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FH I (C/HgO, 4l = 99% ) ph B hir T 357 A B2 ]
PRk, 2 P N RS (Pt(acac),, 4 97% ) Fil 2 Bk N
i %1 (Ru(acac)s, 4% 97%) W4 [ % etk bR A
PR 2\ 7). B b 20wt.% PY/C Hi fi# 1k 7 24 Johnson
Matthey Corporation $2{It. 5wt.% Nafion %5 M\ 3%
Dupont ®lg 3K ¥R % (43 #r 4l , CeHy) . A AL
B (B4l ,NaOH) AT 8 AL 41 (43P 4l , KOH)
] 25 4 P AL 35004 BR 2wt A 350 4
BT AR 2 pE— A By atifeab 3,

FH T 25 K FAF A E Ak 05X i AR A 45 - R
fb2 TAEW (CHIT60D, i RIEANES AR ),
Jie % 15 45 Fi B, (AFCPRBE , PINE , 35 [ ), #4843 #r
1 (TGA,Q600 SDT, TA, 3 [#), i 5 fi 7 b 1 B
(TEM) FiliE; 43 HE L+ 3345 (HRTEM) (Tecnai 20,
FEI, EHE),X H4Ai5H (XRD,SmartLab 9kw,
Rigaku, HA<) , X S0 H FfERE (XPS,ESCALAB
XI*, Thermo, 94 [E]) A1 oL B & 45 85 1R )i+ & 4
Jti% (ICP-AES, AVIO 500, PerkinElmer, 25 ).

1.2 Ru KR HI &

¥ Ru(acac);(10.1 mg) ALA 5 mL 3 i F AR
R B (Vi Ve = 1:1), B 5 53l
PREN LT B AT, 7RI b i = IR 160
°C,f&%F 5 /hET, [ SRR HI 2 = . 8000 r-mint T
B0 5 min WY, KW 2 HUE 6 mL 2R
ORI O EERA TR (Vs Vo = 1:5) , FRKE
ODWCEEF=Y) B 4 U, LL2 B 4 2 1o W B A 2%
Ji A3 B4R A Ru 49K AE.

1.3 #%5E 454 Ru@PtRu Zk LRI H &

# Ru(acac);(10.1 mg) il A 5 mL f4 7 f&e Fil
F R B IR WD (Vi Ve = 1:1) MRS 5 43805
BN EEIER, BT P E RN E
160 °C, fR+E L /NEF A, iA 1.5 mL % T 1.0 ~
5.0 mg Pt(acac), (7% + 2R H BEEA (V eV e
=1:1),7F 160 °C Tk 4 /Nif, HARB HEE
75,8000 r-min® F &0 5 min WEEFEY), H¥ e
YR 43 B 6 mL 3R O e BN 2 B IR A R )
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1 A5 14 HL A £k 3R 4 HEZE 6 mL BR O BE A
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/NEE 8000 r-mint R ELL 5 min Y 2,70 °C
FL2S T 5 /NI AR HL AR
1.5 BBEXFIREME ST H R B FENK

il = r R AR R EA T AR, T AR
TR A LA AL B 3R FRL A (4% 5 mm,0.196 cm?).
Hg/HgO (1.0 mol - L* NaOH ) Fl & #5433 HIVE S He
FEL B AT R P, T AR B AR (R a1 5 i T - o 3.0
mg FE AL AT 0.3 mL 7K + 2.7 mL oK 21
+18 pL 5wt.% Nafion i HY, #7453 HCH 21K
W, FRWAEHE 15 L 2R S T s pl e,
FELLAMT T2 TR, 78 25 °C 7 ,N, 1A Y 1.0
mol - L™ KOH 7K ¥ 1, 494l -0.2 ~ 0.2 V (vs.
Al S -RHE ), $1 3 5 mV -s?, §% 3 1600
remin, PN BEARC IE 05 R A AR 50 9 Bt ST S
R PERE.
2 HR5H®
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(52 . = AR 28 S AT Y M 40 6B IR (]
LA:-Cy). I, THE A5 700 04 S AR R A8 SR TR AL
BRI (8 1A,),8000 r-min® K50 5 min,
WA ENTIVE. 53 bR R R O I 28 Sk R s
W (F 1A-B,),8000 r-min™ T &.0> 5 min, 15 %] &
UTTE. S AUH FR H FEVE A R, TEM RAESS
T4 7 =) o B NG o TR B 0K ST B4R
4.1£1.2 nm (& 1B;). 24 [R]EH A 7o e s R ety
VRIS, =0 o3 B 5] kAR 25.946.7 nm
PIAEAR 54 (] 1C,). AU v B i), S fig A 20k
AR T =) AU 2R R B R AR R AR AS =, 0
SRR R = R, 7 R 0 R
R FR T [ ol FH ST, 2 B o) 7= 1 A i Tl
AT REBI FARALITE AL

T SR M T IR A S R ) FE R R 2 —.
J T AEEPESIA—B Ru 4K AE  VEEIRSE T A
X IE SRS, & 2 A R[] BE R ) 4
Ru 44K AL TEM &%, 15 )F & T ek T 160 °C
PIRFF RSP —0) Ru 4k ERIERL, MifE 160
°C M4 T T LIAS B RSHES ¥ —11 Ru 4K7E.
2.2 %ELEH Ru@PtRu AKX LRI HI & R

RIE

TE Ru 4K A6 & L R i A Pt Al BRAA fiff
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As G

Before the
reaction

A

After the
reaction

P L 23l LA R YA + 4% P SR 5k 18 700 B R 2R ML (A-Co) J (ACo) B IR s AR & B, Al C, Th%
FIH = TEM BER (Bo-Cy) s (I RiAR S A1)
Fig. 1 Photographs before (A;-C,) and after (A,-C,) the reaction by using different solvents, A: oleylamine; B: benzyl alcohol; C:
oleylamine + benzyl alcohol; TEM images of the products obtained from the B, and C, reaction systems (Bs, C;), respec-
tively; (Insets: histograms of diameter distribution)

C s 27:2£7.0nm ,s 26.7+6.7nm

2 RIRIREE 41 FHil#00 Ru 49K 469 TEM B K- (A)150 °C;(B)160 °C;(C)170 °C;(D)190 °C; (il . Wit 43 Al )
Fig. 2 TEM images of Ru nanoflowers synthesized at different temperatures: (A) 150 °C; (B) 160 °C; (C) 170 °C; (D) 190 °C;
(Insets: histograms of diameter distribution)



-818 - W,

= 2020 4E

Pt AT IR LA K RS TR A Ru R IRAALE T 45 i Ru
QUK N B LR S2an R, DL S 5 45 4
Ru@PtRu Hf# fb 551 1y il 4. 181 3A-C 43 J11% b T
Ru A IK{A /Pt HT SRR A9 EE /K LA 10:1,10:3 Fil 10:
51 TEM B R A Pt BUSRIAZ J5 F= P - F a0
KIEWIES, (IR T Ru 9K1E, Bocsit
RU@PtRu HiL AL 55 ok A2 28 /N, — A4~ AT BE Y J5L A
Sl RuAZ B RNV BF[EA 1 /e, Tl Ru 44
KACHY SN E] R 5 /NEE 5 55— AT BE A T P
Pt #h5 Ru &R B4 2, iE—25 % Ru /ifK
A 1Pt BTSRRI BE R oA 10:3 A L AL R T T
HRTEM %Ak (K 3D), HAAHSEIEEA 0.22 nm, 5
PtRu 4> (111) f 1 — 2530, LB HA Pt (1R 5K

W25, kAT PtRu &4k, ICP-AES 453 %
= EAEALF9 Ru F P 451k 1:0.07 .
1:0.24 F1 1:0.26, 43 HHc A RU@PtywRU  RU@PtyRU
1 Ru@Pt, Ru.
2.3 #ZELE# Ru@PtRu/C 49 K 1 B &

FIREHRIE

o F A AR R A R B e AR RS T AR A Y
HLAEAL ). h T8 A% 74518 RU@PtRU/C 44K 4k
HE R &Rk, X AR E T T 3
(& 4). RS (A :50 mL-min?)  FHE
B 10 °C-min™, I3 A2 X 6] % 3 28 700 °C.
700 °C Jii Ru 44>k 4£ /C (Ru/C) ,Ru@Pt, wRU/C .
RU@Pto.24RU/C %H RU@Pto.zeRU/C %H%ﬁﬁ%ﬁﬁ’tt

©0.22 nm
s RuPt(111)

Kl 3 ANl Ru Fif kA4 /Pt i S8 1A T il 4 19 A% 52 4549 Ru@PtRu 44 K 46 i i AL 0] 1) TEM IR 5 (A)Ru:Pt = 10:1;(B)
Ru:Pt = 10:3;(C)Ru:Pt = 10:5;(D)Ru@PtyxRu 1§ HRTEM [ H; (I [&]  Rid2 /37 )

Fig. 3 TEM images of core-shell structured Ru@PtRu nanoflowers synthesized under different ratios between Ru and Pt precur-

sors: (A) Ru:Pt = 10:1; (B) Ru:Pt = 10:3; (C) Ru:Pt = 10:5; (D) HRTEM image of Ru@Pt,,Ru (Insets: histograms of

diameter distribution).
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i
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251 — Ru@Pt, ,,Ru/C N\
— Ru@Pt,,Ru/C =

0 150 300 450 600
Temperature/°C

K4 A fEAETR A TGA ik
Fig. 4 TGA curves of different electrocatalysts

A3 51h 12.06Wt.% 15.44wt.% 20.72wt.% 21.07wt.%.
454+ ICP-AES 455, 11 7E RU@Pt,;RU/C .RU@Pty
RU/C il RU@Pt,,sRU/C HLAEAL I H Pt 4 28 5 43 i)
4 1.84 Wt.% .6.63Wt.2% 1 7.12wt.%.

& 5A H XRD & 7R, Ru/C )£ 5 s 437 T
38.3° ,42.2° 44.0° 58.3° 69.4°F1 84.7°, W 434l
J& T /577 B % AL (HCP)Ru 119 (100) . (002) |
(101) .(102) . (110) F1(112) fif , 5 Ru HIARHERT
g —%7 (Ru PDF#06-0663). A Pt 253 )5 , Pt #h
I Ru Bz B BN, AT RESSRZM Ru A1
PRZEH 30 Ru MRS I ] AR 55 | W] i 0 1
BT (7T 40.0°,46.6° ,67.8°F1 82.0°, Al 43
S8 F i 7 )7 (FCC) Y (111) L (200) . (220) Al
(311) Fb T ©%0, AHAL T Pt bRAERT S04 (Pt PDF#04-
0802) , Ru@Pt,.;RU/C . RU@Pt, ,RU/C Fl RU@Pt, 2

>

m Ru: PDF#06-0663 ___ Ry/C
= Pt: PDF#04-0802 Ru@Pt, o,Rw/C
U .07

| — Ru@Ppt, ,,Ru/C
\ —— Ru@Pt, ,,Ru/C

N

30 40 50 60 70 80 90
26/degree

Intensity/(a.u.)

RU/C HIRTHSIER e f % , IEDTEAL T PRu &

&.

T BRGT LA R 1 T R AL B L A Ay
i, X Ru/C Fl Ru@Pt,Ru/C HL ML 7 i 47 T
XPS 4347 ( 5B). Ru@Pt, »Ru/C 1 Ru %) 0
W19 4 JE S AFAE ,Ru 3ps, F 3py, LT 45 S HEN
462.40 eV H1 484.40 eV, 5 Ru/C ' Ru 3py,(462.20
eV)Fl 3p.,(484.20 eV) B HL F-45 G5 REAH LL , &4 W
WIER. B Ru A1 Pt Z [B)f7 7 FLFYE M, Ru 2k 22
B, Pt 753 7, 530 Ru Ay HL 7454 ARG fineeaa,
PE—2 % RU@PtoRU/C () XPS BE i 43 #7175 21 H:
FM Ru Fl Pt LU 1:3.3, B SARTARAHM
Ru:Pt J5i-fF(1:0.24) , 15iBH Ru 1] BE FE MR TEGK
FERINZ Pt AT RE 2L AT TR AN AR AL R 2T AR AT
REIE A T LA Ru M#% PtRU &4 e iIRESE 45 4.
2.4 & Ru@PtRWC HXK LB FE

P BE T
P BA J2 HLHE AR TR ) B ST i S o g A

—=

£k (linear sweep voltammogram,LSV). ¥ 5¢ 451
RU@PtRU/C A AL H A AL R R e 8T 2 RE
SALT Ru/C ARGk PYC. Bl 6B Sk H {4k 75 H
T B 10 mA-em? T [¥ad HL A . Ru@PtyeRU/C
(22 mV) .Ru@Pt,RU/C (22 mV) Fll RU@Pt,xRu/C
(28 mV) i3 H 457 PR F F k. PY/C (60 mV) Al
Ru/C (153 mV). 7Eid L4 2 100 mV I}, it &
Fe 3% 4 43 51 4 RU@Pty RU/C (5.66 A - Mg lury)
RU@Pty2RU/C(5.68 A-mghq,) .RU@PtRU/C(5.06
A-mgug) I PYC(1.53 A-mg*) F1 Ru/C(0.53
A-mgl,). SICHRHRIE BBEPE ST H AR AR

vy,

Ru@pPt, ,,Ru/C
. Ru3p;,

Ru 3p, ,
gy o /MA462.40 eV

484.40 eV

\

A

£ o
\
\
7 A

Ru/C

Intensity/(a.u.)

. Ru3p,, /:\ Ru 3p,,,
484.20 eV o \\462.20 eV
vy
R,

490 480 470 460 450
Binding energy/eV

K5 (A)HAE{ETI XRD & ; (B)RU/C Fil Ru@Pt,Ru/C H' Ru i 3p XPS RERE
Fig. 5 (A) XRD patterns of different electrocatalysts; (B) Ru 3p XPS spectra of Ru/C and Ru@Pt,,Ru/C
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kb, T4t Ru@Pto,RUIC ELAT TS A ms M ST
HB R I (6 1),

Bl AT HR N T S AR K i B 1Y Volmer i
T (HO+M+e <> M-Hy+ OH; M. &JEFETMH,
M-Hy: H 754 R R W) , b5 72 S0 B8, Hey-
rovsky iF 2 (H,0 + M-Hy + e <> M + H, + OH") 5§,
& Tafel T FE(2M-Hy <> 2M + Hy) ™. FI W AT
HE SN s A A R AR i A TR ) — MK 2 Tafel
thZkpyRER, Tafel BERZ N 30 mV-dec® B, Bk
UM R N A Volmer-Tafel J i 4% , Tafel i 7%
JE HURAE I U ; Tafel RE32 28 40 mV -dec? i
B 0BT R A Volmer-Heyrovsky J2 v #£4%
Heyrovsky i 5 J2 1 38 42 il 20 B ; Tafel #5250
120 mV-dec* B, B EEMTH RV Volmer-Hey-
rovsky JZ 7 7%, Volmer 5of i 2 i S 45 il A5 g e,
&1 6D J2 H i Ak R a1 AT L B Y Tafel k.

oL
20t
E
< 40 —pC
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=
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2
s 2
0
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mV -dec™, Tafel Ak 980 /|Nihd B Pk 00T Hh B 1
RN, Ru/C FIRT A PUC Bk AT H AT fiE LU
Volmer-Heyrovsky %42 #E 17, Volmer i 72 AJ fig J&
R 5 ) 2 B . Ru@PtynRu/C . RU@Pty,RU/C il
RU@Pt, »Ru/C 5 14 & #r th e b AT g LA Volmer-
Heyrovsky #4247 , Heyrovsky i 2 1] fE 2 i %
P A0 PR B 5T 4544 Ru@PtRU/C 49K 4L i 2%
Ha 0 HE AL 2 T AT R TR T PtRu A &AL R
JUATRLN , Ru A Pt A%, s A T 5 30 A A%
FE4E , 76 A& N =R N T, BG4 1] i JLART R0,
CL 289z Uk BT AT DA i A A R 1 3 e [
B Ru Al Pt 2z [a] 1 FE VR FH 2901795 Pt i+ JR LY
HL 454, 003 Pt X H 45 588, N2 7
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= i B
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0 . ‘

0.8 1.0 1.2 1.4
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B 6 (AT H RN LSV #hZE; (B) FL R Z R 10 mA-cm? st LAy ; () B 0.1V RIS &= tid ¥4 ; (D)

Tafel {ijk

Fig. 6 (A) Alkaline hydrogen evolution reaction LSV curves; (B) Overpotentials at 10 mA-cm? (C) Mass activity at the overpo-

tential of -0.1 V; (D) Tafel curves
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# 1 RU@Pty,RU/C 5 STk H 4B AR E E0T H B A AL PR REXT L
Tab. 1 Alkaline HER performance of Ru@Pt,,,Ru/C and reported electrocatalysts in literature

Catalyst loading/

Overpotential

Mass activity/

Catalyst (g-cm?) Electrolyte @10 mA-cm?mV (A-mg?) Reference
Pt;Ni,-NWs-S/C 15.3 1 mol-L* KOH 42 2.43 [34]
1.77
. i
Pt/Ni(HCO,), 40 1 mol-L*KOH 27 (01V) [36]
. 11.8
- . 'l
SANi-PtNWs 2.0 1 mol-L*KOH (0,07 V) [35]
5.98
o 1
PtRu NCs/BP 9.2(+5.6 Ru) 1 mol-L* KOH 22 (-0.07 V) [33]
Ru@Pt,Ru 4.1(+8.9 Ru) 1 mol-L* KOH 22 (_g'f?” This work
A B
0 L

_30
Ru@Pt, ,,Ru/C
—— Initial
-40} —— 10,000 cycles
-0.09 -0.06 -0.03 0.00 0.03 0.06
E/V(vs. RHE)

g
Q
<
&
SEN|
-30¢ PU/C
—Initial
40+ — 10,000 cycles
20.15 -010 -0.05 000 005 0.10
E/V(vs. RHE)

K 7 RU@Pty,RU/C(A) FIT L. PYC(B)Tif AMERT = BB SUbT ) LSV i<k
Fig. 7 LSV curves of Ru@Pt,,Ru/C (A) and commercial Pt/C (B) before and after the durability test

AL R B SR HE 7 3 e e 41

VE#& HE—25 0158 T HLAE AL A i A1 7E 25
°C, N, fFIfY 1.0 mol-L* KOH KiEwiH, TAEHR
W ATHEIX A H -0.1 ~ 0.1 V(vs. RHE) , F14 3 Z Hy
100 mV -s*, $14# 10000 Bl 2 5 , I3 Ha A A 7] B
PEEMTHR ) LSV, ST AR AT LSV A
L. B TA SRS 45 1 RU@PtuRU/C 4K AL HL
AR TR A IR T A B ST LSV ik,
& 7B SRk PYC it A AT I A B A
LSV k. it At )S , Rk PYC 76 i % FE
10 mA-cm? T LA 25 mV, TS 454
RU@Pt,2RU/C K AL HLAE AL K3 in 8 mV, 15 B
RU@PtoRU/C Bt 0BT H 5 g A 1 B i A
Bl PYC. i 2 11 25038 T R IR R AR 16 75 40 0K

AR E M, SCHkh A FHOCHGE IR T 98
RAELERE T T A2 15 g A 4,
3 & it

A T LA Ru A PRU A4 5T )
W SE G5 G R AE AR AL ). B2 5 451 Ru@Pto4Ru
YRR AL FELAEAL L AT O 5 R ma e SR H O 1 R i
O Hpg i E AT AR 22 mV@10 mA-cm?,
e G A 5.68 A-mg g, @ -0.1 V, Tafel 51K
} 43 mV -dec™. Z83 10000 F&IE PR AR 22435 i 1t
HL ATt 8 mMV@10 mA -cm2 Fl PYC Bk
ST LA 60 MV@10 mA-cm2, i [T M
7 1.53 A-mg e @-0.1 V (vs. RHE) , Tafel £} &
101 mV-dec?, Z&5: 10000 FEIEEMA 22334 )5 o i
fiFt R 25 mV@10 mA-em2 I 8 fin i) LAk 2 0%
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Core-Shell Structured Ru@PtRu Nanoflower Electrocatalysts
toward Alkaline Hydrogen Evolution Reaction

WANG Xue-liang, CONG Yuan-yuan, QIU Chen-xi, WANG Sheng-jie,
QIN Jia-gi, SONG Yu-jiang"
(State Key Laboratory of Fine Chemicals, School of Chemical Engineering,
Dalian University of Technology, Dalian 116024, Liaoning, China)

Abstract: Water electrolysis for hydrogen production is beneficial for solving the problem of energy crisis and environmental
issues. It is necessary to study highly active and cost-effective catalysts toward hydrogen evolution reaction (HER) to reduce the
consumption of noble metals. Herein, we report the synthesis of core-shell structured Ru@Pt,,,Ru nanoflowers electrocatalyst by
stepwise reduction of Ru and Pt precursors in the mixture of oleylamine and benzyl alcohol at 160 °C. The average diameter of the
resultant Ru@Pt,,Ru was 16.5+4.0 nm with a bulk atomic ratio between Pt and Ru of 0.24:1 and a surface ratio of 3.3:1 between Pt
and Ru. Therefore, we speculate the formation of core-shell structure with Ru as the core and PtRu alloy as the shell. The perfor-
mance of the electrocatalyst toward alkaline HER was tested in 1.0 mol - L* KOH aqueous solution. The Ru@Pt,,,Ru exhibited pro-
nounced alkaline HER activity with a small overpotential of 22 mV at 10 mA -cm? a low Tafel slope of 43 mV -dec?, and a high
mass activity of 5.68 A-mgs.z, at an overpotential of 100 mV, all largely surpassing commercial Pt/C (60 mV, 101 mV -dec?, 1.53
A-mg”y). The attained Ru@Pt,,,Ru also held outstanding long-term cycling stability. After 10,000 potential cycles from 0.1 to -0.1
V (vs. RHE), the overpotential increased to 30 mV at 10 mA-cm? while increased to 85 mV for Pt/C. The significantly improved
electrochemical activity may be derived from the electronic and geometric effects of the electrocatalyst. The improvement of dura-
bility may be due to the stability of the flower-like dendritic morphology.

Key words: nanoflowers; core-shell structure; Ru@Pt,,,Ru; alkaline hydrogen evolution reaction
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