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PEAT BAT D0 S AR 16 . o, 5 503 dy o
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FRIEPE LL L Pt/C £ T 345 17, 8 PENi 25
DYKER (BREE LA 2 nm) 1AL 206 M L R i
PUERDL Pt/C M2 2 Az 1 i/ IVRife (1.9 nm)
(1) PtRu 44 K FORLAE A L MOR I %) Ha A2 L 3R
[R5 | =T oy LM I B e T
PtRu/C (1) 1.8 F1 2.5 £5 19, {H 2, oy R ~F280 20
WIFEAE, HA /NRGHI R YE Pt- M 94K Jivkr s 8%l
DASRAE T IR B 35 P L AR T AR, BBEE RST 9 80),
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BACHZ N, ERR e PEAR 22 U2 IR b o R
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TEfEAE MOR I RE R IR H 0 5 B A A G ik 12028,
B2 Pt HEGAK S5 38 5 PRA BN R TH R
A HAE A TS R 2 B R Rt 3B VA 2k t&
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HAE RO FRas N T A AR S 3 SRR, 3 )
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AR TAEREXT DMFC BB (MOR) #E47#ALIF 5T,
e rp BE R A TR 3 25098 1Y 2 i Ak B AR s I
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MOR E A7 1 1 5m i f A0 M i e v, X Rgte
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AL SR B FIHT 7k

2 SEhEio
2.1 LIEHELESR

Z Tt TS B B (Ni(acac)y). & Bt TN i A
(Pt(acac),) FIFRHERT L Pt/C(40 wt. %) £ M Bl
BRIF (Alfa Aesar) A F)GSE. To3kedt =Gk
B (CTAC). il (CsHg;N) FIAH B (CoH,06)
TERTHET (Aladdin) 800123 A K. HHEE (CH30H) .
SN BE ((CHy),CHOH), Bk (H,S0,). Jo/K Z, B
(CH3CH,OH) IR L (CHyy) W 3K [ 24 4 A
e XA BRA AL AR 2 o o i el o i
— PR Al FAL .

2.2 ftFEmibl&E

# 20 mg Pt(acac),, 7 mg Ni(acac)y, 32 mg
CTAC F1 90 mg 7 % B 45 i 2 25 mL 19 # i i
Hr, A 20 mL e, 75 30 min i ZIE 344
TR GV KRB W 2 25 mL RN 48
h, BEE ST ARl =R R 160 °C,
TE 160 C FH-FF 20 h J5 HARR AR =W, K153
B A=Y E DI O /R C L (viv, 9:1) BYTR
BRI,

2.3 HmER.EN RS B TFEHRIE
i o 7 B T R (transmission electron
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microscopy, TEM; 200 kV, JEOL, JEM-2200F)
FEAE T il B R A TR S R R AR 25 4 . BE A 1k 2
R it AL B A R3S {Y (energy dispersive
spectroscopy, EDS) 414 L B /4% (scanning
electron microscopy, FIB-SEM, Zeiss/Auriga) Fl
HL R & 55 B R 6 1% 1Y (inductively coupled
plasma atomic emission spectroscopy, ICP-AES,
213DF0G/ICPE-9820) 375 £, & My K X Hf
28 AT 4 (Xeray diffraction, XRD, PANalytical
Empyrean, Cu Ko) WU . 8t X
DT RERS (X-ray photoelectron spectroscopy,
XPS, AXIS Supra) A [FTCE 1 F 4544,

2.4 HB4LENS

HLAL 22 RAETE = IR B R = AR R S 7R
H Ak T AR (CHIG60E, |- R AL 25 A BR 2
A)) hHEAT. AR HBOR BBk LA (glassy carbon
electrode, GCE, JL{TH AL A 0.071 cm?), X HL
FIZ: LR A A 22 A A H SR AR (saturated
calomel electrode, SCE). TAEH il & #2 U T
AL F] (Pt-Ni CNPs sl Pt/C) i i
PRSP SN/ 5B FK (3:1) IR AV
T ST AHR VR K R TR A A VTR n 1) T Ak P
I GCE &b, 7R T AT, fAFE T/ER
W E538 Pt BUBRYIN 16 pg. &5, BUS pL Nafion
VW (0.1 wt.%) i 7E TAEr bl b, RAIESE 47 55
FE S I PR T

CV A TE Ny AT 0.5 M HySO, W
SERLAY, TR EEEE 0—1.25 V (vs. RHE), H
N 50 mV /s. MOR M & 7E 0.5 M H,S0,
1 M CH;OH WIR G h AT, 4o R
B2 0.25—1.25 V (vs. RHE), £ #i#% A 50 mV /s.
L EHM KL (linear sweep voltammetry, LSV)
MR & 7E 0.5 M H,SO, F1 1 M CH;O0H HYIR &
VW HEAT Y, R R 0.25-—0.85 'V (vs.
RHE), H#i# R K 5 mV/s. CO % i fh £k =7
0.5 M H,SO, i## HHIRAY: 17 0.5 M Hy,SO, VK
HiRFSEE A CO SR, TAEHRMAENLHEA 0.01 V
(vs. SCE) R CO 30 min, ZJ5HF£5E A N, 2 h
DL BRI R CO Ak, SR )5 H LA 50 mV /s
A HAE 0—1.25 V (vs. RHE) {5 [l N #E 17 CV
.

3 H#ER 536
3.1 Pt-Ni CNPs B 5R R LR

— 4 21 % Pt-Ni CNPs i 45 1 1000 45 44
TEM RKZFEAE, i 1 Fis. K 1(a) 2R, Hl
AT BN RE SIS PUORBEIR S H, ARG BE K B T
RILE K. INE T DL B A Y, R GOREE AT
L HARZN 3 nm FHBAIGKL ET (B 1(b)
i SR AL R ) R 3T H R A AR BUR 254 X
EHEG R — K EREEA W AR, 1258 —4Eg K
BREE— BB R BRI, AR ER[E] 1% 5 A5 1]
B, T A AR e i A5 21 04 40 K B 19 45 AL BT
(YORFTURLZERE) T 9K, IXFERERE IS —4Eh
RN L/ IN RS G R IR 58 S M2 A5 AE e, B
A RT3 A L 4 A2 388 DA SR S i ok
RS 2 HIE PO S ] 1(b) & R ORI
AR Pt-Ni CNPs ) TEM EI{4&, 7] DLV 2 Hb 7 3]
BAHBETT (NRSFGERBURL) 134 HR AR
10 nm, 5 1(a) HETPRGETHEER—3

Kl 1(c) /& Pt-Ni CNPs [) HAADF-STEM [
&, X EDS JeR HHA K JERER 1(d) (Pt T
) FE 1(e) (NiJTE) . WNEHAT LI A
Pt JCE AR ¥4, T Ni B 5045 A X S e s,
XUEH] T MPRHEAR Ni Mk /Pt s B2 3R T, X Fl
FIH TCE 4 A0 REHE (T 2 1 Pt RIS A i U Bz
fike, DT AE AR AL o) A rh SR AT 22 A TR PR 7 1, AR
FAEALTE P .

K 2(a) 78 B2 Pt-Ni CNPs ) XRD [Ki¥%,
Hor, 7T 40°, 46°, 67°, 81°F1 86° K AT 5 16 43 1]
XN F Pt AR+ A (JCPDS No. 04-0802) i
(111), (200), (220), (311) 1 (222) “F-Ifi, J& T HA
[ fec 4544, 54k Pt A EL, Pt-Ni CNPs [ fi7 5%
] KA A WM, X Bl Tl A4 NiJE,
BT Pt AR BRS04 5] 2(b)
/R SEM-EDS 252 i 7R T Pt-Ni CNPs fJIC %
ZH S, NI v kT S 0 Y T AR b R DA
Pt/Ni 5T 77.2/22.8, %4555 ICP-AES i
T H) Pt:Ni = 76.5:23.5 —%. N T #F— ¥
Pt Al Ni ({HLF-4548, F XPS XA R4 T T R AE,
W 2(c) FE 2(d) Bizs. Pt-Ni CNPs Y XPS &
Wl CHY 1 sIE7E 284.6 eV R HERF]. 7EK 2(c)
W AT 74.64 F 71.34 eV B & 43 B X BT Pt
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(d) Pt
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Bl 1 (a) Pt-Ni CNPs ) TEM EIM%, 4 & J& 94 K JWOkE B9 B4R 43 A e 11 /D5 (b) &l K A5 40 F 5 Pt-Ni CNPs A9 TEM B ;
(¢) Pt-Ni CNPs fi§ HAADF-STEM 1% (d) il (e) 4394 (c) ' Pt 1 Ni () EDS JL & 4 1f

Fig. 1. (a) TEM image of Pt-Ni CNPs. Inset: graph of the diameter distribution of nanoparticles; (b) TEM image of a single Pt-Ni
CNPs at a higher magnification; (¢) HAADF-STEM images of Pt-Ni CNPs; (d) and (e) are EDS element distribution images of Pt

and Ni in Pt-Ni CNPs corresponding to (c), respectively.

Afy o F Pt AL . 2853 S AT AL BRE K B, 3 A i
BI PtO il PePRALIELI AL, 28 A PO MFFIEIE
AT 74.64 H1 71.24 eV, 546 Pt 1Y Pt 4f; 5 Al Pt
Afy 1o W (74.25 F1 70.9 V) HH LL B399, 454 BE ] 1E
e, X EEIEH A5 Ni 54405, Pt 1) Ni $2
(A e R I = O T Sl B a s L L A L R 7 VST
MAREM Pt JR Tk R FRSE O 5 Pt 94
HRETT, IR 8 T 22 A TG PR s R4 i Ak
RE (3117 ) — 20 P2+ Af; o FI P2+ AL BAN
JERM Pt TRBEASTIER T DR
Pt-O038, S5 4301 Ni #9 2p W, P& 2(d) F
N, BB NI 2py o Fl 2py 0 230 T 870.24
1 852.74 eV, F AL Niot 2 DR e b 22 18 3 7
Ni 4% 81k 2 25 v 1 39401 [a] it (8] R a] DL 3 7
879.64 Fll 861.84 eV £ 7£ i ™ ik 37 I, X J& HH
Ni™*2py jp Fll Nit+2p o FEL A, Ni© RIS (S
SEEES, AT XPS AR I E AR 5 2 LAk
MTCEAR %, 1M Ni ZEAES Pt-Ni CNPs (9= 111 &

B 09,

e

3.2 HEAERIKRE ST

& 3(a) JE7E Ny MU ATAHY 0.5 M HoSO, ¥ ¥
A5 5 Pt-Ni CNPs FIggk Pt/C 19 CV #hZk. 0]
DA 7t i e mT ol 43 A A X3 e — 2 Ry
1R 0—0.35 V INEIX (H,yq, 2K HLALTTRIX
[]), 288 4502 SN R il £, XA~ o AR S Al A
Pt R 1 54 M B 5 R, R PR SR £
H R EIEEN 0.35—0.55 V I XHLJZ X ; H:
SIRHEIE N 0.55—0.95 V RSB h 4R B
Jo RS N 0.95—1.25 VS FFIX 11, &
F14) W T/ . 0 5 381 118 e £ 1) P, b 2 35 M 2 T A
(electrochemically activity surface area, ECSA)
A LA A VTl PR A 2 T 14 A 36 2 2. 3 5 K R
PETTRRA A BT 1491, w] A3 5R45 5] Pt-Ni CNPs Fl
ik Pt/C B ECSA 43514 53.4 Fil 70.8 m?gp, .
4ERRI, Pt-Ni CNPs i ECSA B TRk Pt/C,
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2 (a) Pt-Ni CNPs iy XRD 3% |8 K Pt FI Ni (45 iR Fr 06 (43 5% 0 40 8 F1 i €4); (b) Pt-Ni CNPs ) EDS fig i &l ; (c) F

(d) 24 Pt-Ni CNPs [ XPS i &, 43 %I X5 B Pt [ 4F W1 Ni 1) 2p U6

Fig. 2. (a) XRD patterns of Pt-Ni CNPs and standard card peaks of Pt and Ni (corresponding to red and blue respectively);
(b) EDS spectrum of Pt-Ni CNPs; (c) and (d) are XPS spectra of Pt-Ni CNPs, corresponding to the 4f peak of Pt and the 2p peak

of Ni, respectively.

IR TLL TR WA R 2 1) ECSA 50k /NS U AH
X%, Bk Pt/C HAE/NMYRSE (25 nm); ii) Pt
() Hypa 17 00 HoA 22 R B 4 3 Uk, LR S
Pt HAT R H A EAE R AR ST I 4 )8 & 4 1LRT,
SR A Pt Z B R B @R, T A
SACAIE] T RSN Hpq FOWCREE /R, BRI H, g 31X
FIURR s 2 Ah Pt 3G S A7) ECSARYL

Pt-Ni CNPs IRV Pt/C B MOR M & 7F
0.5 M H,SO, Al 1 M CH,0H IR & 1A i h k47
(), 18 3(b) J&41d ECSA IH—AbJ5 1 CV fZA.
AT DL R B A 0 B R A0 A
EERE R, 7529 0.93 V AR H B0 T 45— 4 Ak,
JE A TE R VE PR Th AL R BRB5 K CH30H — 3K
ot AR CO,, I3 —#Bar 48 AL CHO 45 i)
ey R AR R, 7525 0.73 VAR IR
55 AR SRR AL R — R SR e A Y ]
P e A AR COLPY. B — S I 1) i I e ke
THEACFI AL EE J1, g5 2R T 0, Pt-Ni

CNPs [ b EHIR RN 3.86 mA-cm 2,
/L Pt/C (0.51 mA-cm2) B 7.6 5. J T HE

JOITEH S 14 M L5 T A TR ) A T 1, SR T LA
FHPRR 7 208 55— S A AR5 (B A A T b o A Ak 3
S 2 R A R T 7 2B A A ) ) PR 2 T e R T
T —AbAL 3, 153 B2 AR G L s, s e
I ) e A 1) 2 TR T B I . JHE R P
Tk Pt AT 0 —fRAb B, 158 LR
JoT e T S S A AR AR B ) A 3 204
I 3(c) HFiR, Pt-Ni CNPs UL (3.86 mA-cm 2)
5 3% M (2.06 A-mgp,Y) 43 I &2 Bl Pt/C
(0.51 mA-cm2 F10.36 A-mgp, 1) # 7.6 f55H1 5.7 5.
E 3(d) AT B LSV £k & 7E 0.5 M H,SO, Al
1 M CH;0H WIRGHW LA 5 mV /s BRI
RIS R Y. Pt-Ni CNPs FIFD Pt/C (1
GEHLALS3 M 0.54 1 0.65 V. Pt-Ni CNPs &L &%
% 9 A2 4 FEL7 BE 98 W] 4 3% W #E MOR ' Pt-Ni
CNPs HA GRS 15747 R, AT b & R T
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3 3
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E a
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D T2tk
2 R S
> ; = 2 600
B & h=1 >
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=] é’ =] g 400
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= 5 =] A 0
@) O O Pt/C Pt-Ni CNPs
(s 1 1 |
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Mass activity

Specific activity

[l 3

Potential/V vs. RHE

Pt-Ni CNPs (£L(5) FI7gl Pt/C (2B a) A9 MOR PEBEXT LE (a), (b) PiFH AL G CV 4k, 2 %1/& ECSA il MOR; (c) ¥

TR i R T 7 ) S 5 R R B G A5 () LA 5 mV /s AU BRI A LSV £k, 47 1 S 181 52 FiL It 2 B2 Bir 7 4 3t A9 WL 1
Fig. 3. MOR performance comparison for Pt-Ni CNPs (red) and commercial Pt/C (black): (a) CV of the above catalysts for EC-
SAs; (b) CV of the above catalysts for MOR; (c) corresponding mass and specific activities of different catalysts for MOR; (d) LSV

curves of the above electrocatalysts with a low scan rate of 5 mV/s. Inset:the potential required for fixed current density.

U6 RN JS B oA 58 4 AR BT 7 A 1 v ] 2 4 (9461 f5i)
n, AT A L R 2 BEIA F) 0.3 Amgp, !, Pt-Ni
CNPs HJHRAELRICH 0.66 V, HEl Pt/C(0.81 V)
fik 150 mV (WAl 3(d) M FTR). B35 B Rim &
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Fig. 4. (a) The electrode area-normalized CO stripping curves; Stability test in 0.5 M H,SO, and 1 M CH3;0H solutions: (b) Pt-Ni
CNPs (red) and (¢) commercial Pt/C (black) with solid line as the first cycle and dashed line as the 1000th cycle; (d) specific activ-

ities of two samples before and after 1000 cycles.
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Synthesization, characterization, and highly efficient
electrocatalysis of chain-like Pt-Ni nanoparticles®
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Abstract

Fuel cells are one of the promising energy-conversion devices due to their high efficiency and zero emission.
Despite tremendous research works in past decades, there remains a tough challenge in realizing the commercial
applications of fuel cell technologies. Therefore, the development of highly efficient and stable fuel cell
electrocatalyst is the top priority for practical fuel cells. As we all know, the small-size nanoparticles always
have high specific surface area, which can provide more active sites to enhance the catalytic activity, while the
one-dimensional nanowires usually own high structural stability. It may provide a possibility for the design of a
novel bimetal Pt-based alloy nanostructure by combining the structural superiority of both, which can maintain
the high stability and maximize the catalytic activity at the same time. Driven by these purposes, a novel
nanostructure constructed by Pt-Ni alloy nanoparticles with a one-dimensional chain structure was designed to
balance the contradiction between the activity and stability due to the size effects (the smaller the size, the
higher the activity, and the worse the stability of the nanocatalyst; and vice versa). Here, a simple one-step
solvothermal method has been adopted to produce the novel nanostructures constructed by the chain-like Pt-Ni
nanoparticles (Pt-Ni CNPs) with Pt-rich crystal faces and alloy nature. The structure, component and catalysis
were investigated by the combination of X-ray diffraction, transmission electron microscopy, X-ray
photoemission spectra, and electrochemical measurements. The results show that the as-synthesized Pt-Ni CNP
is constructed from a nanowire (with a diameter of about 3 nm and a length of several hundred nanometers)
and the nanoparticles (with an average diameter of about 10 nm). This nanostructure is cleverly integrated the
structural advantages of one-dimensional nanowires and zero-dimensional nanoparticles, which can significantly
enhance the catalytic activity and stability for the methanol oxidation reaction (MOR) in acidic environment.
Specially, the mass activity and specific activity of as-prepared Pt-Ni CNPs are 5.7 and 7.6 times higher than
those of the commercial Pt/C, respectively. After 1000 cycles of cyclic voltammetry (CV) measurement, Pt-Ni
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CNPs still retain 91.2% of the specific activity, while the commercial Pt/C undergoes a drastic loss of MOR
activities, retaining only 4.4% of the initial activity. It is particularly noteworthy that this nanostructure of Pt-
Ni CNP solves the problem of agglomeration of nanoparticle catalysts in the reaction, and provides a new
approach to obtain Pt-based nanocatalysts with high catalytic activity and stability at the same time. Our
finding will provide insight into more rational designs of Pt-based bimetallic nanocatalysts with one-dimensional
architectures, which is expected to promote the further development and large-scale industrial application of the

direct methanol fuel.

Keywords: chain-like PtNi nanoparticles, one-dimensional assembly nanostructure, direct methanol fuel
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