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Microdroplet-confined coordination strategy for
constructing hierarchically porous Ru-based electrodes for

high-performance alkaline water electrolysis
ABSTRACT

Hydrogen energy, as a clean and sustainable alternative to fossil fuels,
can be efficiently produced through water electrolysis. Among various
techniques, alkaline water electrolysis (AWE) is widely employed due to
its high technological maturity. Ruthenium (Ru)-based catalysts offer
significantly higher activity than commercial nickel (Ni) catalysts;
however, the preparation of high-quality catalyst slurries presents
challenges for fabricating electrodes with superior mass transfer
performance. In this study, we propose a microdroplet-confined
coordination synthesis strategy to fabricate Ru-based polymeric metal
complex (PMC) precursors with hierarchical porosity, which are then
derived into highly active and mass-transfer-efficient water-splitting

electrodes. The primary findings are as follows:

(1) A Ru-based PMC with a hierarchical mesoporous-macroporous
structure was successfully synthesized using the microdroplet-confined
coordination method. The generality of this approach was demonstrated by
synthesizing a wide range of PMCs, including those based on Fe, Gd, La,

Yb, Ru, Pt, Ir, and multi-metallic systems such as RuCo, RuCoZn,
v
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RulrCoNi, and RulrCoNiCu. Catalyst slurries derived from these PMCs
were directly spray-coated onto conductive substrates and subjected to
thermal treatment, resulting in high-performance electrodes for hydrogen
production via water electrolysis. In contrast to the traditional process
involving separate catalyst and electrode preparation, this integrated
method yielded electrodes with enhanced uniformity and superior

electrochemical performance.

(2) The hierarchical porous Ru-based PMC slurry was spray-coated
onto titanium felt and subjected to thermal treatment. The Ru-Hz/Ar-
400°C-Air-400°C anode, prepared via sequential H2/Ar reduction followed
by air calcination, exhibited the best electrochemical performance. It
achieved an overpotential of 1.433 V (vs.RHE) at a current density of 10
mA cm2. Stability testing at the same current density demonstrated
minimal potential change over 10 hours, substantially outperforming that
of commercial RuO2. Under alkaline water electrolysis conditions (60 °C,
10 wt% KOH, Ru loading: 1 mg cm™2, Pt/C as the cathode catalyst), the
cell voltage at 1 A cm™2 was 1.873 V, which is notably lower than that of

commercial RuO2 (2.224 V).

(3) Similarly, the hierarchical porous Ru-based PMC slurry was
spray-coated onto nickel foam and thermally treated. The Ru-Ar-400°C-

Air-400°C cathode, prepared via argon calcination followed by air

v
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calcination, demonstrated optimal performance. Alkaline electrolysis
testing (60 °C, 10 wt% KOH, cathode: Ru loading: 1 mg cm™, anode:
commercial Ni anode) revealed a cell voltage of 2.081 V at a current
density of 1 A/cm?, both lower than those of a commercial 60% Pt/C
catalyst (2.184 V). Furthermore, a large-scale circular nickel foam
electrode (30 x 30 cm) was fabricated. Industrial-scale electrolyzer tests
(50 °C, 10 wt% KOH) showed: (1) a cell voltage of 1.81 V at 300 mA cm™,
significantly lower than that of the commercial Ni electrode (2.01 V); (2)
excellent stability, with only a 10 mV increase in voltage after 78 hours of
continuous electrolysis at 300 mA c¢cm™; and (3) the Ru cathode rapidly
reached a stable operational state, while the commercial Ni cathode

required more than 10 hours of activation.

These findings provide a solid methodological basis for the synthesis of
hierarchical porous polymeric metal complexes and present a promising
strategy for the development of high-performance electrodes for alkaline

water electrolysis-based hydrogen production.
Author: Qishuai Zhu (Materials and Chemical Engineering)
Supervised Prof. & Dr. Long Kuai

KEY WORDS: polymer-metal complexes, Ru-based electrode materials,

alkaline water electrolysis, hierarchically porous, overall water splitting
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Figure 1-1 Schematic diagram of the anode and cathode devices for water electrolysis’>!
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Figure 1-4 Theoretical prediction, electron microscopy images and performance data of OH*
adsorption environment regulation on Ru sites!]
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Figure 1-5 Size and composition characterization with performance data of RuM/CNTs (M =
Cu, Rh, Pd)is?]

Zhang %5 N i #5155 SN, SEIL 1 LT A BORS HE R 4%, R R Ak
EARTR, Il T RuNi & 08T ZeNiNx (952 5 458 (RuNi/ZrNiNx)
TR G5 AE) EAT AT B0 R AT 2 A% R B AR SR R S R AR E M, A R8Ik 1 AR G AL R Y
PERE AL TE 1, AT ZRI H AR 57 B HER J& OER fEACTEE . A0 5 14 B A 1)
T BT A A Y Zet bt BT TE I B R AK 40 R R B AN S B 7 2
fiet 7 HER 1A% A <E ) RuNi #& W@ R i % 5, Uik T S &6

I:IHE’
8

-



iy AN YN T R VAT

MIMiFER 7 HER #0%. B6Ah, Zr 721 B OH 3 H B AT =RiAr Ni 2
fir, REET *OH A E] A Fr bR i B A kA S R AR, ] 1-6 FToR .
RuNi/ZrNiNy 7£ 392.8 mV ik A7 PRI 2 A/em? 1) HER HURE R, XT
OER, 'EfE 1.822V T4 2 AJem? [ HLIRE L .

- RUN/ZINiN,,
- Ni/ZrNiN,
o Ni/NiN,
—>-PYC (20 Wt%)

o

,Currenty density (mA cm'z)B
o
S

n
=3
o
o

1 M KOH

1.0 05 0.0
Potential (V vs. RHE)

o~ RUNI/ZININ,,
o~ NI/ZININ,
- Ni/NIN,,

o

1 MKOH
1.2 16 2.0 24
Potential (V vs. RHE)

B 1.6 RuNi/ZrNiNx HEALTIK) £ el A S BURAIE K 1 e s 53]

Figure 1.6 Schematic diagram of the synthesis process, morphological characteristics and
performance data of RuNi/ZrNiNx catalyst!*3]
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Figure 1-7 Schematic diagram of the synthesis process of Ru@V-RuO»/C HMS and the
morphology, microstructur(>’!
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Figure 1-8 Microscopic morphology and performance data of RuSAs/Ni(OH),@FeOOH
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JEHEAT AR EE, 5 Ru 580 T8 B I ) B B HE R ik TR BTt
th, SEM 45 IR, SumiiR/a AR AR A 5T, T S KR ER ) R 1Y)
HLB I IR T SR IR o W7 R B & YE AT 30 IE,  AH R & J7 756 B Fe
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2.1 SERERSY
2.1.1 SEIR{Y=S
AT AT BIRACER A S TR 2-1, GAFEEBRR. S5 LLRT 2K
*2-1 LA AR — AR

Table 2-1 List of experimental chemical reagents

ey iR e
BT RF JA1003 TIRAX AR IR A ]
A A A Folee-W001 L7 8 MR EIT B & A PR A 7
TH5AE DHG-9036A R 2 SRR R AT IR W
B OTF-1200X E MR BRI AT B2 7
iEEawia KSL-1200X E MR BRI AT B2 7
TR L Nano Genizer 30K IR RN AKAE ARG TR A 7]
Zeta AT S 49K 775 3 BT AX Zetasizer Pro i [ Malvern Pannlytical 2 7]
9H7E XF100 B4 XF100 TR A2 E B TR A

2.1.2 SEWSF
KREFTH BRI RSSAT TR 2-2, AREAELAKR, oL A (S
) KT 5K
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22 S

Table 2-2 The list of experimental gas

SR 5FR i (EEE) S
AMIEER Ho/Ar 5% EIAIR SN A R A A
Gkt Ar 99.999% BHIEAIE S A R 2 A

A ES P B A T3 2-3, AR T FUR DUR

% 2-3 SEIGAF—

Table 2-3 The chemical reagents for this experiment

TS Zinmigit A% e

KA = F s RuCls;-nH,0 VA ELt H MBS 2 SRR TR A 7
FHRR HPtCls-6H,0 Iy Hr e HHAR S < B AR A PR 2 7]
SRR HaIrClg 6H>0 VALt TN B R ARAT IR 7
TR NaNOs paniEL 5] 244 4k 2 AR BR A A
TR B Zn(NOs)-6H,O  J3#fréd 3] 24 5 AL 22l BR A 7]
T R Co(NOs)3-6HO0  43#fr4l I3 24 5 AL 22l A BR A 7]
FRARER Ni(NO3)»-6H,O0 43 #r4li ] 244 14k 3R BR A
i 2 4 Cu(NOs)2-6HO0  43#r4l 3] 24 5 AL 22l BR A 7]
TRk Fe(NO3);-9HO0  /3#réli 5] 244 14k 20 BR A A
TR La(NOs3);-6HO 234l [ 24 £ AL R PR 22 =]
FH R Yb(NO3);'5H2O 7042l 22 sobk g Bk 2R B A )
TR AL Gd(NO3);-6H.0  7ptfrall  Z2 s MRAE L 2 kh A PR A ]
I C6H1206 srirat Bl iz T AE AR AT BR A 7]
PVP (C6HoNO), v TEL BTz T AE AR A BR A
AL KOH srirat Bl iz T AE AR AT BR A 7]
LI C,HsOH Iy i ol Bl T A RHS AT IR 2 7]
SN C3Hs0 G4t By T AR A BR A ]
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2.1.4 BRI Ru ESHFERAEYNHIE

¥ 0.0761 g WEIREN. 0.0867 g H & HE. 0.0433 g PVP IKIKINAZE2EH 6.1 mL
HO [, A RGIREGHAE, M 0.56 mL [#) RuCl ¥ (0.2 M), @
FREGYI G IERINNE A Z A, @A SN, EETEIERT, 1%
A R E I B P, EIRE 700 °C A FHHTERAEE, AP H
ity (RSO 2 T 49 B0 b R o R O AR 280 3 i R ALK 1 38 £ 8 0
Pk JE 8 B TR TR, ERR 2RI Ru iE 0 TG . &R &
S 2-1 B .

N\
1
Tube furnace 9@ :
O. 0. [} |
Atomization collection ° °
( 700 °C O ----- - e
e oo |
°%e® 1
° '. o
|
1
Ru-PMC-HP /
4

—————————————————————————————————— -

K 2-1 24 Ru ks> TRCE G RAEE (a) KSEPIE (b)

Figure 2-1 Flow chart of synthesis of hierarchical porous Ru-based polymer complexes (a) and

physical picture (b)

2.1.5 ELFIAYRIE
(1) ARHET 28 (SEM)
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SRR S RO TES . AR 2SS, R R T A X R 2330 AT 58 1 A 5
BHEENT. A Gemini SEM 300 B4 L BB, SORTBCRAEECN 200 /i
f&%.

(2) X-SFEb RKATHS (XRD)

MEFE SRS, BT RE AR G5 S R SR AR IE AR
PR [) TD-3700 A4 X S ATHRAL, MK RG] 2 6=20-80° , FAHiHE
J& 5 °/min.

(3) BT BRET (TEM)

MERMEA IR TEAS . VR BRI . RS SEE B . RA JEM-
F200 BUZ S o7 R MR & 8 H SERFE SR AR A L D
L2, KIEBOHAER N b, SRR AR .

(4) X FEIeH TR (XPS)

T L4 A AR T AT RAEAORLR AL 5 2 S M A5 L AR S50 R F X
2R T BB X (35 ThermoFischer, ESCALAB Xi*) #EATMIK, Al By 145
AL C 15=284.80 eV AW bRiEATfaf IR IE

(5) HRmANMK (BET)

DE FE M EL R TR . FLAR A S B, K Micromeritics A F] ) ASAP
2020 A AT FRELZ) 0.1 g #£4h, 7E 300 °C R i <AL #E 3h, #RJ57E 200 °C
RRE AT No IR

(6) fHHEMLAMEIEAC (FT-IR)

ZLAN IS TR A TR EAR, Hle e s DU e PR T EER
B BAFIIRE S E T T OOGHE T, FE SO0 R E SR R 2 RIS 2 3 80T K
JE I 2R R AR AE VAR A o 8 LA . 30 T S R AR B B0 PR A e R A
R I B R R ARUEO T ) T A AT AR AR AE S T AT . BRI S E )
TERGIE « A2 SRR W [ 73 S A A ) . WD 4l 4y o 1205 id i —
ORI AT SRAF A BOR RE S 8, B AP, RS = 4. SR H A
B IRAffinity-1S A 88 HEAT IR .

(7) [FHRST X-S 2Rl
X R SCRE AN ZE K3 (XAFS) & MR X I: XANES (X 280k
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ARG SRR T 1 T SRR SR I & . BB TR R
XA FRVERUR . EXAFS (378 X ARG AMEs Hi): T O6 i 7 h&hix
JE U T RN AT R T HES AR, Al EEIE . B ORSE£0.01
Ay BRI E A KTy FES 4L

(8) Zeta HAL S AN 73 BT AR

SEI&AE F 4 2% 45 [E Malvern Pannlytical 23 &) Zetasizer Pro fRAX 8% . i@ id
A5 DR BE 23 A ARG 0 2 ARk B R R R KA B o AT I o
22 BRER
2.2.1 Ru-PMC-HP #J TEM RIER 74

2-2 fionoN Ru &0 T4 B BC A W) STEM B & Jt & mapping &l . STEM
P B o EB 3 51 0 A B g K Bk 2 i, TEAR NERTZ . 6 & mapping B EIR,
FEREZRE (Rw. B (O & (ND AIE (CD k. Ru JGEISIARLEAT
ARRH, 2] Ru AE VA S o BE Bt . C R P I 5
oA, KRBT BEAE NEBAFE. N A ClL &R I A th BN 5], RS T
REAFAE & B & AL B PRI BC 4

P 2-2 Ru-PMC-HP f{] HAADF-STEM }% EDS mapping &

Figure 2-2 The HAADF-STEM image and EDS mapping of Ru-PMC-HP
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2.2.2 Ru-PMC-HP WFLIZ 3T FLLIMIERIER R

K 2-3 (a) IR T RuCls. PVP. NaNOs. CeH1206 L& RuCls. PVP
FlAS [ SR B i HE A R FLAR A P o el B AT 0, 505 R RuCls W PVP L NaNOs.
CeH1206 & i H A B2 B FL- KL 2 RALKPIRES, HEZE SR T 50 nm (1)
RILXI: 1ff R RuClsy PVP J5URMG B AR RL AR TR 7E 0-20 nm 2 [A],
S FLAEDIRE, R T FRE NaNOs il CeH1206 T2 i H K FLI B 2
K 2-3 (b) 4 Ru-PMC-HP - PVP M EHIZLAMEIE K. i 3200-2400 cm ™ X
SR IR STV Xof 82T O-H Fl N-H I 4EHIR SN, BB AR AR P2 BB ik . 1600-
800 cm X I I IS IR B T C=0 C-N. C-O Z5HE RSN, RWIM R IELERR
B, RAomEEE. KW, X Ru-PMC-HP T PVP AR ZL AN GIE B A 41, Ru-
PMC-HP # k3 LL PVP (18 4L 45 0 Skl

0.08
A] b RU-PMC-HP
' -0.07
1.0 L
E 0.0ﬁg n
=2 e ———— > ?JE
Los8 [0058
g g 9
€061 (0049
[a) N €
= -0.03=
2o4- g 2
o —
2 0028 5 PVP
©0.2- ©
g -0.01
00 97 vmo—s ° - 0.00
0 20 40 60 80 100 120 140 3600 3200 2800 2400 2000 1600 1200 800 400
Pore diamater (nm) Wavenumber (cm™)

K] 2-3 Ru-PMC-HP }2 Ru-PVP HfL42 %541 El(a); Ru-PMC-HP 5 PVP HZL 4RG3 FE (b)

Figure 2-3 Pore size distribution diagrams of Ru-PMC-HP and Ru-PVP (a); Infrared spectra

of Ru-PMC-HP and PVP (b)

2.2.3 Ru-PMC-HP H9IR Bfi-Fit fit <53 fh 2 e i &2 53 4

2-4 7R A Ru-PMC-HP (a) F1 Ru-PVP (b) fIW% B - B 2535 b 28 . e P
2-4 (a) Fizn, FEFPEEFINT AT IX 38 (0.1<P/Po<0.8), WFftE &M N, KM
BLEANFLEEH, ERARE X (P/Po > 0.8), MRt E 2RI I, FWHE
HATRALEEH, ARYENHRSE RT3 Ru-PMC-HP (LR H AN 22.6 mYg, “FHI4L
128 35.9nm. H1El 2-4 (b) Jr7, TR ith 2 A5 T il 227 s A0 1 7 X33 (P/Po >
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0.4) IS, A G . f AR MR G NfLgsh, HARE I
45 TS Ru-PVP B ELRTHAN 134.7 m%/g, “FHIFLAEN 5.7 nm. X HL AT AT, Ru-
PMC-HP [P F3fL12 K/ME Ru-PVP HIN 5% .

a 40 J —=—Adserption b —m— Adsorption
= —e— Desorption - ,_,1 20 4 —e— Desomption
t 35 o
100 4
230 o
= ]
L25 g 80
3 |13
2 204 j' E 604
[e] P
I
< ] o
Adel
E 5 Flll /./ E 20
T 1 eo-o-gNan - _o* b= ]
g, Ty et A g |
b g
0

O.IO 0:2 . 0:4 0.6 OI.B 1.IO O.IO 0t2 . 04 06 08
Relative Pressure (P/P,) Relative Pressure (P/P,)

2-4 Ru-PMC-HP(a) 1 Ru-PVP(b)] 5 i i i £

Figure 2-4 Schematic diagram of the adsorption-desorption curves of Ru-PMC-HP (a) and

Ru-PVP (b)

2.2.4 Ru-PMC-HP WJJR{iZ XRD K16 K 534
N T BAE Ru-PMC-HP H1(#) Ru UM ARAAELE, X Ru-PMC-HP. RuCls,

RuO, 1T 1 Hy/Ar i& JR ¥ J5L A7 XRD 5258 . Wil 2-5 (a) s & ) Ru-PMC-
HP HJFE Ho/Ar I8 JF 56 T RIANFIREE T B XRD B, MR E] 400 °CHIA H
DR 148 Ru 5506, HE 450 °CAHIL )G e )8 Ru. Bl 2-5 (b) AR A
RuO; 1A XRD El3t, fHEI %1, 7E=E] 150 °CE I RuO, 5 5%, 1R
%200 °C, RuO, #ik 5 %48 Ru. B 2-5 () A AEEL RuCls B R A7 XRD
i, R R R F] 250 °CHE, R4 HILB 2 48 Ru 1&(5 5 . X LE Ru-PMC-
HP 5 RuO, Ml RuCl; 5 f7 XRD 5258 45#%, Ru-PMC-HP [X 5T RuCls. RuOs,
FHARAE 200-250 °CHAHL R <8 Ru, HTHERT Ru-PMC-HP AN /2 fii B i) DA
RuO, 1 RuCls L AAFAE, T2 DA BE R AR 45 M A7 £E
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da 0
500°C b 300°C
e ot - 250°C
550°C
booinignd oY Vi ngu, 200°C

500°C ___’L W, 150°C]|

P, 150°C | P L
k PR Y 25°Ch \

MHM" 400°C T ——
30 40 50 60

Intensity (a. u.)

= 2 Theta (degree)
L‘LM c
2 WSO_‘OE‘
2 0
= 5 [ e, DR
- 0
Ww S et 250 C
2
@ w
100°C| ©
bt 105
- w
30 40 50 60 30 40 50 60
2 Theta (degree) 2 Theta (degree)

K 2-5 Ru-PMC-HP(a), RuO»(b)Fl RuCls(c)7E 5% Hao/Ar 4R R JEAL XRD ik

Figure 2-5 In-situ XRD of Ru-PMC-HP (a), RuO; (b) and RuCl; (c¢) thermal-treated with 5%

Hz/ Ar

2.2.5 Ru-PMC-HP By XPS. X SteIRUBHE ML RIER 47

NHAE Ru-PMC-HP H1(#) Ru DM A TERAFAE. X Ru-PMC-HP #4171 XPS
S5, Wil 2-6 Fin. B 2-6 (a) FiRA RuO2. Ru-PMC-HP. Ho/Ar 405 (1)
Ru-C-HP #1£H¥ Ru 3d £ XPS i &l 1A %1, Ru-PMC-HP H Ru HI45 & RE %
1T RuO2, {H Ru-PMC-HP WG E B 58, BT W] REAFAEH 2 MRCAL = . an ] 2-
6 (b) Fi7~A RuO2. Ru-PMC-HP PAKJE AL PVP 1) O 1s i) XPS 3 K. W]
%1, Ru-PMC-HP #] BEA-AEH PIFT O, 1 FA] A& Ru-O-C, Ru-PMC-HP i#id Ho/Ar
TRASA S5 AE T B S Ru-Ho/Ar, RIS JFUR} PVP 45 & BEIE I 7 BRI,
MR T O-C 5o J3— M BER W PH K73, HESEGREAE 532.5 eV Ik,
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a Rusd] b O 1s
RuO,

3 El
& o RuO,
= 2
g Ru-PMC-HP ‘@
5 o PVP
= E

Ru-H,/Ar

Ru-H./Ar
286 284 282 280 278 544 540 536 532 528
Binding energy (eV) Binding energy (eV)

K 2-6 Ru-PMC-HP [f] Ru 3d XPS(a)fll Ru-PMC-HP [f] O 1s XPS(b)
Figure 2-6 Ru 3d XPS of Ru-PMC-HP(a) and O 1s XPS(b)

HE—21, X Ru-PMC-HP #H4T X SHEWMIBORE A4+ (XAFS) M.
2-7 Ffizn A Ru-PMC-HP PL Ru 6 AS R X SR iloiiighf) (XANES) PL
AMESIEEE

c0

o~
a Ru K-edge b ~

o Ru-PMC-HP (+3.6) 4
5
s &
2 =4
% )
£ 5
o 0 5
8 R
= (8]
g —— Ru foil N
= Ru-PMC-HP
Z RuCl,

——Ru0, E Ru foil

22100 22120 22140 22160 22180 22200 N o0 10 20 20 40

Energy (eV) Oxidation state

2-7 Ru-PMC-HP Lk Ru {8275 1) X SR 14 45 4 (XANES)(a) M 48U 2540 5 (b)

Figure 2-7 X-ray absorption near-edge structure (XANES) of Ru-PMC-HP with Ru foil as
reference (a) and fitting of oxygen oxidation state (b)
H &l 2-7 (a) Ru-PMC-HP ] X 5 MR il i1 25 1 4 vT %1, Ru-PMC-HP 7£
ARG G RN E S RuCl WA EAEL, MAEE 4G RERIN E S RuO, 1IN
BARRE, ALEREA T RuCl; Al RuOs 2 /8], #iH] Ru-PMC-HP Hff] Ru #r25
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T3 Hr5+4 Hrz 1a] . TiE s B 2-7(b) Ru-PMC-HP F1f#) Ru &M &SHE, 50
Ru [IM&A+3.6 1, FTFRATHEN Ru 7T HEE UL O-Ru-O [RIECAL 45 M T AFLE

K 2-8 Fon ol AR R-Z5[0) P 8 X SRRSO 411 (FT-EXAFS).
/NS J Ru-PMC-HP [RF& 53 .

a b’

RuO.
M 5.
__/\/\r RuCl,

Ru-PMC-HP

——— Raw data
—— Ru-O
—— Ru-C
—— Fitted data

N
L

[IX(R)| (A%
el

I(RIA?)

2 3
Radial distance (A)

40
,-\A

] 2-8 Ru 7E Ru-PMC-HP R %% /i) f{] EXAFS(a); Ru-PMC-HP (¥4 %3 (b); Ru-PMC-HP(c),

RuCls(d), RuOa(e) LA Az Ru § F (£ /N AL #

Figure 2-8 EXAFS of Ru in Ru-PMC-HP R-space (a); Fitting data of Ru-PMC-HP (b);

Wavelet transform of Ru-PMC-HP (c¢), RuCl; (d), RuO: (e) and Ru foil (f)

W 2-8 (a) Fizn i Ru-foil. Ru-PMC-HP. RuCls 1 RuO: #4 K] EXAFS 15
5, Ru-PMC-HP 3% H ¥l Ru-Ru. Ru-Cl Al Ru-O-Ru Bifif&#t, H Ru-PMC-
HP {))5 78] 5 85 /T Ru-C1 1 Ru-O-Ru 2 [H], J#id % Ru-PMC-HP [ EXAFS %
WHAT 0T, B3 TE RS 5. Ru-PMC-HP {47 51 3 2 5 8RR
JRFECAL, FRAZE 90 3.66 A1 3.59, Ru-O M JEFIAIEE SN 1.99 A, Ru-C
(1 )57 I BEES 2 3.00 Ao Ru-O 1 Ru-C M REE W 7 5 2.5 eV Al 7.8 eV,
FUX LB T IRBIAE . B 2-8 (b) HIE/R T EXAFS 155 154G HdE F14il
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R GBS JE BRI R A& R B T BT AR HE i HE R AR )R
et . Hidid 4 #r Ru-C 1 Ru-O B TTHR, #i 7 Ru-PMC-HP #EFHET
FCALIAEE . 7% Ru-PMC-HP [ XPS K& X SIS 445 # (XAFS) TR %L
#5471, Ru-PMC-HP (1) Ru EZ /&5 PVP 5% 111 2 AR PR AR 242 1) 45
FATAFAE . 5@ Ru-foil. Ru-PMC-HP. RuCls Fil RuO, #1417 i 25 4
HHErT LRI, Ru-PMC-HP RAESE—EHIL T Ru-O Bz, 1MAES RIS
Ru-O-C fitfiz, 5xfLLAE Ru-foil HELH) Ru-Ru #EELAL. RuCls I Ru-Cl # T
7 % RuO, HHBLH) Ru-O 4 & Ru-O-Ru BECAL I L ERE BT A ] o

2.2.6 Ru-PMC-HP HIRi 253 F0 SEM FRIER 747

%F Ru-PMC-HP {3 5 T REAT IR 7 X Ru-PMC-HP il £ [ 35 ) B 7 sk
FTRIARAY A FAE o« Q0P 2-9 i HE 2-9 (a-c) AR, FATWF AN LT Ru-PMC-
HP DL J%) Ru-PMC-HP #EAT P RRAN R 77 2 E B A 31 OB B oL, H
A&, Ru-PMC-HP fE£225d 1h Jo 4K IHOR$7 i LR 70 #1110 Ru-PMC-Ho-Air LA
S Ru-PMC-Ar-Air 7E4 3 1h J5 &I 7 A FREE R SEDUE O . 8% Ru-PMC-
HP PLJA Ru-PMC-HP AT PIAFAN [F] 77 20 B FALE B 5 ) SRORHEEAT B &P T
e F AR AT AT LIS, Ru-PMC-HP (R sF KN EBAEFFEL)A 640 nm [}
i, Ru-PMC-Ho-Air B RSF RN FEZEFAEL DY 1040 nm i, Ru-PMC-Ar-Air
(R RST K/ = AL R TEZ) S 900 nm PRHT, JEI B #3002 77 2013 20 A (A0 5B
KPR B 2 E KT Ru-PMC-HP. HE 2-9 (d) FiR, KAmHR T 2% Ru-PMC-
HP K RHABEI A OER F1 HER #& 1% (4K . (Ru-PMC-HP/Ti-mesh), MR
R 2%2 cm, FZ&EHUEIRTS 2T 4E B Ru-Ho/Ar-Air/Ti-mesh itk (OERD. H
K 2-9 (e-g) flizn, AT4EfK) Ru-PMC-HP/Ti-mesh Hi#i [ SEM ME Fr, 3Aib)sd,
7 & W E 4 A FEG H Ru-Ho/Ar-Air By A RN H1 45 1) Ru-Ho/Ar-Air/Ti-
mesh Hik (OER) ] SEM M)y, Ay sitEAezs,  H I BA 2 SR A (0 K AH o
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| 2-9 Ru-PMC-HP(a), Ru-PMC-Ar-Air(b), Ru-PMC-H,-Air(c) 7 HUE TR RIRLAR 73 A ;
BRI 28 S R AN SRR T 1 28] F AR AR 77 A2 58 B8 7 = I8 (d); Ru-PMIC-HP e & FA 9 e
B R TE6E E SEM B (e); Ru-PMC-HP 43 Ho/Ar-Air R IX AL FEATA Ru-Ho/Ar-Air
HLB A SEM JIEU (f); Ru-PMC-HP LR AC B 5 TRE | S RHBE IR FE AR 1 SEM IR (g)
Figure 2-9 Particle size distribution of the dispersed suspensions of Ru-PMC-HP (a), Ru-
PMC-Ar-Air (b), and Ru-PMC-H»-Air (c); Complete schematic illustration of the electrode
fabrication process from slurry preparation to the generation of electrode materials (d); SEM
image of the slurry prepared with Ru-PMC-HP directly spraye-coated onto titanium mesh (e);
SEM photo of the Ru-H»/Ar-Air-mesh electrode derived from Ru-PMC-HP/Ti-mesh electrode by
sequential thermal treatment with Ho/Ar-air (f); SEM image of the electrode prepared by spraying
the slurry made from Ru-PMC-HP directly heat-treated material (g)
NIRRT J5 FAKE BT T B 1] A B R T R 250 S 4, 0 3% i 7 EAT A 2R
IR A RLEEAT SEM ZR1EH,  MIREE Wil 2-10 B HiIF 2-10 (a) B,
Ru-PMC-HP HJZEIHI 7 AT 4 5], TR R Je R 2 MR Ot v] DUIER, Ru Jo&R

29



iy AN YN T R VAT

DEE ST, M TiM O MEE AR, H T tERAEEIEM Ru TR
ILEFAE G RIS AR R R ZS . B 2-10 (b) A Ru-PMC-HP #E47 #HUbFE 5 1)
Hitlk SEM Kl fr, HRmMADBbe s Bl T B Ras, BhRamiis, Ff
(1, ZHAEEE R R Ti JCRM Ru JoR RO BEPRES, EHIRSUE, Ru
TR SAHRL AR D, T Ti TR WAHR I 2

—-0
—Ti

——Ru

T T T
0 20 100 120

Intensity (a.u.)

60 80
Distance (um)

—Ti
Ru
—0

Intensity (a.u.)

T T T T T
0 50 100 150 200 250
Distance (um)

] 2-10 Ru-PMC-HP [#] EDS ]} 7t 3 2k 354 Kl () F1 Ru-PMC-HP-Ho-air (1) SEM & &
TG R K B (b)

Figure 2-10 EDS images and element line-scan data graphs of Ru-PMC-HP (a) and Ru-PMC-

HP-Hj-air (b)

Xf R R AR BT LA S S S FE AT 1 3R AE . ani&] 2-11 () o, ATRAE H,
Ru-PMC-HP A & AR5 5 iR T8 B — AN 4E B, TR Rus
O JCZ ) mapping W 434, KBS AT Ti JGER mapping &7, Ti i JLF
WG, XA Sk th 2 i R T2 A K AR I MRS R . [FIRERY,
K 2-11 (b), #UbH5EZ J5 ) Ru-PMC-HP-Hy-Air HARARI R I H I LORE,
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fEM\ Ti JUE [ mapping AT ULE 1, Ru iREF B s ERE b, JER IR G
AT A A P 5 B v AT S BUE R R T IS ZE AT IR

P 2-11 Ru-PMC-HP(a) #11 Ru-PMC-HP-H»-air(b)] TEM & &% EDS mapping

Figure 2-11 TEM image and EDS mapping of Ru-PMC-HP (a) and Ru-PMC-HP-H:-air(b)

2.2.7 PMC-HP B9& A SEE8 & XRD TEM RIER 74

Intensity (a.u.)

40 50 60
2 Theta (degree)

2-12 fRBRG BRIk 7 2 A B HE 1 B4 4> PMIC-HP [#) XRD [¥l(a); Ir-PMC-HP [{] STEM

F1 mapping &l(b); Pt-PMC-HP [] STEM #1 EDS mapping [&(c)

Figure 2-12 XRD patterns of single-component PMC-HP synthesized by micro-droplet
confinement method (a); STEM and EDS mapping images of [--PMC-HP (b); STEM and EDS

mapping images of Pt-PMC-HP (c)
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B SRR R T VAT Tt 2P 4R R, B RO PR 1% A U Fe.
Gd. La. Yb. Ru. Pt. Ir &FiA[E—JG4H 5 ) PMC-HP Biki, a1/ 2-12 Fron.

K 2-12 (a) AI7R A Fe. Gd. La. Yb. Ru. Pt. Ir fJ XRD i, w1 E" 41,
A HH S Feo Gdy Las Yb. Ru. Pt. Ir 148 PMC-HP ki A H I BH 2 (1)
15108, 54 MUY Ru-PMC-HP (1) XRD WIf A —5, %4k XRD i ] 2 0254
BHLRPIRA . B 2-12 (b) 178 & ) I-PMC-HP (1) STEM F1 % 76 & ) mapping
B, AR SO ERCK RSE ISR, Iy N CL C. O JUER ARSI /0 A e ik
Fo B 2-12 () Fras A& I Pt-PMC-HP ) STEM F1% 7t & [ mapping &, &
FR AR b FRVRE A A AR RS (R, Pty N Cly C. O JCER ARSI 3 A R34k
F.

BE—2B 1, FEMFEIREBGRAET, E oRRE FRI0E A T RuCo RuNi.
RuZn. RuCu. RuCoZn. RuCoNi. RuNiZn. RulrCoNi. RulrCoNiCu % —Jji. =
JGs V9ot HIGH) PMC-HP ik

.l | RulrCoNiCu

Intensity (a.u.)

20 30 40 50 60 70 80
2 Theta (degree)

B 2-13 WG BRI A R i ot =8, Moo, o) XRD

Figure 2-13 XRD patterns of binary, ternary, quaternary and quinary components synthesized via

the method of micro-droplet confinement.

W 2-13 FrsoNE R XRD B, BEATE1, &5 RuCo. RuNi.
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RuZn. RuCu. RuCoZn. RuCoNi. RuNiZn. RulrCoNi. RulrCoNiCu ¥ i 3 H
PLBA B AT e, 150 06 ) Ru-PMC-HP ] XRD UgAH— %

K 2-14 TR N4 BORE S 1K) STEM [ J % 76 2 1) mapping #1045 B . i B FTR,
AR o0, =0, PG, a5 PMC-HP ki35 A WACK R F, B A sk
6. =76 V76, TLICHITEE mapping BT LI, &R EE TR A1)
T #A L.

K 2-14 SRR BRI A 8 RuCo(a); RuCu(b); RuZn(c)Fl RuNi(d)f) STEM Kl 2 EDS
mapping
Figure 2-14 STEM and EDS mapping images of RuCo(a); RuCu(b); RuZn(c) and RuNi(d)
synthesized via microdroplet confinement
Kl 2-15 o 7 = WonM B2 Rflm o 7B -E Y STEM E£AEL
S0 N TG ER 73 At mapping o HE ST ML T A A R . SRR 2
PNEAMCK G RRL TS, KAt o A3 5] s dlid RE 2 (0B X S 8ot 7T &R mapping 7]
PV 23], #AEfH Rus Cov Zn. Irv Niv Cu FFEEEM IR HIA LY
LIS . FrERE RN Z, A BRERIN AN=7T3 T,
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H B e R RERFF LA O 0 e, R BB B e s M R, XUESE 1 P
K FH RO R AR%: 5 B SR S A 1 26 22 A0y 2 AL o0 1< Jm e & W 77 T )k
FrL s

K 2-15 AR PRI A ) RuCoNi(a); RulrCoNi(b); RulrCoNiCu(c)] STEM K & EDS

mapping
Figure 2-15 STEM and EDS mapping images of RuCoNi(a); RulrCoNi(b);and
RulrCoNiCu(c) synthesized via microdroplet confinement

BT, UESE T OB FRIEGE XS T& . PMC-HP ()855d@ . A AT LG R
FH 1) PMC-HP WEARCKRR =4, el LA —Jt. —=Jo. DUt Hoo%
PMC-HP WACK R4 o
2.3 KENGE

(1) A< 5730 1 A5 FH A PR A 77 1) 4% R LR AL 2 AL Ru FE 701

& B A YRR .

(2) ilid BET fLA2 50 1045 LAIE W R & N FL-RIL 2 AL, FIA Ho/Ar ik
Ji XRD JEA7MIE R T Ru-PMC-HP #fJ Ru F34E L Ru* 8¢ Ru* 78 AFAE -
i XPS PR R AES RAET-BOE] 7 Ru-PMC-HP H'i) Ru 7& LA Ru-O 1 Ru-
O-C MIBCAL B AFEAE, AITTHEN H Ru-PMC-HP 1) Ru B L PVP E4ER) 2
AL B A 32 (1 S5 R A TE
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(3) i ¥ Ru-PMC-HP BCHill SRR I, BE ] 03B HC IR RN S PT . TRt
B MHHATHOC BT RLAR 0 i, R I Ru-PMC-HP BRI, HBIR W
PS5 SEM BRSF—81. it SEM F Bk 3K Ru-PMC-HP Wik T4k HL /5 ik
AT #A B (1 AR A Rt £ Ry SR e A A B 5 5 i ) % 1) FRL AR ) 2 A 1) BE 45 5)
HASHOHE ARG . T EDS &KLHIF BB FRFHER 71X — .

(4) JEWAE 7 ERERE S, &7 —J6 It =76 oo kfiot
¥ PMC-HP. &t XRD FAE &A1 PMC-HP 5] Ru-PMC-HP J H 3L &
AT g, HiEid TEM & JG% mapping ] LAfS H TG & 151 40 i

RINTAR R 5E NS 2 AL n T e BB SRR i 1T —Fogrig iz,
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B35 ZRFL Ru EPAREARA L RIH] 2 B ARk
SUERERTR

LK I SR LR TE COx HEREEL =, A2 SEBLT RREE RIS — Fh
A TR AEAREON i JE0RHE) (dn.: KA =3 kIR, B oK RS
BN AR T e A LE B A LS, w7 A KR U R 2 ek R A K
HH T H g 4 T B AR AT 32 B2 P07, SR, HER A1 OER 3 /)22 2218,
SRR E SRR, P EBEAT TR K S B R PO R vk g
OER/HER XX Lh fitg FL A 51 A 24 BTATE 7C (1) S B SR A A

HASF 2, fl& R i, HA mad v i @ L OER A1 HER XU fE
AR A TR T BRI i) L) S B 031060 i e OER/HER XU g kAL,
FFEAESN KA DAV O . FERPE B, Ru FERPRFE FL IR H 7K 4y
TAEACRE AT O B AR AP A Rk ARTT, HPTAMA Haes 5 Ru HISS & 98 =
72 FELAS FELAL 2 1k BE B e 0 S Bt ] 3R 1071090 g m R A 0 A FR SR} L9 S ARAE 3K
Bk LA b B 3 R R R R AR T AR 2 A bl b i, 1T AR FRG 5 7R A A
FE 4 FELAG FELaT B A% i AT B AR A PR e 1O ) TR, i A RS e i S5 R 4l oK
MR AL S IR b, TR E IR T AR B RE

SR, R AAE PR A 220 DU HEL - R Bl ) S A P EL A 20 1A
HURRINO U, 32 5001k, K2 Bl FU AR AR BT ZE AL AL 7], XA &
ATEHT ZI OB SR A T B PR B AT PR AR AP REL 22124 5 Ir BE AL AR
e, Ru BEEEMELEA E SR MAEER AR A . 2R, HBERIARRE N
BHAS T Ru BN . BRI, PR R miEtE. mRasE PR Ru 22
A YI H FR2120,

A B SR FH AR PRI AR & B B N L-KRALZ RALEMN Ru FE &1
G5 B T A5 D BRI T F61) BRGS0 TR B AT A Ab B, Se it Ho/Ar 385 J5 F AT
S MBBE Y Ru-Ho/Ar-400 °C-Air-400 °CRH AR H AR A R AT e Mg - 76 10
mA/cm?® (RIS E T, o AN 233 mV, HAE 10 mA/cm? f# L3 T Ik
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Higmt, 10 NGB LFEZER, BER T 5L RuO, FaE N, 7F 60°C,
WEEN 10 wt% ) KOH MR 26 4F T, MR ILIK HI A /S, 76 1 A/em? B
T, HIEMNA 1.873V (Ru fi#F: 1 mg/em?), BEM TR RuO, i 2.224 V.,

3.1 KIRERSY
3.1.1 £ %m
ARFENTHT 25 AR E T3 3-1, AR5 T30 HUR LR
# 3-1 LI — R

Table 3-1 List of experimental chemical reagents

24 i 44 K 71 FA% e

IKE=ZFAES RuClz-nHO AR MK R 4 R A R PR A
Al PR NaNO; S3Ar e [ 24 5 B4k 238 70 A PR 2 )
PVP (C6HoNO), Sy A4 BT hr T AL R A BR A F]
] 61 A CsH 1205 AR BTz T A AL B A BR A 7]
A KOH AR Rl hz T AR A R A A
Y C;HsOH AR BT hr T AL R A BR A F]
SN C3HzO AR BT hr T A AL R A PR #]

3.1.2 LIS
AT H RN 286 A 28 41 T3 3-2, ERMNE AR, S PLA) FK,
32 I AT — AR

Table 3-2 List of experimental instruments

£ Fx iess [
HL 7R JA1003 JITRAXESRH A PR A A
B A Folee-W001 L7 E R RS AR A H]
TR A6 DHG-9036A RS S WA TR A
(EFwa OTF-1200X B HERF R HARF R IR 2 7]
GiEw e KSL-1200X H HERF B AR R R A F]
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B 3-2 AR

Table 3-2 List of experimental instruments

4K R IS
HLAL 25 T AR DH7003B TT 5 ZRAEA WA B2 A5 TR A ]
AEM WX & SSAEMWE-1T02 MK REVERHE A PR 2 7]
Yl 7= XF100 Mg XF100 M Az H A R~ A

TSR AL Nano Genizer 30K JRMNIIRAIK AEME ARG IR A A
HIEML YLJ-HP-9 IR A B IR A A

3.1.3 KIS
A ZEATFTH RIS SR T 33, SiRAEAR. T, diE s
=) K& FK.
#* 3-3 SERAA K

Table 3-3 list of experimental gas

2R 7k i (s EE) e
SERES Ho/Ar 5% EIWAIRE SN A R A A
R Ar 99.999%, EIRAIR S R A A

3.1.4 PBRAREBARATRIAYHI&
(1) Ru-PMC-HP K%

4 0.0761 g THEREN. 0.0867 g i % FE. 0.0433 gPVP {KIKIMAZHEA 6.1
mL H,O M, BAERGIREGHNE, A 1.12 mL ) RuCls (0.2 M),
R R A S UM B P Ak A, B A, TEE S IRIER R,
137 RS S, AR EE DY 700 °C 2 AF R REHT EiR AR, 7R
b o) — iU R3S BAR BE B K . FREeid 3 amAl/Kn 1 3 £ 25Ok
JETE B TR T TRAE R 2 0 Ru 30 FELAY . S RiifEnE 2-
1 Fros.

(2) FRHAHCE S F AR A i 2
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B — %€ T 58 1) Ru-PMC-HP 5338+, IR NEEF 5 wt% Nafion (L
B1999: 1), BCRIKEEA 4 mg/mL MIZKEL, JELERE A HLH RS Tl Kl s
SEHIEHA TR HEAN 2 X100 BHRACTH, iR AR, BHRIADY 1% em (RAAL
SEPEREIIAE D, Ru 3B Z18 0.2 mg/em? (BUbHJE), DLEBHATH R 2%2 cm
T R K EEREINR, Ru BREZIN 1 mg/em? CGAALFRIE ). Bl oKt 1l 52 i
2*2 cm WA EIE 5% Ho/Ar SR T EL (2 °C/min) THEZ 400 °C, 5 HAW
R, B R REE T RS 2 400 °C (FHEDE SR 2 °C/min), /5
SR VA 1 2 2 IR A 2 B AR F AR A R

F Mk RuOn AL SR B B3 5 SO VE A ] o
AN B BB R FEE 1 R e AR T KA

3.1.5 PEIRERARATRIA B AL S M AR TN

FEARTTRISEI T, B AR R = iRk &, K DH7003B
PR f A 27 T o 1R B 2 T A i Kt PERRZ P R R R ) LA 22 R RESEAT T
RV . 7E =B R b, s B I R 80, A B A A2 0
HLB IS, 2 LR FH A Ag/AgClL 2Ll . FLAEWA 1 M KOH (pH=13.6),
IR 25 °C, {f FHAEFR K CARA AR IR B R I o Ml AR A8 7S 07 R
D% PO BUE NN R

Erue = ESCE + 0.198 + 0.0592 x pH (2.1

3.1.6 PR BRI AYER BRAK 1 e VAN

ARETLI R, KL RETE B KT BBV RHEL 2 71 A= (1 AEM IR
& LTS LA, AR 10 wt% KOH, iREE: 60°C. 7E
TR PH AR AR AR, BB A R T 60% Pr/C #E4EFT, Pt IZ &N 0.3 mg/em?,

3.1.7 EALFIRISRAE
RERAAGE 55 —F

3.2 ER5VL
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3.2.1 Ru ZPAIREBRMEIA) XRD RAER 5347

B 3-1 A PRAR E AR AR AS [F) b 277 AU B 5k AR XRD #E . ]
3-1Ca) i, SR BRI A i) Ru-PMC-HP F4 H BLRA S (AT S, 35 Ho/Ar
IR 5 4 PR B AR SRR 42 8 Ru, T I 2B S5 A i RuO,,  HLAG AR, R
s/ i C-Nickets RuO2. C-RuOs ) XRD 1 EIRBUALE S &, dhki R sF K
WE 3-1 (b) B AR R 261 T Ho/Ar 38 5 B 25 AR08 0 B A% F AR A AL f
XRD K, £ 200 °CHI 300 °CHIZEAT T Ho/Ar & J5 5 B AR F 23RN
RuO2IRZs, TI7E 400 °CAHI 500 °CHIZFAF T Ho/Ar &[5 5 8 MR R R I N
& )% Ru RA .

d N C-Nicket net_‘__
i Ru-H,/Ar-500°C-Air-400 °C
et N .. Ru-Air-400°C 2
e O Ru-H,/Ar-400°C
~ . ~ Ru-H,/Ar-400°C-Air-400 °C

Ru-PMC-HP
Ru-H,/Ar-300°C-Air-400 °C
l C-RuO,
A A r W N -

Ru-H,/Ar-200°C-Air-400 °C
J | RO,
N A

20 30 40 50 60 70 80 20 30 40 50 60 70 80
2 Theta (degree) 2 Theta (degree)

(=3

Intensity (a.u.)
Intensity (a.u.)

B 3-1 AN[RIAR 2R 5 3R B BARAD B (a) A1 AS [R) L BE S b JE 26 1 (b)Y XRD &

Figure 3-1 XRD patterns of anode electrode materials under different processing methods (a) and

under hydrogen and argon reduction conditions at different temperatures (b)

3.2.2 Ru EFAREARM B TEM RIER 747
K F TEM %t Ru-PMC-HP 7£ 5% Ha/Ar-400 °C & J5 fi BB (1) 55 R 235 4 sk
—HHFRAE. HE 32 PR, @ EEIRE SR B Ru-PMC-HP 23 2 1L
oK 2= O g5 1) . i EDS-mapping B4, Ru X B0 RK WA A T2 FLER .
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oA

P 3-2 Ru-PMC-HP 7£ 5% Ho/Ar-400 °Ci& J5 J5 Hi i 1) TEM & EDS mapping .

Figure 3-2 TEM and EDS mapping images of the Ru-PMC-HP electrode after reduction in

5% Ha/Ar atmosphere at 400 °C.

283 2 SBRE Y Ru-PMC-HP /Y STEM 1% & EDS-mapping W1l 3-3 Fi7s.
EHEINZ IR, @5 BRE, Ru RS AT 2B E, Xft
A Gk A T

3-3 Ru-PMC-HP 7£7/S 400 °Clx 2 f5 il ] TEM A2 EDS mapping K.

Figure 3-3 TEM and EDS mapping images of the electrode of Ru-PMC-HP after being

calcined at 400 °C in air.
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2 W B J5 1) Ru-PMC-HP [¥) STEM 1% )2 EDS-mapping 1 3-4 Jit
o JESUEIUNAMMI £ FLIER, 18id EDS-mapping E%, Ru K EITEY
oA T 2 ALK E

3-4 Ru-PMC-HP 7£ 5% Hy/Ar-400 °C-Air-400 °CIE2 )5 LM ) TEM & EDS mapping

P

Figure 3-4 TEM and EDS mapping images of the electrode after Ru-PMC-HP calcination at

400 °C in 5% Ho/Ar atmosphere followed by calcination at 400 °C in air.

3.2.3 Ru AR BB FIEY XPS RAER 74

HFE 3.14 FT7R A 5% Ha/Ar-400 °CHI 5% Ho/Ar-400 °C-Air-400 °CIELE 5 HL i)
Ru3d BLA% O 1s ) XPS . H1& 3.14 (a) Fim A 5% Ha/Ar-400 °CHIl 5% Ha/Ar-
400 °C-Air-400 °CHB5% J5 B M Ru 3d XPS, Ru-PMC-HP 7£ £ S iR &S A 58
JG RN NEE Ru RS, LA GUREG, 468K, &8 Ru 4N
Ru*", %% RuO,. & 3.14 (b) A Ru-PMC-HP 7£ 5% Hy/Ar-400 °CH1 5% Ha/Ar-
400 °C-Air-400 °CHBR G LMKk O 1s B, ARG TS, O 1s KI5 5455,
HEFFH KERRIWBMKS T, D& C-O8, fEZIE 5% Hao/Ar - 400°C-Air-
400 °CHBRISFE T, RIWIN BI7K 7338 70 e AR sk da, O MTAS B 2 1 e B
KA, BREEASLL K C-O B4 L.
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b[H,/Ar

H,/Ar-Air Ru 3d
Ru 3d;,,

H,/Ar-Air .  Ols
Defect Oxygen

Ru4+

Intensity (a.u.)
Intensity (a.u.)

280 278 540 538 536 534 532 530 528

288 286 _ 284 282
Binding energy (eV) Binding energy (eV)

3-5 Ru-PMC-HP 7 5% Ha/Ar-400 °CHl1 5% Ha/Ar — 400 °C-Air-400 °CI 55 5 H b 1)

Ru 3d(a)#f1 O 1s(b) XPS.

Figure 3-5 XPS spectra of Ru 3d (a) and O 1s (b) of Ru-PMC-HP electrode after calcination

at 400 °C in 5% Ho/Ar and 5% Ha/Ar - 400 °C -Air-400 °C.

3.2.4 Ru ZEPAR B AR RLAYER L M BE T

FEFRFAT (25 °C), RIS 1 M KOH 544 MGt BH A% f iAok
Rk RE, W 3-6 Fros. P 7 R L RuOs EALFR], RILTEVEIF AN .
WA T 4% ) Ru-PMC-HP, FEPEAKIAA IR e (HidE I #3177, 44 Ru-
PMC-HP 7E75 " 400 °CHIFFAF TR T 2 AN/, iZAEHE 10 mA/em? R
JET R 253 mV i A, EATENE R ZET . THEEAE 5% Ho/Ar IRES
FAF AT R AR R I, TR S S I D AL B S Y F K
Ru-5% Ha/Ar-400 °C-Air-400 °C, &t E, £ 10 mA/em? FJHIREE T, T
RN 233 mVe WK 3-6 (a) FirR. ZJEXF BARABHE 5% Ho/Ar 2541 T #u ik 21
JE FR AT 2 SR I AL A MR BEEAT I, i 3-6 (b)), XKLL AN b ER IR
JE2Z JE AL MERE . 7 200 °C-400 °CYE [, FEEIRE M ETF, WM R, M
Thf, A REALE EA2) 500 °C, WEMERN R, BRI CKILIE” KR, iE
F 17 100 P S5 ERT TT B AE il T R AR T e Tk

[aay

a0
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X E A HIAE it I 58 AL A R REJS 5 72 10 mA/em?® (1 R ES 22 LA A2 1 MKOH
FAT, WA E M, fEKIE 10 AN/NRFRYRE IR, RS L el Tkt
TRDLA) RuO fEAGH, ERAS/N N, S BRI R BT, Wl 3-7 (o)
B o

a 350 — RU-PMC-HP b3sc 5% H,/Ar-200T-Air-400C
——5% H,/Ar-400C —— 5% H,/Ar-300C-Air-400°C
300 4——Air-400C 3004—— 5% H,/Ar-400°C-Air-400C
—— 5% H,/Ar-400'C-Air-400C —— 5% H,/Ar-500°C-Air-400°C
——Ru0Q.
2501 i, 250
°E 200 € 200
z 2
g 150 4 = 150
= =
100 - 100
50 50
0 04
12 14 16 18 12 14 16 1.8
E/V (vs.RHE) E/V (vs.RHE)
Cc —— 5% H,/Ar-400 C-AIr-400 T
——C-RuO,
1000 - @ 10mA cm?
< 1 1M KOH
£
S
— 800
8
c
)
°
o 600 -
-
)
>
(@)
400 r T T T T T
0 2 . 6 8 10
Time (h)

K 3-6 A FIARELTS 2RI AR HI F AL 22 PR BE LSV #i2k(a); ASRHRE 2 AF F =
TIL R 5 A BRI B A BT AL 22 VR RE LSV I Zi(b); S DL 2% AR LR RLAT C-

RuO, 7E 10 mA/em? B BT AR e M (c)

Figure 3-6 Electrochemical performance LSV curves of anode electrode materials under
different processing methods (a); LSV curves of anode electrode materials after hydrogen and
argon reduction and air calcination at different temperatures (b); Stability test of electrode material

and C-RuO; at 10 mA/cm? current density under optimal conditions (c)

44



iy AN YN T R VAT

X RERIF IR S TE 10 mA/em? LK 50 mA/em? B % R i3 B 24T
T4, Wl 3-7 (a-b) FR, #E 10 mA/em? [ HLI S T feflt S 1 e kot
AN 233 mV, T7E 50 mA/em? R B Fid AN 314 mV, RERTH
BEAT — Db i J5 1 Bl A L

Q 400 [ JAir-400 C b 600 | Air400
7] 5% H,/Ar-200 T-Air-400 € ] 5% H,/Ar-200 C-Air-400 T
350 {7 5% H,/Ar-300 T-Air-400 ¢ [] 5% H,/Ar-300 ‘C-Air-400 ©
[ ]5% H,/Ar-400 C-Air-400 500 4™ 5% H,/ar400 T-AIr.400 ¢
300 4[] 5% H,/Ar-500 T-Air-400 [ ]5% H,/Ar-500 T-Air-400
398
400 4
250+ 2B 241 535 gap 241 - s
2z 2 329 325
= 5 314
— 2004 ~—300+4
= =
1504
2004
100 4
100 4
504
0 0 5
10 mA/cm? 50 mA/cm
1.9
c d L [—=— 5% H,/Ar-200°C-Air-400'C

e e o 5% H,/Ar-300'C-Air-400°C
‘ﬂ%m\ ’ 4 5% H,/Ar-400C-Air-400C
81 } & -7 5% H,/Ar-500C-Air-400°C
nz'““\”n
s

-
B
@

S s
1 7_—¢—Ru—PMCfHP =
‘w " Je—5% Hy/Ar-400C T1.461

S {e—air400 c
S |—e—5% H,/Ar400C-Air-400'C 2

£161—cruo, £1.44 4
5 —— RuO, g

1.51 ’:\\7‘@“ g9 6mvidec 1.42

142.'{
58.9mv/dec
14 - T - y 1.40 . . . . r .
0.0 02 0.4 06 08 1.0
; 2 03 04 05 08 07 _08 09 10
log[ j (mA cm™)] log[ j (mA cm?)]

Kl 3-7 AR EHE 10 mA/em? FLRE BE T IS AL (a); AR HARATRIE 50
mA/cm? HLI B8 BE T IR LA (b); AN IR AR ARL Tafel 442 (c-d)

Figure 3-7 Overpotential of different electrode materials at 10 mA/cm? current density (a);
Overpotential of different electrode materials at 50 mA/cm? current density (b); Tafel slopes of

different electrode materials (c-d)

W AN [ 2% At FAKE 3 1) AR ) m A 22 1 R B 2830 4T Tafel AP 4001, WK
3-7 (e-d) fior, WALHIFER Ru-Ho/Ar-400 °C-Air-400 °CHJ Tafel £ERIUH 58.9
mV/dec, T ARHEATHAEFEE) Ru-PMC-HP i&F] T 202.7 mV/dec, i R#HT 72K
HALFE Ru-Air-400 °C AR 89.6 mV/dec FE i Ru-Ha/Ar-200 °C-Air-400 °C
) Tafel &% A 73.1 mV/dec, £ i Ru-Ha/Ar-300 °C-Air-400 °C ] Tafel £1% K 64.2
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mV/dec, i Ru-Ha/Ar-200 °C-Air-400 °C[¥] Tafel %4 73.1 mV/dec, #&h Ru-
H/Ar-500 °C-Air-400 °C[] Tafel R4 59.6 mV/dec, 1EAFEK] 5% Ho/Ar 2644 T
SR 5E 2 5 BT A BB Tafel A1t AT B 800 T Rk AT 2 BRI
AR RE,  IX AR T 20 b 1 AR v A i

3.2.5 Ru ZPRRER R AR B AR B S RE 1T

BE—35 10, MR TE AR R B AL MR R JS  6F BRSO ) ) R AR K T S R
BEAT T H0AE. B 3-8 7y Ru = BUARAAE53 T3 4 S 9 H R Fe) sl 2 P A K ol Sk
E. U1K 3-8 (a) Frow, fENTEUR N, FHAEH] T 5 B ) Ru-5% Ha/Ar-400 °C-
Air-400 °C. Nichet-net. Foamed nicket. C-RuOs A& H il ) RuO, Xt bk, Bk
1 60% PYC 1EAMINGHER, BIBHMR B ARA Ay 2%2 em, WHASFAF N 10
wt% KOH L& 60 °CE Ao

az4 - b -
—— RuUg.,p-5% H,/Ar-400°C-Air-400C == RU,y.z-5% Hy/Ar-400C-Air-400C
—a—nickel net 2.2 4—9—Rug,,,.--5% H,/Ar-400C
2. —a—foamed nickel ——Ruy.q.p
- C-RuUO,
—a—Ru0, 204
—_ 2'0 T —_—
S S
o 1.8
g'° g
© o
> 164 = 1.6
1.4 1.4
1.2 T T T T T T 12 T T T T T T
0 200 400 600 800 1000 0 200 400 600 800 1000
J (mA/cm?) J (mA/cm?)

B 3-8 AR HEAR AL ek (a) Bt it A ) Ak 277 2K (b) B R AR K 1) Sk RE AR AL HE 26

Figure 3-8 Polarization curves of hydrogen production by alkaline electrolysis water under

different electrode materials (a) and through different processing methods (b)

BTN, Ru-5% Ho/Ar-400 °C-Air-400 °CHLAR AR BERL L0k, 2540
TR RuOz, HBEHE BGRATINR, AHXS R B ZE PR K, IX B Ru-5%
Hy/Ar-400 °C-Air-400 °C LR EA T N0k A% il iE . 1% )55 i I PERE SRk
(¥ Ni EARAL A — 5 (AR Ni AR AR AR A 1 AV AR . 17
Foamed nicket. C-RuO; VA& H il '] RuOs BEAZR I H AL B S, ARRILH L
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(L M RE - 4% Ru-PMC-HP 8 i AN [R) Ab 21 7 =ABRRE H >R (1 B AR R H A K o]
APEREEAT X, Ru-PMC-HP A RSN, HIA IR LR, &
ARG, EYERTHRZ, (AR AR E T &3d 5% Hy/Ar Rb it
Ja, TETERUE TR, IS 5% Ho/Ar LR S Bbe S, I8 T st ge
TG P AT 2 RIE ST, anl 3-8 (b) Fiar.

oy m

a

N T DU 2 AL RIS, XER PVP. NaNOs DA i % B 1 i
WREAT IR, W 3-9 (a) Pron. REHGZEUREFH) PMC Kk, (H
e VERERLZE AR K. AN NaNOs il & 1) AR ENE IR iy, AR KB T
TAEMERER 2, VLML H /35K 1 NaNOs Al CeHi206 #5425 ) HRLAR AR
B2, [FIFERIUE UK, MEREZEIFR; N CeHi206 il % (¥ AR A BHE
W BT TARZ, WAL EREIE AR BIR KM AN PVP il % ¥ B AR AR
FETE AL S5V RE A SZ 3 1 ORI B2 14 5 i

a4
—9—Ru;..-5% H,/Ar-400 C-AIr-400C b —8—Rug,y.,p-5% H,/Ar-400'C-Air-400°C
== RU,,,.z-5% H,/Ar-400°C-Air-400'C 2.44
2 5 O Ru5% H/Ar-400 C-Air-400°C

Ruy,.p-5% H,/Ar-400C-Air-400C
Rug.y-5% H,/Ar-400C-Air-400'C

Voltage (V)
= ™~
co o

Voltage (V)

—_
(2]
1

—_
E=
1

1.2 T T T T T T 1.2 T T T T T T
0 200 400 600 800 1000 0 200 400 605) 800 1000
j (mAlem?) J (mA/em?)

B 3-9 WRANAS 5] JEUREXS H 7K il U1 BB 52 (a)Ru-PMC-HP 742 HIUBR 5 58 b 215 1 46 1)
FELAI 8 FEL P 7 A S 12 E (o) Bl A il 23] EE

Figure 3-9 Effects of adding different precursor materials on hydrogen production performance of
electrolysis water splitting (a) Hydrogen production performance of Ru-PMC-HP derived

electrode and electrode prepared after pre-treatment (b) Comparison of polarization curves

iR Ru-PMC-HP 742 (1) B BH AR AR 5 L2 A A BEAS 21 F B A% R B A oxe
tC, anf&l 3-9 (b) PritEmIAN, EARIAKEER B AR SRR 2% T H e R AR M Re 22 iR
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BOR, I HBEE BRI RI G R ZEOR, ARXTEE AT 2, i1 Ru-PMC-HP 742 ) HLR
MR B B RS, AR IBE TR0, AT AE R AL 1 e P 22 8 5

RN

3.2.6 Ru HEPARERARAARL A0 BB BR7K I S8 E MM R 1A

X g e B A3 P AR R AR E AT AR PRI, AR FEUB A BHA Ru-Ha/Ar-400 °C-Alir-
400 °C, FLFRA ZUHAN 2*2 cm, Ru BIEE L4 1 mg/em?, B BARA RN 60%
Pt/C, Pt FEEZ)N 0.3 mg/em?. fEIR A 60 °C, HMHERIKEY 10 wt% KOH %%
MR TR R MR BEVEAY, HLE BN 500 mA/em?. HHIE 3-10 FoR, FERTASA
ANEFIRET T, RS B, (HEE RN, BRE TRoE, HREEED
40 AN/INEF TG B B BB . Ui B IR BIRR B RS

2.2
2.0 60 °C
10 wt% KOH
2
184 500 mA/cm
>
o) e _
c) 16 _f ¥ PUAA R
8 Ru-H,/Ar-400°C-Air-400°C
[ )
>
1.4 -
1.2 1
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Figure 3-14 Stability test of Ru-Ha/Ar at 400 °C in air at 400 °C under 500 mA/cm? current

density

3.3 RE/hGE
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(1) #14#[1) Ru-PMC-HP % 515 270 HelE R 4f (0rt, AN 53 43 21 R
ST R AR RL, PR A AR IR Ru S FEAR FEARADRL, 8 AR g
FAKL I S5 ) 25 EARADRI 7 20, FR AT T IR 7 VR % AR R AR A

(2R JEURE R B B R A 78] 26 W LU PVP £E i /K il S P e P R A
RIURE IR NS A P AR A R0 A% PR RE #8126 BT R AR A R A3 PR S5 RO 5
Wi, T PVP X AT AR i RE A R BRI

(3) A% 22 i) 4% ) Ru 22 PH AR A AR R S B HH B 1) a5 4R A P R 7F 10 mA/em?
MR, AN 233 mV, HAE 10 mA/em? B HI % B FlR e
P, 10 M ERALLFIEZER, BFENT R RuO: EEEM:. 7E 60 °C, WAL
N 10 wt% 1) KOH MHAREAE T, MR IELmoK kA rERE, 75 1 Alem? HEE T,
HE{N 1.873 V (Ru fi#i&: 1 mg/em?), EE T RuOs ) 2.224 V.

XTI TAR A ERAF A ) SRR AR R A3 1 — o R, HONSEBIL 2
Bk FL M KSR T — Rl A
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£ 45 ZRFL Ru EBAREARA L RIH] 2 K66 ARk
SUERERTR

AN R LA ST 771 IR BRI, Fef i, me B L
PR AR B ISR, ORI v BE VR 1A 2 v (0 B A R 7 1271280, K R Ak
e LU REOAK A 7= i BE R 5, BRI i B RR IR RN, gk
FEAL S AT U B AT S S AN St 0 B, LA R 2 B A RHI A
g . SRS T HER BERELCARCR 2%, DIFERR IR I P 7 K 901 RAK
JRFIRJE, R A4 TR OH* R H* W B/t Bt g 0 & 58P HER B
H R R,

Pt JL 57 & R AR AT AR Tafel R AL BAL, #2008 HER TEREVF
WHFEHERA R . (HAERR, 5188 Pt KILE A, G BLA A PR 2 T
BRI T Pt FEAEAL R R AL IO, Ru BA 2 PR T454, Rt
SN PN 22—, DA AR Pt 3k SO — AT AR e 2L+
Frp, —RINESEMEF] (Feu Cov Niv Mo), GFEHRY), ik, &
W, SR W, BB mRn g 2 w2 LR,
FESEIEA b, RSt RS BISE R, AlRE AT AT, SR A
thy, BEMIRASBARN &8 -2 45 AR, 6% HER PEREN,

7 2 38 3 SR FH A i R A2 R R i R 3 A AT H A i) %t 8 KA L- A
FL2 RALAERI Ru 5 2 4 JB I A VU RURLIC B SRR TR R 5 AT #4
ACER, 153 BB B AR RE, S HCHEAT B B U, St FEAR A RIZE 50 mA/em?
IR Tk AL 77 mV, R AT B F AR K R RERI 7T, 4E 1000 mA/em?
PIHEEE T, HERN2.081 V (Ru figkE: 1 mg/em?) , T 60 % Pr/C fiEfL
A 2,184V (Pt gk E: 1 mg/em?), FLIEEHIA Tk 2% dfifhl E3b Tk, A
RCEALTAR (30%30 cm [RFZHMR), 1€ 50 °C, RFEEN 10 wt%[f) KOH M4 14
T, 300mA/cm? IR E R, HIEMCH 1.81V (Ru 7#HE: 1 mgem?. HilA
KT e MERE, 7E 300 mA/em? 1 HLIR % FE N T LA/ EHE 78 /BT, At L
THE 10mVe 5348, Ru HRATCAE A, THREL, MRk Ni Bl HZEK
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15 10 /NES LB R vE AL B[]
4.1 SEIGERSY

4.1.1 LINZAMH
ARFEIAE 2G5 5 =S AR, RS ILE 3-1.

4.1.2 SCIG{YU S
AEmA AR 55 == AE, FEEILE 3-2.

4.1.3 LGSR
ARTEFIEHRARSE=FMIE, B LE 3-3.

4.1.4 FAREER#RIEH] R
(1) Ru-PMC-HP [#)ii] %

¥ 0.0761 g FHFREN. 0.0867 g #ii%iHH. 0.0433 gPVP IKIRIMA R 3 6.1
M1 H:O HIBER Y, A RZR S, A 1.12 mL & RuCl; (0.2 M),
R A G UM R R AL A, B A, TEE S IRIER R,
SIS B g a2, AT R AR EE, JREE 700°C, FEE
— IR BB AR . R 3 ALK 1 3 B B OBk e S B
TEAETTRER 2RI R Emr TREY. &BEE 2-1 B,

(2) R B A B AR A ) %

W — € T1& 58 1) Ru-PMC-HP 5338, AR AEEAT 5 wt% Nafion (Lt
B9 99: 1, BLHGKREEN 4 mg/mL WKL, JE7ERE NS Lo Bl K s
SEMHRBE A 25 X100 BHRCR, BHREHEE b, BHRHAY 1*1em (B
PEZEPEREMIRAE D), Ru #EZN 0.2 mg/em? (AAEFEE), LI BHATAY 2%2
cm FIF T HUERAKINR, RuZELN 1 mg/em? CGAKEHLS ). BE 5 # i 52 B 22
cm [ HARA BHER SR KAF T FHEZ 400 °C (FHEIEZ 2 °C/min), & HAR
HIZR W, PR AR E T S BR 2 400 °C (FHEUE S 2 °C/min), &
SR SEEEESR R iR 2 p
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4.1.5 BATREBARAFRIAY R (L 1 BTN

FEARTTRSLI T, B AR H = iRk &, I KE DH7003B
PR 11 A 27 TS o 1R B 2 T A il Kt I AR ) R AR A R ) LA 2R P R AT T
VAL o 7 = HI AR PR 2 v, o PRI ASEE PR P02 6 A R RGP IR 0 Al e,
Z IR N Ag/AgCl S L. HERN 1 M KOH (pH=13.6), i&EA
25°C, A8 FIEPR 7K LARA CRRFE (v e o IR 45 SR B r ks 5 FE 6 40 AR X T
JULENEER TV ER 2T

Erue = ESCE + 0.198 + 0.0592 x pH (4.1
4.1.6 BATREBARAT LAY R BR7K 1 e VAN

AFEATSER Y, AR K PR REAE B2 BT KT BRIE AL A B AR AEM IR
& EEATE . SRR & S, AR 10 wi% KOH, iREE: 60°C. Mk
AR AR AA RS, BIARA LA 0 FRD S B AR A s, BH R A e b 5 D A A5
BRI E AN 30 mg/em?,

4.1.7 EAFIRIRIE
AEW RS S H =25

42 ER5R
4.2.1 Ru ZPAIREBIRIHIAY XRD FRIEK 5717

H E 4-1 T84 Ru-Ar-400 °C. Ru-Ar-400 °C-Air-400 °CLL K 60% Pt/C % B
1) XRD K. HETA, Ru-PMC-HP 7E£45d Ar-400 °CE/NA%JE Ru HI{E 5
W, T4k SR, 428 Ru #1468 RuO,, E3 Ru 55 RuO, 3577
RRAS . T T 60% PYC, Pt AJUEBE BT S, ORI T 7EAE & b H ST Pe (19
SEEL.
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I | RU-Ar-400°C -Air-400°C
| V—— | A RU-Ar-400°C
=]
S
>
7
C
()]
IS
60% PH/C
20 30 40 50 60 70 80

2 Theta (degree)
&l 4-1 Ru-Ar-400 °C. Ru-Ar-400 °C-Air-400°C LA & 60% Pt/C f#] XRD [
Figure 4-1 XRD patterns of Ru-Ar-400 °C, Ru-Ar-400°C-Air-400 °C and 60% Pt/C

4.2.2 Ru EFAREBRF R TEM RIER 24T
283 WA T BB E B Ru-PMC-HP ) STEM &% 32 EDS-mapping 1%
4-2 Fi7R.

F

250 nm

K 4-2 Ru-PMC-HP 7E Ar-400 °CZ A4 ke /5 k) TEM B f & EDS JG % .

Figure 4-2 TEM image and EDS elemental mappings of the electrode after Ru-PMC-HP

calcination at 400 °C in Ar.
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HIEIR Z A KN ) £ FLER, #id EDS-mapping 1%, Ru X HEILHR
BWenfmT2smEk, HRuM CHEEMRTHETREL.

23 TR 2R N BB S I Ru-PMC-HP ) STEM &% £ EDS-mapping
nkEl 4-3 Fios. TEEEDNARINE 2 FL5MER, i#id EDS-mapping K%, Ru X
HewamAn i T 2400k B, 0 e R & X LT RgHT & A5 FBR G
PRI it H BB 2 P0G 22

K| 4-3 Ru-PMC-HP 7£ Ar-400 °C-Air-400 °Cl%e f5 A% (1 TEM B F A EDS JG% .

Figure 4-3 TEM image and EDS elemental mapping of the electrode after Ru-PMC-HP

calcination at 400 °C in Ar atmosphere followed by calcination at 400 °C in air.

4.2.3 Ru ZAIREBRIAFIHY XPS RAER 734

K 4-4 FToR NEARRATEIE Ar-400°C K2 Ar-400 °C-Air-400 °C4&HE T 1B 585 )
XPS ##EE . B (a) Fi7r N Ru3d XPS, Ru-PMC-HP fE&S/UR FEbefE BoR
N4 R RIRAS, #E— B AE SR MR S5 B AL Ru, 7R AE T 5042 4 RuO2.
IMXTEET O 1s 19 XPS, EG TR FBEIE O 1s MG 58S, AP BRI
B4, i SR FUBRRE S, O 1s FIAIRS SR, R ERFK,
TR 28 DA A S SR T AL, HHIE (b)) P
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alar / Rudd  Ru3dy,,| P
Ru

S 5

s 3

< s

5 g

= £

288 286 284 282 280 278 540 538 536 534 532 530 528 526
Binding energy (eV) Binding energy (eV)

4-4 Ru-PMC-HP 7E Ar-400°C 2 Ar - 400°C-Air-400°C 2514 1852 J5 B b2 i Ru 3d(a)

0 1s(b) XPS.

Figure 4-4 XPS spectra of Ru 3d (a) and O 1s (b) of Ru-PMC-HP electrode after calcination

at 400 °C in Ar and Ar-400 °C-Air-400 °C atmospheres.
4.2.4 Ru EFATREBRARIAVER (L F 1 RENIH

Wof il 4 ) Ru-Ar-400 °C. Ru-Ar-400 °C-Air-400 °C. 60% Pt/C LA A% i b ity
WAL 3EAT B 2R, A 4-5 k.

450
a b 406 [ 160% PUC
0+ 400 1 nicket net
[ JRu-Ar400C
3504 1 Ru-Ar-400C-Air-400'C
-200 4 200
— S 250 4
“E-400 - S
o =200 -
2 =
E 150 4
=599 60% PUC
]
nicket net 100+
-800 4 Ru-Ar-400°C 50 A
Ru-Ar-400C-Air-400'(
T T 0
0.6 04 0.2 0.0 2
E/V (vs.RHE) 50 mA/em

4-5 A RARATEH) HER HUALSATERERIZE () JZAE 50 mA/em? REJE FE N 3L
REAEIRE (b).

Figure 4-5 Electrochemical performance curves of HER for different electrode materials (a)

and the column chart of overpotential under the current density of 50 mA/cm? (b).
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N 4-6 (a) FoRATEE T 60% PYC. ML AR MEAL 7). Ru-Ar-400 °C LA
Ru-Ar-400 °C-Air-400 °CUYAN FEARSPRL, Sf FE AR BIARATT 1 Re 22 B0, 2
60% Pt/C X Eb T il ) Ru-Ar-400 °C-Air-400 °CHI A L. 7E 50 mA/cm? [
LT, 60% Pt/C I3k B 406 mV, 7 M B 9 4 AL 7 3 FEAL R 185 mV,
Ru-Ar-400 °CHLA A BHL B 474 136 mV, Ru-Ar-400 °C-Air-400 °C B F AL i
K977 mV, & 4-5 (b) Frr.

4.2.5 Ru E[ARER R RIE0 R fR K I S0 Re it
H—40, * Ru-Ar-400 °C. Ru-Ar-400 °C-Air-400 °C. 60% Pt/C. 7l )8
WAL T L N2 Ru-PMC-HP #H47 B ik il SR ek, Wil 4-6 Fros.

a —o—nicket net | —a— Ru-Ar-400C-Air-400°C
224 _5—60% PtiC _3 b 2245 Ru-Preheat treatment
—3—Ru-Ar-400C e
2 1 4—o—Ru-Ar-d00C-Air400C o a 2.1 &
—a—Ru-PMC-HP ;.J;ﬂf:;fz’ o 0t
GV 2.0 el
P e — ,,»"’0
AP 8 2194 o o
A 9/3" 2 }};’0
¥ g18- e
° A
> 1.7 1 f(&/
Wl F
o] f
T T T T T T 1.4 T T T T T T
0 200 4_100 5020 800 1000 0 200 400 600 800 1000
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B 4-6 A FIRIAR AR A R (@) AN [ AR B 7 CHBRAA AL (b) L K ) S REA AL Hl 20t LE

Figure 4-6 Comparison of polarization curves for water electrolysis hydrogen production
performance using different cathode electrode materials (a) electrode materials under different

processing methods (b)

W 4-6 (a) Fizn, S EE Ru-Ar-400 °C#ll Ru-Ar-400 °C-Air-400 °CiX F 4~ H
WA BT LLE H, 2400 — B Ukbe)a, R B HEN, iR T
IR ROERTE, BEE RO, ZEEETE MR, XA R A ks, R
B 1 BBk, AT Bk R HH BE 22 Ru SRR AT, TR TR T HAL B PERE < 1T Ru-PMC-
HP FARAA R 14 B SRR T S A B 3o I 1) R R PR 1 o UL o () R Y R 4
A, STEERTED,  FIE TR T £ 9 Ru-Ar-400 °C-Air-400 °CHLEATRE, EH A%
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BRI BIERE. B 4-6 (b) " A Ru-Ar-400 °C-Air-400 °CHIAELFT Ru-
Pretreatment FEFRAARL, I8 EE YRR AN [R] 7 i 2% 00 FARADRF AT S, Jemiie 58
FREEAT AL BE ) AR BHEAL BT RE_E R ASEIR RN, BIRESZ FF AR
FE/N B BE N IEPEAR Z2TE )L, (HBEAE BRI IR, i T AR % o B 52,
P R ZE BRARRROBR R o X ARE T A U 6 H B AR A B 55 B AE

4.2.6 Ru EELIR#FHHE B H Tl 2% 68 R A8 B8 ARk 1 BER
BB, AR S TRl PSS, AT A BT 1 ML) Y R
B M 2 R A e DY A A R 2 A

a Bipolar Plate Composite diaphragm Bipolar Plate Composite diaphragm Bipolar Plate
_l_ » > _l_
~ o v o . . 0 o ® ”
s . ) g
o 5 8 NiAnode <]
3 OO e e g
Electrolyte molecules mg/’cm” Electrolytev molecules 30 mg/cm2 Electrolyte molecules

Anode - Cathode

Ru-Ar-Air

|—----> WO O ¢======

] 4-7 Ru-Ho/Ar-Air || Ru-Ar-Air 4155870185 i Ml 48R AR A S 7 il S5 s BB (a); il 4%
f) Ru 2B BH FE AR SEA B A K 1 )R F A A s B (b)

Figure 4-7 Schematic diagram of the divided-cell structure composed of Ru-Hy/Ar-Air || Ru-
Ar-Air (a) and that composed of commercial nickel electrodes; Physical image of the fabricated
Ru-based anode and cathode electrodes and the physical image self-assembled large -scale

electrolyzer(b)
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MBS MIEARTT 46, 55— AN LA O3 RE L AR, . 7o Lt DR e 71 B 43 P
WATRE 52 E BRI L 7o VAR 0 HE AR ST P AR A L s 5 8 e XU R 1 7 B 058 5
AR ST AR R B IR Ru FEPHAR AR, A BRI,
Ru B FEARATRI LG 25k 58 AN XURAR [ 43 [ BIE 26 = AN R AE 0 1, 28
= FELAAAE R T M AR 0 R A TR B AR B AR A R S R R R A R B
W AR S 220 35 = AN OB P 73 B 034 35 DU A PR 20, 425 DAL
Sy LA IR (B A5 BE A RS BB e A D Ak 7 B A R AR A ), S it
B AR AR 2R — AN 5 B 1) LR A 4544, Ru-Ho/Ar-Aiir || Ru-Ar-Air 2R 4318 5
Fe b AR F AR AL S R SRR B . [ 4-7 (b)) BN il LR = o 40
cm, % H) Ru 2 EARAENA BAZ 30 em R JE AR .

R FEL AR () B AR SR B TS A S S IIN T 46 Se o 2 R 2 AR S
X PR 9 BH E AR AR EL 1 H A R 20 R AT PR AR K ) SR R RIS, %o LE AR
7 bR X AR ZEL RSP PR A, BRI Ru JEITPH B ARAAEL Ru 8RN 1
mg/em?, VAR Ni (% BN 30 mg/em?. 7E 50 °C, 10 wt% KOH [%%
PEF AT B AR K A EBEINR . 2 4-8 (a) Pz, XFEE T Ru-Ho/Ar-Air || Ru-Ar-
Air ZLR 2348 5 1 AR F AR ZH U 2 R R R K AR A 2, e RT R, AR R4
HRE T, HRIATAR Ru & AR 0 /N S 906 5 BN o s, H
Bt FELR B FE IR R, E AT A2 1 Ru 25 R 2% () R /DS 5 i I 00 AR 2
F LR/ ZE RO . B S, 6 B RIAT AR Y Ru JE B AR ZE R FLR N = S L
5000 P AR 2L PR P LA /DN 3 AT R PRI B, R 4-8 (b) o, Rl
PRAERT 10 N/ — B A TR R i, B ERIRE R, mixf T A filfT
A1) Ru SR UTE 754736 1k, ATCAEBEE R . fE20d 78 /N R 1 Ul
i, BEHRIRTAR Ru 3 AR AL AT & 10 mV, BRI B AT AR Ru 26 HLE)
PORMAA 5t 57 1 AR e
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Figure 4-8 Comparison of polarization curves between the divided-cell composed of Ru-H2/Ar-
Air || Ru-Ar-Air and the divided-cell composed of commercial nickel electrode (a); Stability
comparison between divided-cell composed of Ru-Ho/Ar-Air || Ru-Ar-Air and the divided-cell

composed of commercial nickel electrode (b)

43 RENGE

(1) F#l % Ru-PMC-HP 7% 573 8 /0 v BT Bk, T 5343 1 = 1
RASEI ST AR, P A B BB Ru ZERT B AR, 383 % A 4
S AT I % BPRHE 7 2, T DA 2 PRI i e % ) B B AR AR

(2) AR i % 1 Ru 5 B AR B RE 2 I A S B AL 5« 7E 50 mA/em?
HLR A B R I AA R 77 mV, PHREEEAL T 60% PYC. f£ 60 °C, WKE N 10
wit% ) KOH WK% A~ , R Fm v l gk il S e, 72 1 AJem? HURE BT,
B AV N 2.081 V (Ru 73 E: 1 mg/em?), SFT R RELLFIR 2.166 V

(Ni 7% &: 30 mg/cm?).

(3) Wit AT TR AR, 456 58 — 5 il 2% i m A FH AR B ARb
BELL B A 1) 46 1 B AR B AR A RE - )45t 30%30 em [ T2 BA BH FELAR A ), 56t 9 FH
PRI ZEL 811 /N 2 50 b T O b B 2Ll ) /)N = AT FRL AR K o SR A ot 2 B AR e ik
BEAT X EE o FEARBRIR BE (10 wi% KOHD . I (50 °CO A AF T, 300 mA/cm?
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R RL 2.01 Ve HIEEFEVELIRRE, BfIATAER Ru 2 BRI /1
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XIRTAFAFATIRNE LA ) S S AR AR A R O 1 — o i, O Sl
il ARBREE A N IRAT i BB E F K PR RE SR i 1 —FloBrigfe.
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