Journal of Electrochemistry

Volume 19

Issue 1 Special Issue of electrochemical
materials and surface/inteface study (Editor:
Professor WAN Li-jun)

2013-02-28

A DFT Calculation Screening of Pt-Based Bimetallic Catalysts for
Oxygen Reduction

Li-hui OU

Sheng-li CHEN
College of Chemistry and Molecular Sciences , Wuhan University ., Wuhan 430072 , Hubei , China;,
slchen@whu.edu.cn

Recommended Citation

Li-hui OU, Sheng-li CHEN. A DFT Calculation Screening of Pt-Based Bimetallic Catalysts for Oxygen
Reduction[J]. Journal of Electrochemistry, 2013, 19(1): Article 10.

DOI: 10.61558/2993-074X.2936

Available at: https://jelectrochem.xmu.edu.cn/journal/vol19/iss1/10

This Article is brought to you for free and open access by Journal of Electrochemistry. It has been accepted for
inclusion in Journal of Electrochemistry by an authorized editor of Journal of Electrochemistry.


https://jelectrochem.xmu.edu.cn/journal
https://jelectrochem.xmu.edu.cn/journal/vol19
https://jelectrochem.xmu.edu.cn/journal/vol19/iss1
https://jelectrochem.xmu.edu.cn/journal/vol19/iss1
https://jelectrochem.xmu.edu.cn/journal/vol19/iss1
https://jelectrochem.xmu.edu.cn/journal/vol19/iss1/10

%1965 518
201342 H

WAL 5
JOURNAL OF ELECTROCHEMISTRY

Vol. 19 No. 1
Feb. 2013

XEHS:1006-3471(2013)01-0001-05

PUEA & FIT R
BT R 5

RRFVIEL2 ) A pEF)
(L BB 54 TREF0 WL 20 430072; 2. WIRG SRR A6 T 205, W1 36 48 415000)

T . ASCH I LA TR IR AE Pt 25 11 IR AT A 11420 ST B R VE A a7 e L AT 72 5% e R 2 e 1 2 T
Pt E R A &R, I DFT WX Pt 545 Fpad 8 48 B iU & 4 A 2 RIbS M F BT T &
LR, TEMGIERL T Pt-V Pt-Fe \Pt-Co .Pt-Ni Pt-Cu Pt-Zn . Pt-Mo 1 Pt-W 254 45 0] fig ELAG {7 (1 480k S Ak
TEMEFNARE . B TR G T A A ) U SCIRBI 9R 25 5L SR8, 340, Pt-Zn il Pt-Mo R & H i #iGE M A £ | 15

HE— BT
KEEF] . BT R R P S
FESYES: 0646

HIRR FEL b T ER A A R T R R T R A
. 25625 IEAEAL I T AR e 1, Pt e 4 1k i
U B Rk FEL it S 7 AR R SR, RIS P,
SRRk H Sl BRI A0 it R A MEATI SR AL, LA
BN S R PO NG a0 1 | I R 1 0 B
55 it DRI 71T Ay PR T AR A vl b A AR 2 T ) 25
R TEORE AR M AR M A [ s s 2 A A1
FEALT T Pt A & i Y TR A A 5 Y
.

AR T A AVA R WIS (LB |
PR LR AR 455! AL T2 &1k iy s il
AR R PR AR R AR T AR Y
e BN fibrivyy & W (BN ERL 7 G M g5 o Nk [ A | L
R RATRARAG , AR . ARk, B AE L
25 7 PR BLE (DFT) N £ & b2 s fn ek
RETHAE RS ISR A AE D RE A R
BRI a0 g A BN . BT SR
AL FAAE T8 T AT 1 & 0 L B4,

HISET Pt 344 ORR L7 A9 BHIS B 5T
FBN TSR 2 1, DL AR B S R R
B BE M 40 , H U Sabatier JFUU] 54k B 7GR A 42
AR, XHF ORR M5 , Pt 4b T 3% M A e M RE
L P BRI B S, PRI H 4l P 3 i) SEU I B 55

Wik H #.2012-06-04, 11T H #.2012-06-30

4 b BV (ORR)

B‘Cﬁ**ﬂ_‘iﬂﬁg A

BYE S IETEE I T, Greeley 55 L& T fif i
G I EEVE M HE, [RIEEXT Pt 35 A1k 7]
B A ST e AR e MR T T WL AT A BR
TP FIRRE A AR Pt R Xt ORR i
AN o —EK. R Pt MARMISE Pt fAZ5c4s
PRSI Pt & S AL 1) — A T ZERAR.

PG 4 r) 2R m AT B R 2 R 1S P i
AN B ez —RL R, AR SO R R EE DLA
&I BLRE (Pt 2 T BT fi 14 i I B R — A
FEAE A F4E X ORR AL AT B R T 5T, A
ML EA mENE, SRS TIENRLE
Pt 256 A fEAL 7).

1 HEGEMEE

AR 75 1 A R AL 0N () %% Bz R S
B AT TR A OCHRRE S Al T #h
Perdew, Burke F11 Ernzerhof 4 Hi 1) SCH B 1 L)
T 1Y PBE {2 Pi(GGA-PBE)S. i, 1 HI% 2 [a] ({40 H.
1 FH Hi R 51 #(Ultrasoft Pseudopotentials, USPP)
I H R 1L Y- T e 41 1) A BT 3 B R4 T F, A
£33 HX 26 Ry Fi1 260 Ry. $¥K i@ i Methfessel-
Paxton A} Smearing £ R % 4b # (Smearing 5 %X .
0.02 Ry)™. A5 718.7F Quantum- ESPRESSO # 1

* JWIAA/E#: Tel: (86-27)68754693, E-mail: slchen@whu.edu.cn

E%K AR H 4 (No. 20973131)FIEIZK 863 Jil H (No. 2012AA110601) ¥ H)



.0 . W,

= 2013 4F

£y PWSCF R/ F EFT0.

Pt B G G R IR g EZ DR R
311 M ZICAb B WIS JT b &R L, 2540 AR A 7
R NS e Y 2 SO ) g [ R VA VAW ST
MR TS B P R T O B L, fEE
i PtM &4 HA S HERR R THLOS 454, Hirp
Pt 5 i dl TGS A, SR M AT
mh M B T A5 67 . 3T, Mukerjee S HA1E 20 4d H
X B AT S AR (XRD)FGE T LABRAE R 24K ) Pt
5 =644, i PtCr/C ,PtMn/C PtFe/C PtCo/C Fil
PINI/C 45, 45K W] PtLM A4 F 2N .07 )7 Y
L1, AU A 3 SR T L2 R B 1 R (2 x
2) i L7 AR (slab) 455 751 Sk B Pe(111) F1 Pt;M
(A1DHM R PES)R) A RIFR I T L 544 (1)
PEALLA BAR S g fe i THE. 7R i PEM(111) 8 i
MR, B PRZE S A 34 PR RI—A
M T R — 2 MR T 55 2K P&
FHEAT 7 A T LUIAS B R m mATT A 40 Pt 2 i
¥, B Pt A B 5 T2 L PEM(111) 458 . 38 # fr 5
T AR RE AR B A PR TR AT AE (AE.,).
T @G x 48 k 23T A% 3 B ) 525 2R
4 1.6 nm. 7ER B B T, VT =2
SR DLW B R AR 4 i [
AN BBEEMISRE R 105 Ry, 1EHITE
B — R BB R OR T SR AR T 107
Ry-Bohr.

S BT (E ) O 05538 20 W B 4R0 A0 1 Al 2% 1D
) SN BB I (o) U0 251 A 2 THT 9 S BB £ (Eg) AR
SLIW O BT INRE R (Eo) 3RS, B .

Fs = Ega - Egw - Eo (1)

FME T d-BEAT TP0y e SRR 2 1A TR
PR — A SR, R, AR S T 4Rk
FIM BRI R oo (8, TFHEILE EE TR
REMISC R, &g MPTHLRE SR AT SR oK RE R 2 i
) d-band 5 25 5 B B SR —E.
2 ORR & HELFEITR
2.1 ELFIFREME

VEFHBAHSRTE & Pt & S A BT 153 iU
BB 4, Pt AAZhe 5 I 4 JE M i A R
i A6 S BT A 4. 3K EE K RN nPt + mM —
PtM, WG ETE MAE AE 4, /DT 0. 0], HiFh 4 )5
24 HIE ST A, AR5 il — s AL BE , 40 =i

AR KR B, FENJE Pt e A 3K
Fr, WIMDERCE Pt K. 2SR m b 72, 4
UE Pt AEIZ G G P RR T R ITAE A /N T 0. B
SRIRME Pt 45 F AR AT DU e i 0 4 )
ORI Pt SO0k G AR HEA T 21T 255 4
WA HIX T AR R ATRE/ N T 0 ME K
Pt AL RS E PR A
2.2 fELFIEME

QRIS A T I AE AT LI Pt
ARG PERY AR, XA, X T RETE iR HY R T
H Pt B, T TR AR P ST 0 S A I B
SRS, WSR-S 40 P AR LG, AU T I RE AR 55, DU
TG PRl P2y

25 bRk, PEARAY Pt BE5 48 ORR AL N [R]
i B =AM 1 (1) AHun<05(2) AE(<0;(3) AE,

alloy

“EN BN > 0. i, YEHLL PLM WAL, I
DFT J5 5% Pt 54 Fh i 3% 4 08 & 4 Th AT i) P
FEmE AT, U AT B Y PR S AR P
) ORR HEALHI.
3 HRGHR
3.1 EUEFIREESH

1 A B G R IR I DFT 31815
FH) Pt 545Fh 3d,4d K& 5d i 4R IE LAY PeM
B AR EERE M GEM B FE(d TS s BT
Z A BARAR. AT LA Y Bl O F RO N, A 4
JE R AH a0, B ACARIE, SRR M. XFF Pt 5 3d
IS B IT R A4 1E PuCo Ab & A4 T H7AR

eV

alloy’

AH

- L L L L
2 4 6 8 10 12
Number of valence electron

Kl 1 DFT 55 (9 PtMA G BIE IR RES M JTR A i
TR FR

Fig. 1 Relation between the DFT-calculated formation

energy of Pt;M alloys and the number of valence

electron in M



14

RRFIRESE : Pt AL G AL AL

BT R pR S TR -3

M TTE M TFECR 9 B X T Pt 5 4d 04
JBICEIE I G4, 16 PtRu A &R A= T #5725 (M It
RO FECH 8 Bf); XS F Pt 5 5d i ¥4 )&
JLR WM& 4 1E PtRe Ab & E THAEM LR
B HLTFECh 7 ). kel Pt S U 4R R S
REIE LR E A & S U &8 Ml FACE X
HL O F R P R A B M TR S Pt A
S EAFIEMIEEE, iR RRE.

R G 4TE e, T LAHIWTGE S PtIE AL
REA4R 3d ¥4 JEA Sc. Ti.V.Cr . Mn Fe,
Co Ni,Cu Fll Zn;4d & ¥ 4 J8 5 Y .Zr Nb Mo,
Rh.Pd fll Cd;5d i ¥4 J&A Ta K W.

B 2 45 T TR PeM A 4 Pt
THI AT e Rif At U 4 J8 JC R M B0 AR Ak, T LUK
B, Bl O RO, SR AT RE R e AR A, RS
ARIE. PRI Pt T BT RE LA IR 7E R B 3k v ]
PEE (M ICEMH TR 6~ 8 ) A FHR 7, BIfEx
6 Pe-M G 4t Pt A ) kA R R AT AR AR
AE <0 (AR, A v REim R m mATIE s Pt %
I i) Pt-M & 4 Pt-V Pt-Fe Pt-Co Pt-Ni Pt-Cu ,
Pt-Zn Pt-Nb Pt-Mo . Pt-Ru , Pt-Rh . Pt-Pd  Pt-Ta . Pt-W |
Pt-Re A Pt-Ir.

G onERIRTRE 25 &8 i R
REAN R T2l 124G SR>, 5 i B R R T2 4%
FIVEEALR A 28 17T R 119 42 J8 i 384 1) TR b 38 2 . %of
FREFEL Pt SR L NA L5 Pt o TR
N Fum. R I 4R MAYREEES Pt AT o

Pt,Zr

——3d
—@— 4d
e 54

Pt,Au

Pt,Ag ptCd
o PtPd ;

2 I 4 I 6 8 I 10 I 12
Number of valence electron
K12 DFT i3 PuM & & 09 Pt R ATHE S M JT
R TG R
Fig. 2 Relation between the DFT-calculated segregation
energy of Pt in Pt;M alloys and the number of

valence electron in M

AR, B 408 M BR824/ Pe A
SR LA KA R W AT, 140 Pt-Ni A4, Ni i93R1H
AEEL Pt RSAIR, H T Ni (T2 42/, PtNi B 4
Pt (YR TERAT RE R A, FERLLOIE LT, i
X R AT R S e MR . ln, JR45 Cu
Il Zn WRTARE LL PLRIFZ U2l T4 8 Cu #
Zn H Pt BYJET2BA8/0N | P AT 52 600 2 T R BT
.
3.2 {ELEMES T

K 3 41T O BUTAE PRI PeM &4 3%
T P B B S5 AR 4l P e TR M RE =2 2. T 6
OB, R REE A 1. BRTEA A
&R AN, 0 JR T TEIRATIY Pt 2R 1m 1 aE5 M
A A0 I M OE R

R T B UE e R R S AR PR
[ /& Nerskov 542 Y d-fea rhuo Al Ji 4 s
&1 )R- 5 W B A B FHBE S d- BB 0 (e0)
PRI, FRHEES oo BUT AL e R U0,
YEF TR T &M A &R0 PRI e (6. WK 4
FI7R , AEq B4R [ R o4 Sl 2E , HBE e (H T
ARIE. X KB O 78 PLM & 4 4 1 1 I B A0 )
T A2 3R d-REA oo R R
33 PtEESEHENMFMNIFIE

XF bR DFT o545 3 A7 4 (aniel s e
), AR RE A 2 AH yo < 0, AE., <0 Fl
AEo > 0 =/ & Pt 3£ 4 4 F Pt-V Pt-Fe,
Pt-Co Pt-Ni .Pt-Cu Pt-Zn .Pt-Mo Pt-Nb .Pt-Pd . Pt-Ta

1.2F

o PRV m 3d
Pt.Ti m
& PtTa ® 4d
®
PLNb A 5d
09l ° F li(‘ Pt Fe
W PtZr =
Pt,Sc PLWA m Pt Co
Pt,Mn . Pt,Zn
> PeMo PLNi
> 0.6F 3 [
) A D Yo
€3} t,Re Pt,Cu
< y
03} % xe orice
. ® peRh
OPt Ag
°
PLIr pipg
00F APt Au

S S S T TR V1
Number of valence electron
K3 &Fh PLM A 4S54l Pt 3mSR T ez 2
HM TR FEZ AR
Fig.3 Calculated O adsorption energy difference be-

tween Pt;M and Pt as a function of the valence

electron number in M



= 2013 4F

H1 Pt-W. Hi Pt-Nb Pt-Pd H1 Pt-Ta 1) 3 17 f B g
#£3 0,P6Rh MG EIE IR T 0, Ml fE<s
AraETEn . 5T, Nerskov M HA1E & W g
A ATE AR O ZHRE, B Pt.Sc Ml PtY BFf
A4 AP ORR HEALT. an A5 fEas m
FHE AEH BRI R X WA A & B A
ORR JH Ak e (LI 1 AN 3). sk, i 4 3%
THI i BT BB £ (18] 2), 3k PRI -G 4 FT REXE AR i3
[HI& Pt 45, 58 Pl 25 A9 3R 1H & Pt 451 WIA T
2E R RRUE HEANGE, DRI — 2 2 AR Y 4G
AL,

& 5 Frfii i PtV Pt;Fe .Pt:Co .Pt;Ni Fi1 Pt;Cu

— Dt T
1.2 pov PUTpig, .
10_- 4 PtNb o 4d
: pt,Cr PLZ0 A 5d
B m g @ PtSc
0.8  PtWa Pt,Fe ™ mpg Mn
> § [ ] uPtCo uPt.Zn
L 0.6F PEMO py i Pt,Cu
) 3 >’
Sy I PtRea
<
0.4+ e ©OPtCd
Pt,Ru PLY
[ ] Ot Ag
0.2 I’I‘I<Iw pePd JFuAe
L PLIr ° Pt,Au
0.0 -
1 ] ] ] [

-0.6 -0.4 -0.2 0.0 0.2

Alloy

SI;'/eV
B 4 DFT IR MA 45 Pt AW a8 25 5115 1
d-band Hu0> &y ZHIHYRER.
Fig. 4 A plot for the calculated energy difference in oxy-
gen adsorption versus the calculated d-band center

between alloys and Pt

AE [eV

-0.2 000 ) é,é"’

K5 TRl 2 AHuy < 0,AE,, <0 Fil AE,> 0 =FJ%
PERY Pt RS AL
Fig. 5 Pt-based bimetallic alloys which simultaneously
satisfy the criteria of AH,, < 0, AE,, <0 and
AE,>0

oy /& Vv

44 ORR AL O A B L SCHkiRIER 17, i ¢
T Pt-Zn Pt-Mo ,Pt-W %45 4x ORR 1L fig 14t
EMAZ. LLP-W R, AT LA 1 Pt 3R I
Pragsl . X E2RH T Pt 5 WM R T2
P AR T REARAG. HULVEE I, PeW S & 1]
REEME Pt & NIE R & Pt 4544, JL T 0L
W VEE X PEW B &R R T T EAMENY DFT it
RS SE IR R POW, A4, AR T
B Pt AR RE K A R Am BT MEH ALK EA W T A
L) Pe-W A4, 38 3 g R A A5 2 R 11 5 Pt
FIZRAZFEEEF . BTl 25 1 PeWy/C AEAL T Eb 2 1 75
PRI RS 4 20 500 R Rk PYC Y 1.5 ~ 2 £5 1 3.5
~ 4 % TiREE S PYC KIRBESR S 75 0.6 V ~
L1 VAR TR RIEA G Peid M m
R s P T LT AR Ak, X R G ST
fE Pt 1 AT AE B2 S0 T U B R — ol i 4 ke 152
TR . EAE ERR Pt R R AL Y
KR IZ S AT Y. I, PtZn A1 Pt;Mo FIFE I
RhEL L ORR AL T VRS0 — A AN 58
4 &

AR SCHRE R A 42T e P 2 T R AT
I R D R B B A S Al 3 1 5 1B AR R FlL it A
WAL B X Pt 5458 Fhad I 48 o R BT
B A 4 T 2 Fn Ak 2P R4 T DFT 315, A
B3 E i Pt-V Pt-Fe Pt-Co Pt-Ni .Pt-Cu .Pt-Zn ,
Pt-Mo 1 Pt-W 54 &l GBI sl e . ks it
H A& Pt 1) ORR AL, LR HUH 0 KR 4
AL 5 SCHRAR I 25 S —2. Hd Pt-Zn A1 Pt-Mo
TR R EAUE—2 Y MBOIT.

£ 2 3k (References) :

[1] Guerin S, Hayden B E, Lee C E, et al. Combinatorial elec-
trochemical screening of fuel cell electrocatalysts[J]. Jour-
nal of Combinatorial Chemistry, 2004, 6(1): 149-158.

[2] Stamenkovic V R, Fowler B, Mun B S, et al. Improved
oxygen reduction activity on Pt;Ni(111) via increased sur-
face site availability[J]. Science, 2007, 315 (5811): 493-
497.

[3] Greeley J, Mavrikakis M. Alloy catalysts designed from
first-principles [J]. Nature Materials, 2004, 3 (11): 810-
815.

[4] Greeley J, Stephens I E L, Bondarenko A S, et al. Alloys

of platinum and early transition metals as oxygen reduc-



5514

RIS ; Pt A5 G A I HE AL RIRE T A0 8 B R BEE TR 5E -5 .

tion electrocatalysts [J]. Nature Chemistry, 2009, 1 (7):
552-556.

Perdew J P, Burke K, Ernzerhof M. Generalized gradient
approximation made simple[J]. Physical Review Letters,
1996, 77(18): 3865-3868.

Vanderbilt D. Soft self-consistent pseudopotentials in a
generalized eigenvalue formalism[J]. Physical Review B,
1990, 41(11): 7892-7895.

Methfessel M, Paxton A T. High-precision sampling for
Brillouin-zone integration in metals [J]. Physical Review
B, 1989, 40(6): 3616-3621.

Baroni S, Dal Corso A, de Gironcoli S, et al. PWSCF and
PHONON: Plane-wave pseudo-potential codes. http:
/Iwww.pwscf.org, 2001.

Mukerjee S, Srinivasan, Soriaga M P. Role of structural
and electronic properties of Pt and Pt alloys on electro-
catalysis of oxygen reduction[J]. Journal of the Electro-
chemical Society, 1995, 142(5): 1409-1422.

[10] Hammer B, Ngrskov J K. Electronic factors determining

the reactivity of metal surfaces[J]. Surface Science, 1995,
343(3): 211-220.

[11] Hammer B, Ngrskov J K. Why gold is the noblest of all

the metals[J]. Nature, 1995, 376(6537): 238-240.

[12] Lgvvik O M. Surface segregation in palladium based al-

loys from density-functional calculations[J]. Surface Sci-
ence, 2005, 583(1): 100-106.

[13] Ngrskov J K, Bligaard T, Logadottir A, et al. Universality

[14]

[16]

[17]

in heterogeneous catalysis[J]. Journal of Catalysis, 2002,
209(2): 275-278.

Stamenkovic V R, Mun B S, Mayrhofer K J J, et al. Ef-
fect of surface composition on electronic structure, stabil-
ity, and electrocatalytic properties of Pt-transition metal
alloys: Pt-skin versus Pt-skeleton surfaces[J]. Journal of
the American Chemical 2006, 128 (27):
8813-8819.

Stamenkovic V R, Mun B S, Arenz M, et al. Trends in

Society,

electrocatalysis on extended and nanoscale Pt-bimetallic
alloy surfaces[J]. Nature Materials, 2007, 6(3): 241-247.
Chen S, Ferreira P J, Sheng W C, et al. Enhanced activity
for oxygen reduction reaction on “Pt;Co” nanoparticles:
Direct evidence of percolated and sandwich-segregation
structures[J]. Journal of the American Chemical Society,
2008, 130(42): 13818-13819.

Shirlaine K, Strasser P. Electrocatalysis on bimetallic sur-
faces: Modifying catalytic reactivity for oxygen reduction
by voltammetric surface dealloying [J]. Journal of the
American Chemical Society, 2007, 129 (42): 12624-
12625.

Dai Y, Ou L H, Liang W, et al. Efficient and superiorly
durable Pt-lean electrocatalysts of Pt-W alloys for the
oxygen reduction reaction[J]. Journal of Physical Chem-
istry C, 2011, 115(5): 2162-2168.

A DFT Calculation Screening of Pt-Based Bimetallic Catalysts
for Oxygen Reduction

OU Li-hui*?, CHEN Sheng-1i"
(1. College of Chemistry and Molecular Sciences,Wuhan University ,Wuhan 430072, China;?2. College of
Chemistry and Chemical Engineering Hunan University of Aris and Science, Changde 415000, Hunan, China)

Abstract: Developing Pt-lean catalysts for oxygen reduction reaction (ORR) is the key for the large-scale application of the

proton exchange membrane fuel cell (PEMFC). In this paper, we have proposed a multiple-descriptor strategy for screening efficient
and durable ORR alloy catalysts of low Pt content. We demonstrate that an ideal Pt-based bimetallic alloy catalyst for ORR should

possess simultaneously negative alloy formation energy, negative surface segregation energy of Pt and a lower oxygen binding

ability than pure Pt. By performing detailed DFT calculations on the thermodynamics, surface chemical and electronic properties of

various Pt-M alloys (M refers to non-precious transition metals in the periodic table), Pt-V,Pt-Fe,Pt-Co,Pt-Ni,Pt-Cu,Pt-Zn,

Pt-Mo, Pt-W alloys are predicted to have improved catalytic activity and durability for ORR, most of which have indeed been

reported to have excellent ORR catalytic performance in the literature. It is suggested that the ORR performance of Pt-Zn and Pt-Mo

systems deserve detailed theoretical and experimental investigations.

Key words: density functional theory calculations; catalyst design; Pt-based bimetallic alloys; oxygen reduction reaction(ORR)
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