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Study on Phase Transitions of Pd-Au-Pt Trimetallic Nanoparticles
Confined Between Two-Layer Graphene Nanosheets

Based on Molecular Dynamics Simulation
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(1.State Key Laboratory of Materials-Oriented Chemical Engineering,College of Chemical Engineering,Nanjing Tech University ,Nanjing 210009, China)
(2.School of Chemistry and Chemical Engineering, Yancheng Institute of Technology, Yancheng 224051, China)
Abstract: A molecular dynamics(MD) simulation is applied to investigate the structure and feature of phase transitions
for the Pd-Au-Pt trimetallic nanoparticle confined between two-layer graphene nanosheets ( GNSs) during heating and
cooling process. Atomic position and density distribution are used to examine and reveal the structural and phase transi-
tion characteristics of the confined Pd-Au-Pt trimetallic nanoparticles with different compositions. The results domenstrate
that the three kinds of metals in the confined Pd-Au-Pt nanoparticles exhibit special atomic distributions, that is,the Pt
atoms tend to be located near the graphene nanosheets, and the Au atoms tend to be distributed in the central layer far
away from graphene nanosheets, while the Pd atoms distribute throughout the confined nanoparticle in a random manner.
It is also noted that the crystallization of confined Pd-Au-Pt trimetallic nanoparticles starts from the intersurface between
a confined trimetallic nanoparticle and GNS, and the melting begins from the inner layer. The structure feature for the

phase transition of the confined Pd-Au-Pt nanoparticle is revealed.

Key words : trimetallic nanoparticle , graphene , phase transition , molecular dynamics simulation
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Table 1 The composition of systems studied

x=y 118* 117° 226°¢ 2254 334¢ 333" 4428 441"
y=z 811 711 622 522 433 333 244 144
x=z 181 171 262 252 343 333 424 414

o 2 FRTE WG 2 A BN K A 1] (9 243 PA10% Aul09%Pt80% (1) = 45 J& 4 K ki 1.
b A7 BRAE W )2 A BRI K ] I 443 Pd15% Aul 5% Pr70% 1K) = 45 J& 4h K ki -
© 52 BRAE W JZ A7 SRR K 6] B 28238 PA20% Au20% PL60% 1) =43 Ja 0K KL 1.
457 BRAE WG )2 A0 BRI AN K A [8] B 4143 Pd25% Au25% PiS0% [F) = 45 J& 4l K ki 1.
° Z BRTEWIZ A B M 4K R TRl 2H 43R Pd30% Au30% Prd0% Y = 45 J& 4 K F.
U7 B AE W 2 A7 SR AR K TR (4 43R Pd33% Au33% Pi33% 11 = 4 & 4 K ki T
& 52 SR AE W JZ A7 SRR K 6] B 28 234 PA40% Aud09% P120% 1) =43 Ja AN KkL 1.
h 7 BRAE I E A SR K R TR (R 2 50K Pd45% Aud5% Pr10% 11 = 45 Jm 4 KR T

MD 5 EERAU & T AT SR AN oK R T e T8 A% 9 ST 1) b SR ) B P i B2 . JRATTIA 4 R i A SC
HRA 77K GNS IRl 3 A M2 4 , FCJ o7 78 1 3 . A SCR T 126 Lennard-Jones (L-J) # bR
R GNS 54 )@ B B9 A AR, HAR RN #2500 W3 2. >R FH TB-SMA (the second-moment approximation of the
tight-binding ) # B ¥l A 4 & 5 & & B YA AR IR AR S0 3.
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Table 2 The related L—J potential parameters in MD simulations

Pairs &/eV a/k E=PCN
Pd-C 0.033 50 2.926 [12]
Au-C 0.012 73 2.9943 [13]
Pt-C 0.040 92 2.936 [12]
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Table 3 The potential parameters of TB-SMA potential for transition metals in MD simulations

M-M A/eV &/eV P q Ty
Pd-Pd* 0.174 6 1.718 10.867 3.742 2.752
Au-Au® 0.206 1 1.790 10.229 4.036 2.884
Pt-Pt* 0.297 5 2.695 10.612 4.004 2.775
Au-Pt® 0.247 6 2.196 10.421 4.020 2.830
Au-Pd® 0.189 7 1.754 10.548 3.889 2.818
Pt-Pd® 0.227 9 2.152 10.740 3.873 2.763

“TB-SMA #SHORIET SCHR[ 14].

P A = (Agucaa Aree) 7 Agucpa = (AgucaaApaea) % Apcra = ApcApacra) 2 € = Enucanrcr) 3 Encra = Ennu€rara) 2,
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FHIEN ZR 25 (NVT) TR 40 000 25, P HFEOE R 25 (NVE ) fH GE FE AL 40 000 2. R I 72 58 i
J& #4300 K N BISEF1E D A8 TR BRI AR 4544, LAAH [R] B4 B[R] 25 Rl BB B2 A 300 K FHEF 1 800 K,
(R | 20 s a5 B I B2 ) P %A 20K

2 HR5ihe

ME 1 AT LAE AT T B 9K 1Y Pd-Au-Pt 4Kt a1 43 0 J5 7850 B2 /N T4 A0 B I
YK R AMUES 53, HBEE Pd-Au-Pt G9KbF RSE R, SEER R @i 8, G e T2 R =48
QAR TZ 3 LR A BIEYK R R, S8 SR 9K T 1 A B IRAUK B SR A . A1
FEF| R T B J7 10 b 52 BRI (Pd, a5 Aug s Pty s ) o (6T N=715,1 430 H12 145) H i) Pt &
TR T AR SR A BRI GUR B (BT, Aa JEF D00 ) 143 A0 7328 B9 A 850 9K b J2 DX, i R
ST EEH T PURTE OGNS WAEAER KT Au 15 OGNS WIAHEAE. i Pd JE-FJL-F-BEAL b 4> Fi 75
A Z IR = & Bk T .

H T b AE R 2 BR Pd-Au-Pt G FHORNR &8 R F B 0L I 2 il T &R IR PR E T
A1 BRI T ) B R R A L B 2 (a) W LLTERE MU 76 BT A SRR 4K A BREIE, P BT (A
2k ) ELAT Bt () 4 B e R P SR A) 40 A0 7 A SRR N K BREIE . 7 38 B A7 BB M 4 K B R )2 Au
JRF-(HELR) HA BRI S g R Au JEF00 T4 7E Pd-Au-Pt PR A ]2, i B 2(b) 7]
DI, Pd R FLE R INZFIRSNZ IR LR (=M ) Bl % B A0 A (M40 , PR FAE R A2 AR
SMNZ B LAR (IETTE ) B R T - B 0 A (L) |, T Au T TE SR AN 2 FIR A2 H B JLA(
) NG/ N T4 8 B A0 A (JH L) S50 51 1 FITE 2 (a) PR RO S5 T8 — 3. 38 1 IR 0K IR 120 A 10
PIBR T 48 A BRI Aok e B AR VR AN, 308 42 8 [l (A B, AT Z (B A7 78 5 A 5 e ALl (75
Pd-Au-Pt 444K F 52 80 H A0 b A R A9 R T 20 . X 537 Pd-Au-Pr G0 KR J5 40 A A2 # W g R
] 1) 3 R DR T R AR A0 BRI 4K A B 32 BRAE .

KT T RS R (7 SRAEAK ) X T Pd-Au-Pt 94K T AHAS S 45 s AT T
FEFHIR AN FE T, SZ B (Pdy 5 Aug 4 Pty ) s DKL T 76 A [A) R B R 3 10 T 40 SRS 40 K 7 [ 1 5%
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(Pdg33 At 33 Pty s ) s KL T LE R A1 SRR AR R 1 SN2 AR B AEAE 3 B 8 1) LA — o 3 38 1 0 | X 3
HIAEIE AL, SZBR (Pdy 35 Aug 53 Pty sy ) 1o AR T RSN Z A SRAFHE IR AL S5 K. X Fh s i 2 AL B Gt B A 32



PSR 4R (AR R 55 42 B 2 11 (2019 4F)

ot € BER GBS S WICGU QP € 6 ¢ ¢
L0 C LWL BRI JER W TR S

CL® DO R LB R e P
0000000000000 0000000000000000000000000000000
© 0 POBE CIOWIR IR PRI RS OR B
© 06 ( CEEA IO S P WL Femaon
© QOB R S QRN O IR O IO S A SR
000000000000000000000000000000000000000000000000 LW_ S tssss ¢
(a) 333-5 © IR R ST IR IGRRG It 50
el e PR PR E BRSO
000000000000000000000000000000000000000000 WACIEE IR G B SRER B o &
e cov0 You ®cac T s asiprata A SRS B CURE S R
T L e o T Y - eum @t s e R
Cooveeucacoicaususeeoc® pm—— FEPEIRGRS ©
cocedtcespicoLowRPcen L SO O CROE T B L HBECE S b
COELEL LEBPOCWHTCPPCOC L CCUOYRFRBRCA LRI T IR I
Cooeel st T weSuedres ¢ R 1n LR RS SRATT SO
( cep Pl o PocatouBabicace )
0 S EOBOIORETTITLOLSOT ST ® ¢ . ¢ EBOPUACKO L C LB GELEICP TSR ®
- VLR A EERCOVCETECCOs 00 o @@ QTR B PO T S Smie S
epbe 08 < e X T ° NS ORI C OO R,
000 0000000000000 00000OOONOOINIOSIOIOGOIOGSIOIONIIINS 0000000000000 0000000000000000000000000000000
(b) 333-10 (c) 333-15

B 1 300 K T, (Pdy;;Au,33Pty ;) y—GNS(N=715,1 430 F1 2 145) K Hi FRILEHE
(a) (Pdy33Au33Pt) 33) 75~GNS; (b) (Pdy33Aug 33Pt) 33) 1430 ~GNS;
() (Pdy33Au 3Pty 33) 5,45 ~GNS; BB H BBk KEK R IR BHR S FIRRE & SAMBETF
Fig.1 Images of(Pd,;;Au, 33 Pt;33) y—GNS(N=715,1 430 and 2 145) and ( Pd,, 55 Au, s Pt, 55 ) 1430—GNS
() (Pdy 33Au) 33 Pty 33) 715 =GNS; (b) (Pdy 33Au0,33Pty 33) 1430 ~GNS; (¢) (Pdy 33A00 33 Pty 33) 2145 ~GNS.

The white, gray,deep gray and black balls represent palladium, gold, platinum and carbon atoms respectively
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£ 0.6 e
= X 045
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2 (a)300 KiBET,ZR TH(Pdys;3Au) 5Pt s) e AKX FEETASBHEMNKE FRNZESHE.
(b) ZIRAI (P, Au,Pt)) 15, (Pd, A, Pt, ) 1430 F1(Pd, Au, Pt ) 1430 (y=0.1,0.2,0.33,0.4,0.5,0.6,0.7 F1 0.8;x = (1-y) /2) KK FHJ
Pt(= Pd 5 Au) B FERIMEFRIMNEHIAMILES Pt(= Pd 5 Au) BAMXRTHE, RERREHHF
Fig.2 (a)Density distribution for(Pd, 3 Au ;3 Pty ;) 143 nanoparticles perpendicular to GNS at 300 K.

(b) The relationship between the Pt(or Pd or Au) probability in surface and subsurface layers and Pt( or Pd or Au)
composition in the confined (Pd,Au,Pt,) 5, (Pd,Au,Pt,) 4 and(Pd,Au,Pt,) 4
(y=0.1,0.2,0.33,0.4,0.5,0.6,0.7 and 0.8;x=(1-y)/2). The point-dash line represents average distribution
SRR S A SR Ak 2 BRVE . 3 40, AT 3 (a) thie vl LIE 3, 7E BRI S B rp, 2 IRy
(Pdg 5 Aug 33 Pty s ) s IARRL T AN (BRI AT SRR K R 1 XU ) 1) 28 B8 0 1 7 ) B, 3 e Y A% R 485 it ik

FEE LG T SR R R 11 UL, [FRE AL 3(b) tha] DiAs e A in TaR b F iy N 2.

n Bk, Z BRI Pd-Au-Pt QKK T FEIE LS S RAFTE 2L 450, X R BRI R A Z IR
Pd-Au-Pt HOKKLF S A BT RRIE. 1 i — 2P HRTE Pd-Au-Pt G AR T HHAS I A B 45 K R AE , FRA]
M AR EEF AT AR (Pdg 35 Aug 5Pty s ) s KRBT LRSS AL HT (18 4 (a) (b)) BIRAMNZE FIKAMNE 1
HEZ S B AT P 0 4 = e gk, AErE AL )n (B 4 (e) (d)) , AMNZ FIRANZ 89 55 HES 12 B 2L
TCF RS X R W] SZ BRAY Pd-Au-Pt 94K AHAE (A T Z5 A0 RS2 T 2 h I HES ) i A 7 218 7 1Y
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Density function for the confined ( Pd ;3 Auy ;3 Pty 33 ) 1430 Perpendicular to GNS during the cooling(a) and heating( b) stages

Fig. 3
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(a)F1(b) 53RIX R FRER (700 K) FURREE (700 K) , () F1(d) 43 RI3 R FREE (1 200 K) 0
RFEE (1200 K). BREK KKMRERKSHNKRE . & FHETF
Fig. 4 The structure of surface and subsurface layer for(Pd, ;;Au, 33 Pt) 33 ) 1430 perpendicular to GNS at different temperatures
(a)and(b) correspond to surface(700 K)and subsurface(700 K)layers, respectively, (c¢)and(d) correspond to surface(1 200 K)and

subsurface(1 200 K)layers, respectively. The white,gray and deep gray balls represent palladium,gold and platinum atoms respectively
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