDOLNAE, LEXDY, OEFR & HER DRE TICHsF 2 E "I, ERIED
IEHEEMEA (at 25 °C) L BB T CTRTERI NS,

E “(OER, T) = E “(OER, 25 °C) + 0.169(7—298.15) (13)

E “(HER, T) = E °(HER, 25 °C) —1.354(T —298.15) (14)

pu2, po2 & 1 £ L, OER, HER D ES) W FHEAL (E) X mE DAL L TR L 72
(L FE# in Figs. 4-6a and 4-6b),

LAE XY, Fig. 4-5 OB - B2 MhEEFL CNHL ey PLEL %
(Figure. 4-7), M H 1% SHE HE ¥ D f5/RE AL 2> b £ L 1< 1T 5 By 241 V-l AL

(Ee) %L 22 L CTEERI NS, Figure. 4-7a, b IC eqs. 13, 14 X U FFE L 7z OER,
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HER D E N R PR (E) E i OBFREZ RS, ZhZEh, T DKIC, Figure. 4-
5 X Y155 #1172 Ni-Sn—Fe, Ni-Sn ¥ X OF bare Ni 28 & £ T & i % FE[10] mA cm™2 1
F|3E L 72 87 (vs. SHE)% /R 3", Figure.4-7a £ Y, OER IZxf L T, Ni-Sn—Fe f&fii Ni
AV v aDFBREMNI Ay v a2l bEEA/NSLC, REEF T 2ER
INE Vv, 25550 °Cic i 9 5 FEMEN D Z AL X, Ni-Sn—Fe &4 Ni A v > 2 X}
LTO0.08 V,Ni v ¥aicxfLT0.102V THo7z, HHMEN & BT 0 FE
MOEPBEFECTH 2, MEME DWME L & D ICHEEEN/NS K25 0FHAE,
2550 °Cic 3§ 2 @ E O LU I1%, Ni—Sn—Fe f&#fi Ni A » > =X L T 0.014V,
RAEHINi Ay &2k LTo0028VERMS LN, Thbb, KEKAEET
DA, HMEMOZNILY /I LICFEHTNEL, 1A, Figure. 4-7b X
h, HER ICXf LT, Ni-SnfEMi Ni 2 v & 2 DB RIEH Ni A v Xbh bHE
DT IT/NE v, 25550°CIT N3 2 FHEEAL D ZAL IR IL, Ni-Sn B i Ni A v &~
2R L T 0.017V, REM NI Ay ¥ 2L T0.040VTHorz, EHMEN &
WP B OABEEETH 2, MEME SIEME L & D ICHEBEEI /NS &
5D E, 25550°CIC M3 2 @EE O Z(LiEIE, Ni-SnfE#i Ni £ v > =X
LT 0121V, RIEM Ni 2y vailxLTo0.144 V ERBEIONE, ThDD,
intrinsic ZZBEE DO 1T, EHEMDOZN L Y D K& v(enhance TN 3)T & iC
FEHIRNEXL,

Figure 4-5 D B R-B MR 2 BEHBEBLHRICELE L 725 O % Figure. 4-8 1T/
T, 22 THLIE Y HER ICH W TIREIC X 2 & A enhance SN T W5 Z & 2357

VIR
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1 T T
35 40 45

Temperature (°C)

Figure 4-7. Plots of the indicated potentials required to realize |10| mA ¢cm™2 for (a) OER
and (b) HER on the indicated electrodes against the electrolyte temperatures, together
with the temperature dependence of the E.q values. Reprinted with permission from J.

Phys. Chem. C, 128, 14578-14586 (2024). Copyright 2024 American Chemical Society.
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Figure 4-8. Relationship between overpotential and current density measured with (green)
Ni—-Sn—-Fe/NM, (orange) Ni—Sn/NM and (blue) Bare NM, where the thermodynamic
equilibrium potentials of OER and HER at the indicated temperature were considered.
Reprinted with permission from J. Phys. Chem. C, 128, 14578-14586 (2024). Copyright
2024 American Chemical Society.
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(3) ¥4F2 7wyt

Figure. 4-9 IC % 72 2 JE < EIS HIE L 2B D Ni-Sn—Fe-(For OER), Ni-Sn—(For
HER)EHi Ni A v & 25 X WREM Ni A v & 2 (Forbothyd F 4 F X+ 7y %
7N 9o EIS Ml 5E X Figure. 4-5 X Y 3 & 4172 OER, HER IC X 2 B % FE 2810 mA cm™2
&7 5 %A 0.671 £—1.094 V (SHE)ZHIN L 72 28 & Efiti L 7z, Figure. 4-9 IC/"§ X
5c, B ENIRPT(R)IZ OER, HER IZXf L T, #H £ 4 Ni-Sn—Fe, Ni-Sn ®Jj
DREH N Ay a0z LD biF22c/hS o KDY FE), < idfl
BT X5 iSOG T 03 2 3 o B8 RIS G 9T % o Ni-Sn—Fe fEfifi Ni A v & = @ OER

32 Ry 1T ERE &b IT/hNE kb, £72, Ni-SnfEffi Ni £ v ¥ 2 @ HER
X% R IFMRE LR & L D IC/NE oz, RIEM NI A v ¥ 2B CIIHEK
JGIZ R LT, S EF IS R L T %, Tasic H IFESALFICHRKL 7=
Ni-Mo X} L T, 35-300 mV ® HER@E/TEZ ML 2285, 6 M KOH iA#H T
29.85-69.85 °CT EIS {Hll /€ % FEHi L 72 'V, Kaninski & i EXALFWICAK L %2 Ni-
W ICx LT, 50-300mV © 87 2 HER WEE XML 225, 6 MKOH &+ T
19.85-69.85°CT EISHIFEZ EMEL 72 D, &L L OBMICHF W TIRE D EFITfFE W,

R 23T L, voltammetry DAER & FIE L 7x
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I I I
(b) Barc NM for OER

160 200 250 300

Figure 4-9. Nyquist plots of (a) Ni—Sn—-Fe/NM, (c¢) Ni—Sn/NM, and (b,d) Bare NM
obtained by EIS measurements while polarizing the electrodes at potentials of (a, b)
+0.671 and (c,d) —1.094 V (vs SHE) ina 1.0 M KOH solution held at the noted temperature.
Reprinted with permission from J. Phys. Chem. C, 128, 14578-14586 (2024). Copyright
2024 American Chemical Society.
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(4) 2—7 = A48

Figure 4-10 IC Figure 8 2 L 722 —7 A7 ua vy + 2/R9, % offtihiz b
BICX o CTHWZEHDOBEETH %, OnNi—Sn—Fe/NM for OER; on Ni—Sn for HER;
on unmodified NM for both. $_XTOHFHTX -7 c VHRBREIC X o TlEE A
EEL RN &P h B, Figures. 4-10a, 4-10b I8 X 9 1Z, OER IZFH W T,
Ni-Sn-Fe ® 2 — 7 = A A lidlE 55 mV dec™! TH Y, unmodified NM D % #1(47 mV
dec )X v ¥ T K&\, Figs. 4-10c, 4-10d IZ/R" 93, HER iZxf 9 % Ni-Sn/NM
DL —7 VAL 86 mVdec ' FEE TH H, unmodified NM @D Z #1(102 mV dec™)
LD H/hT

Figure 4-11 IC, Figure 4-10 2> & 547z %72 2 i J¥ T D Ni-Sn-Fe-, Ni-Sn-modified
NM F L X unmodified MN ® % — 7 = A Al # R+, 2oOXic, oW srr— 7
oGl T =2 g 1202428 (23T LOREREEZIToERREL A
V) Figure. 4-11-12,4-14 /R T RCOMD F — 2 ic B 2 ik & 2 o &k STk
% Table 4-3 12 F & & 7=,

2 —7 2 VAFIERK (eq. 15)TRI NS,

Tafel slope = 2.303RT/oF (15)

T, RIRMER, TIHAAMNEE, o 3BEEREEK, FII7v 777 —EHTH 5,

(R

eq. 151 X, HEwHICE, mMEO LR, =7 oA HRPEKRT 51ET
72, L2 L, Figure.4-11a 227k 3 X 9 I1C, OER icxf L T %, A ZED Ni-Sn—Fe/NM
& unmodified NM IZ B DO H 2 Z L 1d 72> o7z, T 4L Raney-Ni'V& R L TH o
72o —7%, NiCu alloy'¥, Surface-electrooxidized Ni!9Z % — 7 = VAR B K T 5
EMICH 5, THICRL T, @EOEFICHE Y Cos042, NiFealloy?®, FeSi?® Tl
R2—=T7 2 VAP FEPLTCDE, 26D T =205 b, WEEICREMELTD
NTWV2 DI Ref.28DHTH 5,

Figure. 4-11b IC/R 3 & 91, HER X} L TIEAMIE D Ni-Sn/MN & NM @D Tafel
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AEIERE EF i LT, bE e KT 22013IER L & RCTHMANS, Z3iE Ni-
WD, Nil®), [r-Co2» & [A] U & FL-TR v, Niggs—Ceoos!?F KR E (AL T2,

—77, W0 EF Iy Ni-Mo!h, NiS'), P29, Ni-Fe LDH>Y® £ — 7 = )V 4 fi 1%
MELAICXsTA L, b0 T =205 5, @EFICO W CRERME T
ODNTWEIDIEFRYEL R, a ZRICEBITKFT 257X —-2THs, WHEIC
LV RELZEA I 2 RICHER D22t D177 23 8 7x %, Tafel slope 23 & 51T X
STELZVWHEBE LT, aMiRLAEZZ LR EZLSLN S, Santos 1%, WM T
DT NAYEMBEH T Pt-Ce BX U PtEMD HER KNV EXE 7 T LERLTED,
W28 25 °CAr B 55 °Clc LR 212N T, ald Pt—=Ce Tl 0.52 2> 5 0.66 1B
L, Pt Tl 045205 029 WP L7z, Lo T, KRR TE —7 = VA RHE
fEL 72> 7 C &ix, Ni-Sn-Fe/NM, Ni-Sn/NM, X UV#H O NM T, EMRE

Do LR L DI a3 M 22 L ZRBRL T2 3,
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(a) Ni-Sn-Fe/NM for OER ) | (b) Bare NM for OER

)

<
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c
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D?U -2
logj(Acn

Figure 4-10. Tafel plots of (a) Ni—Sn—Fe/NM, (¢) Ni-Sn/NM, and (b, d) Bare NM at the
noted temperatures corresponding to Figure 4-7. (a), (b) OER and (c), (d) HER. Reprinted
with permission from J. Phys. Chem. C, 128, 14578-14586 (2024). Copyright 2024

American Chemical Society.
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Table 4-3. Catalysts used in Refs. 11-28 cited in Figs. 4-11-4-12, 14. Reprinted with permission from J. Phys. Chem. C, 128,

14578-14586 (2024). Copyright 2024 American Chemical Society.

References Catalysts Procedures
11 Ni-Mo [Ni(en);]Cla & NaxMoOy % & A 72 KA h T, Ni plate Z &M L 7=,
12 Ni-W [Ni(en)3]Cla & NaxWO4 % & A 7Z/KE W H T, Niplate Z 2oL 72,
13 Raney Ni 1R © RaneyNi ¥} K % & A 72 KB ™ T, Cu substrate Z 2 L 7z,
TATYEHAPTTOT — Z2EMBICE Y AKL 2, KD Ni B (Ni pieces),
14 Ni—Cu
Cu [ (Cu pieces)# #1jj L, Ni-30at% D EH & THM L 72
15 Ni M B © Ni foam
Ni foam % 0.5 ~ 2.0 V (vs. RHE)D E L &i P iC 5 \» T 0.1 M NaOH T 100
15 NiOOH
A 7 AFIIL %,
15 Ni—Pt HyPtCle % & A 72 KIETE W IC Nifoam #RE X &, RMEIC Pt A H & & 7,
16 Ni Ni plate
17 NiS NiSO4 % & A ZIKE W T, Fe plate x 201k L 7=,
18 Nis;—Al-Mo H K © Ni, Al, Mo DM KB ~5um)% 900 °CTELHE L 7z,
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19 Ni

T — 7 Ric XV &L, Ni,Cerod ZflifH L, Ce % 5,10 at.% & & K
19 Nig.9—Ceo 1

e NiDBLDKIEAKEEZ AL 72,
19 Nig 95—Ceo.05
20 Ir-Co Nas[Ir(III)Brs]) & CoSO4 % & A 72 /KIEH h T, Cu foam Z B4R L 72,
21 Ni-Co B 5 HHED CisH3oNiOs I X U CigH30Co04 D Hi R AR 1T X 2 K % 247 fif
22 NiFeS;00H WMERIR S 2 H v TKENA B L 72 NiFe KEE{L Y % 450 °C T B 4L B

TR @ B A & Ru(0001)D 780 °CT DL & 380°CTD T LI v ANy &
23 Ru02(001)

Vv
24 Ni-Fe Nifaom D~ 27 % bR VA NXYy XY v T

Fe(NO3)2, Ni(NO3)2, CO(NH2): Z Z & L /KIBFEW T TD Ni 7 4 — & DKE
24 Co0304

W B X OB
24 Pt MR @ Pt foil

Fe(NO3)2, Ni(NO3), CONNH2), Z & B /KEWH TD Ni 7 4 — L DO KEL
24 Ni-Fe LDH

Ho(120°C, 10 BER)
25 Niz s—Coo.s—Fe Fe(NO3)a2, Ni(NO3)2, Co(NO3)2 , CONH2) # & B /KBEW % 120°CT 24 K
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LDH fi] 7K 24 0L B
25 Nis;—Fe LDH Fe(NO3)2, Ni(NO3)2, CO(NH2)2 % & D I/KIAH % 120°CT 24 [k B 4L B
26 Co—Nig.—Feo.05 2-AF N A4 I XY =& CoSOs DRAEY % Ha/Ar FFH ST 700 °C T 4L H
Fe 2AFNAL IXY =& CoSO4DKBERICH—FRYy r7mR%2RKEL, 556
27 LDH(FeCo)/Co(OH |7z —FKR ¥ 7 8 X% NaaMoO,s & HIBEWICIRIE L, £ D FeSO, AR T
)2 1.3V (vs SCE) O[5 50 f % 1T 9 .
28 Fe-Si TArTVvEHKT CoOMk® Fe f8k & Si b @& if
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Figure 4-11. Relationships between the Tafel slopes of (a) OER and (b) HER and the
electrolyte temperature, as obtained using (a) Ni-Sn—Fe/NM, (b) Ni—-Sn/NM, and (a, b)
Bare NM in this study (Fig. 4-10), and the electrodes reported in the references. Reprinted
with permission from J. Phys. Chem. C, 128, 14578-14586 (2024). Copyright 2024

American Chemical Society.
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(5) LB RE L

Figure 4-12 IC & & 8 i % £ (jo), OER(a)& HER()IKX L T, 7w v b %
/R $, Ni-Sn—Fe-, Ni-Sn-modified NM ¥ X Of unmodified NM % ffi > T, &3, fit
DTN =T o7 — 2% &t 112029, j i Fig. 4-10 DX —7 =7 1 v
FEBELE OV ETHFETLZILICL o THREL A, Wu 51X > T HER ICXf L
THE TN 1-Co-00% R T RTOBMICE W TIRE EFICHE-S T j, 3K
T2, iR ITeqdiC ko CTHHEICHMTE 2, Ni-Sn—Fe-, Ni-Sn-modified NM
¥ X U unmodified NM DRI 3 % j, D% L@ % OER(a)& HER(b)TH 3 &,
OER(a)® /7725, HER(b)X W E Z 28/ N&E W Z & 234320 %, Z i, Figure4-7 T~
X, MEEORMEWMMEEITo 2, OER Tk, WMEEFICHw, RENA
DYk, EHEEMOZN LY H/NE L, HER T, WE EF I, R
B EEEDWA 2, EHEMOZNLLYVDKREVLDOTH L, 2D, Fig 4-

10DX =7z A7ay PRI, REICKT S j, 0B {LEDEEED,
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Figure 4-12. Relationships between j, for (a) OER and (b) HER and the electrolyte
temperature, which was obtained with our (a) Ni—Sn—Fe/NM, (b) Ni—Sn/NM, and (a, b)
Bare NM (Fig. 4-10) and the electrodes reported in the references. Reprinted with
permission from J. Phys. Chem. C, 128, 14578-14586 (2024). Copyright 2024 American

Chemical Society.
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(6) &L= AL ¥ —

OER & HERIC B 3 R 3 oGtz A F—(AGHITRW)Ic X v ikEaIn 3,
AGHT j, D HARN K L IRE oW EDO 7oy roHE2» 08B I35, ECSA IR 7%
2WEICHIT 5 1.0 M KOH FcESLE —EHERR(Ca)ICE I W TEIE L 72 10,
Faradaic 72 /& % & £ 7 W E AL HiPH(0-0.1 V vs. Hg/HgO) T 2-10 mV s O fi 5 8 &
T CV Hi# %2 508k L 72 (Figure 4-13), T C Tl £(0.05 V)T D EREIE D7 (A
= (Janodic — jeathodic)/2) Z R I O BI% & L C7 v v b L 7z, Ni-Sn—Fe, Ni—Sn, bare
Ni i B W T ECSA DS D E L Z T\ L 2R L7, Figure 4-14a 1T,
Fig. 4-10 @ Tafel plots 2> b5 72 jo LI O W L O BARZ R~ T, HZ X b, AGH%E
fF72, ZDFEE, OER ICxf3 % AGHE Ni-Sn—Fe T 12 kJ mol™!, bare Ni T 22 kJ
mol™' T® Y, Ni-Sn—Fe DEHiIC X o TIHMED L2325 2 & 238 L7z, Figure 4-15
ICOER DEHRRIGICHB T 2T AALF—FT v vy LB ERT, 3L AEDM
ok, MA7Ty 7APRD KE W L2, DFTFHEIC X D, GEIH X LT Ww % 39,
Ni=Sn—Fe @ 12 kJ mol™' & W {liix, MR T v 7HD AGIO KD % KB L 72 %% 5 <
H b, AGHIEE D Fe &HEICIKRTF T % 39, Swierk b 1d, FexNii«OOH ® AG% i
~ 72, FeouNig7600H O AGIH R KL, Fe 5 FRBICRBEBEPTFET LI L 2R L
7=. NI, Ni-OER FAE oA T AL F—oEElbic L 2 b D L EHL T L
%, HER IZ ¥ % AGHE Ni—Sn/NM(45 kJ mol™") & NM(45 kJ mol~ ") i< {7 72 25 1%
RO LN o 7z, Fig. 4-14b ICAKRWFIE TH & N7z Ni-Sn—Fe & bare Ni ® OER I
B2 AGIE MO I N — T 57 OERICE T 5 AGRE IR L 2R E% TR T,
Z DFEHR, Ni-Sn-Fe ® AGHI Ni-Co?Ve& #f#a—E L 7z, RIHRIC, Fig.4-14c iC HER
D AGE F L ® 7z, Ni-Sn ® AGHE Nigo-Ceo /e Wh—KL 7=z, 7T—2DH b,
WMEBETOREMEZITo720F RN E20R v, F 2 HE b7z X 51T, AGHE,
OER, HER DHLEEMICH T 2 = AV ¥ —[EEED K& T 2K J, Figure4-14b,¢ T

AT X, MEICXY, AGIOKRZT INEAL B3P, i AG 28, FimiEd, M

v

K, BETHECIRETE-20TCTHE, $7-, N+ TF7— - TxAr~=—A26@ERIN
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2X510, MEBEAD AGH, b2 j DEEREIEZ RS 3,
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Figure 4-13. (Top) CV curves obtained with Ni—Sn—Fe- and Ni—Sn-coated NM and Bare
NM at scan rates from 2 to 10 mV s~ in 1.0 M KOH solution heled at 25, 40, and 50 °C.
(Bottom) the difference between cathodic and anodic currents measured at 0.05 V (vs.
Hg/HgO) plotted versus scan rate. Reprinted with permission from J. Phys. Chem. C, 128,
14578-14586 (2024). Copyright 2024 American Chemical Society.
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Table 4-4. Parameters obtained based on the CV measurements in Figure. 13. Reprinted

with permission from J. Phys. Chem. C, 128, 14578-14586 (2024). Copyright 2024

American Chemical Society.

Cq (mF cm™) ECSA (¢cm? cm™2-geo)
Electrodes Temperature (°C) Temperature (°C)
25 40 50 25 40 50
Ni-Sn-Fe/NM 2.0 1.9 1.9 50 48 48
Ni-Sn/NM 2.0 1.9 2.0 50 48 50
Bare NM 0.3 0.3 0.3 8 8 8
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2 )

" T(b) OER

Figure 4-14. (a) Relationship between j, and reciprocal of the electrolyte temperature for
Ni—-Sn—Fe/NM, Ni—Sn/NM, and Bare NM obtained from the Tafel plots in Fig. 4, and the
comparison of the AG* values derived in this study for (b) OER and (¢) HER with those
reported by other research groups. Reprinted with permission from J. Phys. Chem. C, 128,
14578-14586 (2024). Copyright 2024 American Chemical Society.
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Reaction progress

Figure 4-15. Schematic diagram of the energy potential change for each elementary

reaction of OER in Ni—-Sn—Fe.
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4. 3. 3 FREMTCoLEER

(1) 7o /) RFvia ArY—

Figure 4-16a 1Z Ni-Sn-Fe/NM ¥ X I Bare NM O & 7w 7 7 4 v TH 5, 1.0M
KOH A# H T|10]| mA cm™2 CTEM L 20, 2 coftiio EfLIZHEETCOS
Bt D fE/RfE% eq. 7 #fli> CSHERMETRL b DO TH 25, HWIRIRE%E 25 °Cp
5 40 °CE 7213 50 °CiIcZ b X &, 2Dt 25 °CICR L 7z, D79, K 25 °C

CTEML MR EZFKICH 3, Fig. 4-5 @ Voltammetry 22 PRI N2 X Hic, »
TNOWEICH VT DH Ni-Sn—Fe/NM D J5 25 Bare NM X U & FEN7 2 less positive T
o, £/, WME LA L L HICTHEND less positive 4 Ficv 7 P L7, §XTD
HEICE W TRl X N 7-EA I Fig.4-5a D LSV 2 L8 0N EBHR%EE 10 mA cm™2
WCHGEL 2B MR T 5, Ni-Sn-Fe B W THE 25 CICE L L & DENM
X, MEZ LT 20BN E KL THH, Ni-Sn—Fe Dl EI1C X 2 IEnlh 7 &1k
BRI LERLTWS, Zk Bare NM X 0 S RE ER I3 2 ERE W C
& ZEWL TWw5, Fig.4-16b iZ Ni-Sn/NM & Bare NM O cathodic &z 7’12 7 7 A4
NTH D, BEI SN ZEIT Fig. 4-5b D LSV I H T 2 BIRZEE-10 mA cm 2 12 F|
ELEMEIFIE—HT 2, KXY, Ni-Sn ® 775 Bare NM I Fh~, @ ELL A/
TV, ILICREENICHEI BEDO Y 7 /NS v, FIRICH 3 2 JER 72 2 M2
v, TERGh o, ZDT L XY, EilD Bare NM DEEFR YT — A — X,

BEENLOFEDIFEATVWELIILICFRELATNIE AL RV,
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Figure 4-16. Potential profiles recorded during galvanostatic electrolysis at current

densities of (a) +10 and (b) =10 mA ¢cm™2 in the 1.0 M KOH solution using Ni—Sn—Fe/NM

(a), Ni—-Sn/NM (b), and Bare NM (a,b). Reprinted with permission from J. Phys. Chem. C,
128, 14578-14586 (2024). Copyright 2024 American Chemical Society.
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(2) ABRATER < 3 T 2 Ml o 135 17 b

Figure 4-17 iC B A AT O EHi DO XRD X% — ¥ %787, Figure 4-17a IC/R§
X 5iC, |\IE % 50°Cic 1, 25°Cic FiF 71, Ni-Sn—-Fe/NM @ XRD ¥ & — v (i,
BT E A U8 d NisSm 2R L, RESHEEE{2 v, Z1iE, Ni-SniZ2W»
TH[AERTH 2 (Figure 4-17b) . 2K [ JZ REBLIZZ (Figure 4-18) & B 57 73 T (Table 4-5)T
bFFETH o7z, I bic, ERBEOHERPICHHERAZBEZ 2EBSEA 4 v 13K

méﬁf;i}")to
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T T T
(a) Ni-Sn-Fe/NM

After positive
polarization at 50 °C

Before polarization

(b) Ni-Sn/NM

After negative
polarization at 50 °C

Before polarization

Intensity (a. u.)
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L polarization at 50 °C J
After negative
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(c) Bare NM

[

Figure 4-17. XRD patterns of (a) Ni—-Sn—Fe- and (b) Ni—-Sn-coated NM and (c¢) Bare NM
before and after polarization at a constant current density of |10l mA cm~2 in 1.0 M KOH
solution held at 50 °C for 2.5 h and then 25 °C for 2.5 h. Reprinted with permission from
J. Phys. Chem. C, 128, 14578-14586 (2024). Copyright 2024 American Chemical Society.
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Figure 4-18. SEM images of Ni—Sn—Fe- and Ni—Sn-coated NM after polarization at a

constant current density of |10 mA ¢cm~ in 1.0 M KOH solution held at 50 °C for 2.5 h.
Reprinted with permission from J. Phys. Chem. C, 128, 14578-14586 (2024). Copyright
2024 American Chemical Society.
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Table 4-5. Compositions of Ni-Sn—Fe and Ni—-Sn on NM before and after polarization at

a constant current density of |10 mA cm~2 in 1.0 M KOH solution held at 50 °C for 2.5 h.
Reprinted with permission from J. Phys. Chem. C, 128, 14578-14586 (2024). Copyright

2024 American Chemical Society.

Ni-Sn-Fe/NM Ni=Sn/NM
before after before after
Ni (%) 75.2 75.1 82.6 82.5
Sn (%) 21.6 21.9 17.4 17.5
Fe (%) 3.2 3.0 - —
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(3) 2&EWEn % H\ 7= EE

Figure 4-19 IC Ni-Sn-Fe/NM 7 / — F, Ni-Sn/NM %1 V — F 2 flBIAA 72 2 Bl
AT, EEMAOMAcm)EBEMRL 2O VEED 70 7 74 v ERT, L
D7, WMEME D Bare NM & L7z AL CRILEBAYIT-72, 1L F % Ni-Sn—
Fe/NM//Ni-Sn/NM, Bare NM//Bare NM & 53, #I7E Rf [ i< b3 2 il B il 6 oo 77 3%
X Fig. 4-16 LRI CIC L7, k2o P IN 2 X 51T, Ni-Sn—Fe/NM//Ni—Sn/NM
D & N EE L Bare NM/Bare NM X 0 b 25°CTHI 0.3V v VEER/NS »w, 2 D%
X, 40°CT 0281V, 50°CT 0248V &/NE %> TWwb, TIE, Fig 4-16 D
B —% ¥ %, Ni-Sn-Fe/NM//Ni-Sn/NM I 3T, Gt o vt v EEIZ —2 L,
MmEA TR T 2 MEMROLEEL KM I, —F, Bare NM//Bare NM X{ i &

VIZFRBIC e VEIESB AL, ik, Ni RECH iR T 2 B2 E
BKEInrzzoBbhsd,

Figure. 4-20 IZ Ni-Sn—Fe/NM//Ni-Sn/NM JEXf#5 & &, Bare NM//Bare NM X i &
M EREE 100-600 mA cm2 ZHIM L7z & X0 EHKRECTCORLVEFEEZ R T,
Ni-Sn—Fe/NM//Ni—Sn/NM (¥ Bare NM//Bare NM I lb~, T _XCORE, EBREEIC
BOTELVEELRNS W, EREELZRESLAEZLEZOLVEEDOHE KL, Ni-Sn—-
Fe/NM//Ni—Sn/NM | Bare NM//Bare NM X 0 /N & <, {Effi & N7z i o &M & 7

BICNT2MEERBL T3,
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Figure 4-19. Voltage profiles of asymmetric Ni—Sn—Fe/NM//Ni—Sn/NM and symmetric
Bare NM//Bare NM cells, which were obtained at a constant current density of 10 mA
cm™2 in a 30 wt% KOH solution, during which the electrolyte was set to the noted

temperatures. Reprinted with permission from J. Phys. Chem. C, 128, 14578-14586 (2024).
Copyright 2024 American Chemical Society.
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Figure 4-20. Relationship between the applied current density and cell voltage for
asymmetric Ni-Sn—Fe/NM//Ni—Sn/NM and symmetric Bare NM//Bare NM recorded in a

30 wt% KOH solution held at the noted temperatures. Reprinted with permission from J.
Phys. Chem. C, 128, 14578-14586 (2024). Copyright 2024 American Chemical Society.
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4., 4 %%

il

Ni-Sn—Fe, Ni—Sn & bare Ni Xf L CTH 72 2 E D 7 v ) KER H T OER, HER
FREZRE L 720 WS h oM d AR X 5 T OER, HER X3 2 @BEE DK T
BRONED, Z2OKREIEZBHEEMIC X 2FREM LIS 2 KIS AW
EEA EIE L CRERET S 2 & T, intrinsic A@ELEERED o 72, ZOMER
D2 —7 2 AAFLIE, OER ICH L T Ni-Sn-Fe/NM T 55 mV dec™!, Bare NM T 47
mV dec™!, HER IZXx} L T, Ni-Sn T 86 mV dec™', Bare NM T 102 mV dec™!, Ni—Sn-—
Fe & Ni-Sn Effiic X o T NM ik a i, T4, WIFNOBEBMRICEH VT D X
— 7 2 NVARFREICE > TEL LB o7, =77, jold T NOEMICENTH
FRIC X o TN L 72 o Re 13 Ni-Sn—Fe, Ni—Sn @ /5 2% bare Ni & Y B & 2> 12/ & o,
REDZWMET j, ELLNE, EHEt AL F -0 RS Y AA[EEIC &£ 5, OER
X3 % AGHZ Ni-Sn—Fe T 12 kJ mol™!, bare Ni T 22 kJ mol™' T» Y, Ni-Sn-Fe
D J5 A5 bare Ni it ~_/N & vs, HER IZ 81} % AGHZ Ni-Sn b Bare NM b [A 2 (45
kImol™)TH - 7z, WAL 5 E B T EMAE% FME L 72, Ni-Sn—Fe, Ni—
n i NM DIREICE2ZEZ/NILT2@HERH5 I LHHALMICHR 572, Ni-
Sn—Fe/NM//Ni-Sn/NM JE X 5+ L, Bare NM S i L IC B E 600 mA cm™2 % H]
MU 7K, 50°CT, HIEIL 1.945V & HEFIL 2663V ELEL LA, RRICX2E

JE D RIZRTE 31 2 2T/ &E H o 7z,
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