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WE YA, BCA RHT S (HER) fAL TR R 4 i R 4 . R, PoIs AL A 1
T PELL AR 4 K/ INRIA A TR AL TG | SRR RIS e M B R . AR S i 9N ik oo Tk
A5 ELAT 15 RUSE 4310 1 150 B 43 H0 P AR FBURE 7 8 3 2 BERR AN K4S (MWCNT) |, FF0 B T HER. BOG4R IR
MWCNT j= Az (1) 55 B3 F 4 0T LA ot HOPOCL R TR 42 @ PUR T, AR5 A MWCNT I EE 128 B E AR R
2~3 nm 755 A I PUARORFIURE . A6 G HEAT it b 2B I 233 0 4 PR FTURL I A MWCNT B2 . 5
YR A MWCNT/PUEALFIAR L, T-PYMWCNT H PL(0) AT MWCNT 22 [ 49 FLFAH A ARt T R R 3 i
P . L-PUMWCNT {4k 77 2 B0 X HER (9 755 06 o A R AP A2 e M, #E d 3% B2 10 mA/em? B, 3 HEL A7 Ky
39 mV, HIEHE/R R 15 mVidec.
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Ultra-fast Synthesis of Highly Dispersed Pt Nanoparticles
Loaded on Carbon Nanotubes by Nanosecond Pulsed
Laser for Hydrogen Evolution Reaction
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(State Key Laboratory of Refractories and Metallurgy , School of Materials and Metallurgy ,
Wuhan University of Science and Technology , Wuhan 430081, China)

Abstract The most efficient catalysts for hydrogen evolution reaction (HER) under the acidic environment are still
based on platinum group metals and its alloys. Usually, the size and distribution of the active component particles on
the carrier of Pt-based catalysts are important factors affecting the activity, selectivity, and stability of the catalysts.
In this paper, highly dispersed Pt nanoparticles with uniform size distribution were loaded on multi-walled carbon
nanotubes (MWCNT) by nanosecond pulsed laser irradiation for HER applications. Plasma generated by laser
irradiation of MWCNT can efficiently reduce H,PtCl; to metallic Pt atoms, which then assembled highly dispersed Pt
nanoparticles of 2—3 nm in diameter on the side walls of MWCNT. The defects caused some Pt nanoparticles to be

embedded in the walls of MWCNT during laser irradiation. Comparied with mixed MWCNT/Pt catalysts, electronic
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interactions between Pt (0) and MWCNT in L-Pt/MWCNT facilitate the reaction kinetics. The L-P/MWCNT catalyst

exhibited high activity and good stability towards HER, with an overpotential of 39 mV at a current density of
10 mA/em” and a Tafel slope of 15 mV/dec.

Keywords Hydrogen evolution reaction; Pt nanoparticles; Carbon nanotubes; Nanosecond pulsed laser

AREEA SR VT AT RS S, R R B A T BB LA BRI e 2 . LR
K R B LTS i, AT DA ORI S A KA P R 184, Hl e I8 ML G AR 2
R IR BT T fe A B B M SR N, (HER) AR TR SR, 54 1 i 605 B M A AR RR S 114 i 1 i DA ol
HER AR ML AL ™ RS i T 2 BEmAORE (MWCNT) HA & R | R bR a i
FE MRS H T T PR K ORI SGERAA, HASURT LA/ D P T FE IR RE4RE = MR B AR 505,
AR TG P 2 3 SR 1) A/ INFIAE AR B A 20 AT S M A S A T | e b A R E PR LR
WFFE KRB, RF29°0 3 nm BEAAN K FI0RE PR ELA 0 K8 T i K 35 T A0 B g B 481 A R T A7 2503 T D 1 3
BB ARG PR WRIR R L DLTE . AR E DR IR R R SO S ke I T
il 25 MWCNT 240K AL =710 A DLy T RBAE— 8 R 142 il O (4 R/ VR A A, H Gk 2
FEARFEAE T B i TR N U IR A S 0, 3 B O AS AT R G b SR AR, IATIR#AIR FEL AL 15
PR R RARBIAS | PR A PR AR B AT SR A BRI,

UTAEK , SO B L 5 Bl A e — AR AT T A 9K 0] B s . R 9 & B & i R
SEFET R CIAS N, BEGE DRSO RE f Ak R Ry B AL, T8 P R AR, AP RK el
I A SR AN KA ) SRS T B o = BESS 1 1500 CHL 24 SRy v T AR 28 R TR, 43 & AR ek
N7 RIEE SO B B 23 R A P AL R I 2 1 L F PR 2R R . s ko ke
SN SEIW CeO, 2R AR I PR ISR, 1) PeBpL J5 - FRDRG B IR GARDIO Gl & 1) SRl e Tl R ERGH Ve 2]
DA G B 7 HR R S S B R S R B Be 2t N 3R, A5 %587 Lk 15 P A R FIURL 1Y) SR 4

AR SCIE 28 R PR GRS K mOG R BRI — 2 B T 2 RERR AN KA b 1 38 R A U AN K A Ab R
(L-PUMWCNT). 7E99F0 Bk ot ST, MWCONT Wil 7= A 253 A, O SR 18 JFOM B R 1
FERGEER AR R b, TERR GRS R ETE B ) 404 (YRR K UKL, AR 2~3 nm. L-PUMWCNT ff#
LI AR B B HER {6 M5 RAFAIRSE 1, 7E I A 3 10 mA/em?F, 32 HLA 8 39 mV, B5FE/R
AR 15 mV/dec. SPEHEE I MWCNT/PHEACTIAR LL , SOG4 ) L-PUMWCNT £ Pt(0) 5 MWCNT
Z IR A EAER . DRk R N 8l 124 i A T

1 SEIGERS

1.1 RXFSEE

ZEERRIIKE (MWCNT, 50 450295%) , Bilfr T AR A BR AR 75K EEER  (H,P-
Cle* 6H,0) FIEAME, Zpffral, B si kA A BR A vl 5 JooK CBE(CH,OH) AL N B (C,H0) , 3 b,
[l 25 5 AL 24800 A BR 2 ] 5 7 Py/C (B4 85 40% ) F Nafion 1 (B0 805% ), srHirali, Bilgkii
WP EDAZEARR A A LK CEHZE 18 MQ/em).

CHI6O60E FiLfb2i TAE S, 11 IR AN AT IR | AP oo (L4 Nd: YAG B#0k) , FPER
FHOCRHA R H] 5 Apreo S HiVac B3 & St 4 fi 7 B 3485% (FESEM ) Fl Thermo Scientific K-Alpha %4
X S SGHL T REFE AL (XPS) , 2 [H Thermo Fisher Scientific 23 7] ; JEM-F200 %137 % 513 5 o1+ 53 i s
[FETEM, Bt fga Al X FHLOEH U (EDX) |, HAR T &4t Agilent 7700 Y s & 55 2 T4
JE gAY (ICP-MS) , ZHEAE R4 (Fp E) 43 FR 2 #] 5 Buker D8 Advance %I X § £k 17 5§ 4% (XRD) , £t
Bruker/AXS /Ay ] ; Lab RAM HR Evolution 7 Z 56 1E{Y (Raman) , H 4~ HORIBA Jobin Yvon 23] .

1.2 KGR
12.1 L-PUMWCNT ##| % ¥ 0. 68 mmol H,PtCl, - 6H,0 il izf i 75 Ab PRV AR AE 10 mL Jo/k 2y, 4%
BB IE IR SVAN; ARG, #5200 mg MWCNT B3R T ABSHR ol 75 43 B 20 min, SR J5EBAr &

N
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FHHPTE S0 CT T . RHEARIRIRSE ST HIGIHES , BEJG A 2B B . 78 3R i g0 R Dbk
MOGHR R KRB TR 0 AT SR AR AR B B e /e R AR BB T U7 . BKSOEA 5 Hz A3 [ 3l
b BIRTIRAR . 2l WO IR , B IR AR AE 5 B /KR JoK SR i IF 25 Oos T I, Wik o% B
() H,PtCl, - 6H,0, B 2 LM R T 2218 R BB . B 2™ ) L-PUMWCNT 78 B 25 T8
T 7EsER v, OB EDEBER ST N 1 em, BRIMEOGERER N 1.2 ], 774E 0. 227 GW/em® TR %
JE . WA Y 525G 5 B AE T 2400 pulse ik i O £0OK 2 45 100 mg BT BK AR R . AR ik i O 2L
(20 pulse, 1200 pulse, 2400 pulse, 3600 pulse) , il 7 IFF 5435104 L-PUMWCNT-20 P, L-PYMWCNT-
1200 P, L-PYMWCNT-2400 P, L-PMWCNT-3600 P.

122 MWCNT/Pt 8y % & 5B /R L MWCNT 5 3 nm 412245 B85 L-PUMWCNT A [7] () 28 K He £ 1
TR AR BR 2, BRI 40 5 AR ]

123 mAFHENE SRASHERERIETTR2EERRI G, AR R X AR A S, S
HLI R Ag/AgCLHA , T AR AR AT I A AL RS A BB RS AR (GC, B4R 3 mm). 7EIEF T HLAL 22 RE
RZHT, KK 0. 1 mol/L % H,S0, . HNO, FI 2% 5 /KIf 3k GC HLMl . 388, H4 2 mg fi Ak DRy AR S 7R
0.4 mL S EE . 0.6 mLEE 77K 120 pL Nafion IR BTRGEF T . R SWEA LM ZE /D2 h
DISRAFSIMIR G 800K . 285, 1% 3 pLIR A8k 2] CC oMk b, FFAEZS S B T (PLid T 2iE
50 wgfem?). ERRIHT, $F GCHMAEZEIR T T4 12 h IZER R AYEF . HER MHXAEZEIR 0. 5 mol/L
H,SO, B N, SR AR R 7. e PRIk 22 th £k (LSV) LA 1 mV/s B R 0EF T . 76 NSRRI
T, LL35 mV SR A 100 kHz~0. 01 Hz PR E Bl N 2547 AL 2= BEATE (E1S) L. AR A X
E(vs. RHE) = E(vs. Ag/AgCl) + 0. 059pH + 0. 1989 K fir A HiL {57 4 > Al 36 S ML Al (RHE). DA [R] 45
i R (20~200 mV/s) P TIEFMR LR (CV)IR, DITERUZHB A (C,). HAb2E I MR AL (ECSA)
AT ECSA = €, /C (Hirr, CORARR Z50F T 3RIEF- A S U2, DA T S s 3R 1HI A HLRE J32 52
M, C=0.04 mF/em?) A5 H . B IGIRR LEIEAA 1L AL () SXTECRR R B () DG R, 15 2L
I HER 86 1172 Tafel #h2k . SR s 3 f A7 i EA TR S Re e Mk, fE L3R 10 mA/em?™

2 FEREITE
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Schematic diagram for the fabrication of L-Pt/MWCNT
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THE G HCE TR K0P EOE T . EEOEER IR, RERRIDEHOGRE B LI R A, 7E MWCNT £
AT 77 A S s A B SRR O AR R T, G HI R R, FERRN KA e T 34 50 0 A i 5
YRR, BARZ) 2~3 nm. GARDIEOGAN K 1 Jr 0 o i A PR H AT DL ke G s 0 2 i SR S B 7
SRS ABELE AR , A5 %5080 B4R R TR ) T 28
2.2 L-PUMWCNT B ISR RAE

K H TEM LA =5 1 E IR TR IS S A 4415325 5 FEL 1 2 30455 (STEM-HAADF ) X L-PUMWCNT & & 41}
B 7 JBE D S R S5 A HEA T 2R AE . MWCNT (9 SEM B v 22 R M AR ERIE S LI 1(A) ], T 7ERR
g K B9 XRD 35 & HhonT DL 2B 8RS C(002) A1 (101) FUAFAENE [ & 1 (D) 1. H ot b 334 ol As
L-PUYMWCNT FOOWIE S (B ST, WA SC 5 E). MWCNT B3k X A5 vt i B T 5 € (002) #1(101)
ISR 1(B) ] I 1(C) y MWCNT i TEM BE F-, AT LB R, 290K RBONH B 022
ERELE K I HILEHAZ 290 19 nm. B 1(E) F1(F) 435 L-PUMWCNT () TEM B FLE XA 4, v LUE
B, FIGR BRI 5] T AR R AR b, HHOC T HI R RRAEAT ST PR . XPERGR UL A R AR R 1 T 48
Th, AIOL, AR R 2. 72 nm [ B 1 (GO FI(H) |, HER AT, U Tz 44050 g oK Btk
RN B R 38—k (P 82, DA SC (R 8.
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Fig. 1 SEM image(A), selective regional electron diffraction pattern(B), TEM image(C), and XRD pattern
(D) of MWCNT, TEM images(E, G) and selective regional electron diffraction pattern(F), granular
statistical histogram of Pt(H) of L-Pt/MWCNT
2 5 L-PUMWCNT [ I $9 70 R A&, W 0L, C, N, O FIPt7E MWCNT R K35 4304 . 3
L-PYMWCNT (¥ HRTEM 88 F-, ¢ 181 3 (A) Hf 1 XRAT, B 44 K J0RE ) 1T 18] B 0. 226 nm, H & T
PL(1LL) ST, T 3 X A MWCNT (45 BE 22 [E] #E 4 0. 352 nm, JHJE F C(002) dh1fi . 2 X A0 K Bk i)
Rl SR A0 28 0] S AR L A 40 mT LA TR] I B 8 1 Pr(111) A1 C(002) S AT AT S B A, TIE A 9 K ks 7
ERENZAER . E3(B)AI(C) N L-PYMWCNT (1 TEM B A, 7J L, MWCNT 26 11 (#9355 43501 40 A 00k 7
MWCNT & BEN 0~4 JZ A A, 75 2 X AT DU B0 MR BEID B Bibe , IS BERGE A 21020
KRATURL , T RAL R OK TR 2R B8 T A REN 27 4 )2 (LR TEIRAL ). X Ahitg A 25445 B FHE 740
ANARIIORLAE RR LR P AR IR e
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10 nm

10 nm 10 nm 10 nm

Fig.2 HAADF-STEM image(A), SEM image(B), elemental mapping of Pt(C), O(D), N(E) and C(F) of

ETIm
RUILNULE

1.0

AEDOISEE

Fig.3 HRTEM images of L-Pt/MWCNT and the crystal plane spacing and the lattice diffraction spot
in the dotted frame(A), HRTEM image of L-Pt/MWCNT(B), enlarged images of the localized

area in (B)(C)
B 4(A) R MWCNT FIA B K vp T i 45 59 L-PUMWCNT 4 XRD /& . 7E MWCNT (4 XRD i & s a]

UL, 20=25.98°, 44. 66° 4k FEFAEIE AL 4351 U J& F € (002) A1 C(101) &4 1A (PDF#00-001-0646 )", i H:
o, AN K BURE R HE 6 T 8 T PL(PDF#01-087-0640) , iXEB] T L-PUMWCNT 446 5 09 s 2h il 45 . i
Bl 5 R0 IOk SR 3G I, A REAE 06 HR B EL S AR AR AR B, BDUE B T ZE SO P R RN FA 4K R AE
MWCNT iz K .
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Fig. 4 XRD patterns(A) and Raman spectra(B) of MWCNT and L-Pt/MWCNT

K1 4(B)A MWCNT #1 L-PUMWCNT (4= Sk &, nfUE R, AR 880 T ik i I MR X
2D, %2D 950215 MWCNT A4 22 J2 45 BEAR OC 20, TS 0G% 1350 F1 1580 cm™ &b i 19 AN 4RAIE i 3
BIAJE T DA MG . SRS, DA IHEF /505 A 282 W G , 1 G alr 5 e 7 s
sp? R B W IR Bl A3 ¢, 38 1 1/1 W7 DA Wb R AT e 1 A Y. MWCNT /Y /1 E 2R 0. 99, 3% Bl
MWCNT #AREEF AT P AT 2 GRRD K O AL BES L-PUMWCNT B 1/ (BRI, 302 i T30t
FEC IR S MWCNT (/8 BEARTF AT )T, 5 SCRRFRE AHAT .

N T IRFEA AT OCR M ARG, R XPS 407 T L-PYMWCNT F1 MWCNT (1) 2 [
Y1, L-PUMWCNT FIMWCNT [ XPS 435 8 @R T P, C, MO, FFHEIE[EIS(A) ], FRBHFH & 1t
B & P, CFIO3FPICE, Hrp, CHO F2oE A TMWCNT <. BIS(B)SH TR #R C 1
XPSHER], Hirr, 284. 6 eVAMIEITJE T C=C 5, 286. 4 F1287. 4 eV AbHIE /51 & T C—O0/C=N FiI
TR ERWIF, T4E 285. 75 eV AL I & F 5k C122 . BOBALBR)E PR ISRE & 85 T MWCNT Hr i
Ay BBEDL s, T FELL-PUMWCNT H SR EE C S Ak . Beah, C, XPS % i i i % 2 F T4 40 ok
UKL 5 MWCNT (9 B A BAE 3 800y . 181 5(C) 24 L-PYMWCNT FI MWCNT (19 P, XPS % &1, A UL,
71.57 F174. 86 eV 4b By U435 V& T Pr(0) (4 4f,, 1 4f,, BT , M 72. 76 F175. 9 eV 4k By 43 53 & T
PL(2) ) 4f,, M1 4f,, BIE>". MWCNT 71 Pr(0) 5 Pr(2) /) XPS BV AL HE A 3. 371 1, 1M L-PYMWCNT A )il
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Fig. 5 Survey(A) and high-resolution C, (B), and Pt,(C) XPS spectra of MWCNT and L-Pt/MWCNT
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K 1.42:1. 5 MWCNT HH, L-PUMWCNT H [ Pr(0) 6 1] i 45 A5 RE D o) R AE A . X Ak AR SR i 1
Pt 5 MWCNT Z [ i HE A ELAE PR 02 AR A8 A A 15 B 534 w] LATn s Ui Bk A, A
1L HER 14:RE .

2.3 HER14$8E

AL 5 75 59 A Nafion A 357 il 28 28K, IR U TR o dl b, DATPAN FLA fiAh 6 42 .

225 ICP I, B R S LE B Al FEL AR b3 e AR AR ) (3R ST, WA SCZHFF ). 7E0. 5 mol/L
HLSO, 7 W ik LSV # AL Bl 28, DLPFEAf A BHE HER M40 1S 2 . & 58, FEASE Bk op gE & F 1FRAS
L-PYMWCNT #4 %} ) HER PEfE . i & 4 (A) FE] S3 (WA 33 3157 45 80 v WL, Bl ik b B0 384
L-PUYMWCNT 4040 AR 2 5 K, FF7E 2400 P A K v Hoad v 7 ik B /ME . BESE/R ARt i
TR AR AL, A PR K Rl VR SR A5 251 . % il & 451 T PFAE T MWCNT, MWCNT/Pt,
L-PUYMWCNT i FH PyC s fb 24 PEBE[ B 6 (A) ], AT UL, 5 MWCNT, MWCNT/Pt Fl i b PyC A Eb
L-PUMWCNT ZE B L S HER 162, 7E 10 mA/em® B9 HL IR 25 5 R AT 39 mV AR v o7 . KN Y
WAL R ERARTF ) Tafel BREEIEAL HL ML) HER 3 124 B 6(B) 1. ¥ Tafel A2 435853405 £ Tafel 7

0F 200
o (A) (B) e MWCNT
g 20 150 e MWCNT/Pt 36.2 mV/dec
& 40t > o L-PYMWCNT
g 60 £ 100 F Commerical Pt/
= = <
2 gol—MwWONT E s e —— 2242"(‘)‘”\\’//‘21“
5 —MWCNT/Pt 3 Lmyrdee
£ 100 —L-PYMWCNT 5 0f "
5] i = 00— 0000
£ 120 £ Commerical Pt/C S sk o—eoo o " 15.0 mVideo
O 140t
1 1 1 1 | _100 1 1 | | |
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Fig. 6 Polarization curves(A), Tafel plots(B), Nyquist plots(C) for HER, chronopotentiometry plot of
L-Pt/MWCNT at a current density of 10 mA/cm® over a duration of 200 h(D), comparison of
HER performances of the previously reported Pt-based electrocatalysts in 0. 5 mol/L. H,SO,
electrolyte conditions(E)

(C) Inset: the equivalent circuit diagram. CPE is an abbreviation for constant phase angle element.
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i (n =blg + a, HH, j(mA/em?®) JEH B E ; b2 Tafel £ o RETEE N 1 Alem® B HEAL) ,
Al UL, L-PUMWCNT f) Tafel £} {8 (15. 0 mV/dec) /N T MWCNT/Pt (24. 8 mV/dec) F1 7 Ml P/C (22. 0
mV/dec). X L-PYMWCNT I ) HER 31 Tafel #1Li] -2 B0 K 4719 HER 8 J12% . it EIS E—2
ST L-PUMWCNT B 3h J1 200 18 . 8 6(C) S L-PUMWCNT Ay EIS 3% N4 25 s B R [ 18 6 (COIF Rl ], s
DX 2[5 5 o il ) AR B R A5 R0 S ) AR IR L BEL (R ), BV R 32 rELBEL , 5 /INAY R AL /8 LA 5 i Ft o
Z AV BE g A A . T R AR R O S E AR A R ) e R R (R ) A R L ORI A
L-PUYMWCNT HA7 A b i i e fl B, HL PR B AR f/)N, 38R L-PUMWCNT HA A0 )/ fige o A
AL /N R, ALY C AR AR RS DX o A R4 R IR e (B S4, WA SCSC g
HEEDHAAEN. C, SR ECSA SIEAE . Q& S4 A S2 (WAL #5445 8) iR, 5 MWCNT
(0. 45 mF/cm?) . MWCNT/Pt (0. 76 mF/cm?) 175 ] Pt/C (0. 8 mF/em?) 4 H , L-PYMWCNT £ C,, & (3. 50
mF/em?®) fe K. FRIFOGHI 1 L-PUMWCNT 94 i 2 BTG PR . eAh, 0P T L-PUMWCNT fiEfk
FILE 10 mA/em® () HL I 25 T AT A PEMR T ZE [ 6(D) 1. BRAFFE 200 h (KRS, H A7 L0
FEAAE . X R L-PUMWCNT AL 7E HER R BB AL ife v . e, 8 B Hl e 5 i i
BT HER LRI T F A [ 18 6 (B) A S3( WA {5 8 ) 1, BB sl ik BE .

3 & i

=H

PEH T i o — AR PO RS PR KBRS R 7E MW CNT 2844 1Al 16 P e e
PSS S0 HL AR TR 0B SR . AR DO i 2 114 o v TR AR VA 03 O 1 ARk B A ek v TR
SURBREE IR , TEANEP IR hEOEIRET T , MWCNT B[R4 BOGRE L4 b R v, 76 MWCNT %
T AR S B A B SRR O AR T, AERGER IR AR, FERRGIKAE F T B34 50 734 i 40
YOI, BARZ 2~3 nm. 7E LR FEH MWCONT 15 A B £l 350 43 40 40 K ke A S RE Hp, XD
WA B ZEA A B T3 TH 9 R R 7R R MR A KR e 1 . S5 @ FL 7 2R MWCNT/PeAH E
L-PYMWCNT AOMEALTEPE 42T . 25 SR80, PeRIMWCNT 2 (8] HA7 B FAH AR, 5 S el i oy T
HEFF AT Pe(O) R FEIABE L 4548, AT iE s 1 sl ) 24 i As e P . L-PUMWCNT 7£ 10 mA/em?
B HEL I 5 R B 200 h IR AR E TR, 7EIKF) 10 mA/em® BB E T, i A7 8 39 mV, B FER B}
ZALE 15, 0 mVidec. HFFELERMN R T X Mo AL s AL FI7E HER 7 FH % 7

X F1E & Whttp: //www.cjeu.jlu.edu.cn/CN/10.7503/cjcu20240464.
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