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Abstract — Formic acid has been known as one of key sources of hydrogen. Among various monometallic catalysts,
hydrogen can be efficiently produced on Pd catalyst. However, the catalytic activity of Pd is gradually reduced by the
blocking of active sites by CO, which is formed from the unwanted indirect oxidation of formic acid. One of prom-
ising solutions to overcome such issue is the design of alloy catalyst by adding other metal into Pd since alloying
effect (such as ligand and strain effect) can increase the chance to mitigate CO poisoning issue. In this study, we have
investigated formic acid deposition on the bimetallic Pd/Pd;Fe core-shell nanocatalyst using DFT (density functional
theory) calculation. In comparison to Pd catalyst, the activation energy of formic acid dehydrogenation is greatly
reduced on Pd/Pd;Fe catalyst. In order to understand the importance of alloying effects in catalysis, we decoupled the
strain effect from ligand effect. We found that both strain effect and ligand effect reduced the binding energy of
HCOO by 0.03 eV and 0.29 eV, respectively, compared to the pure Pd case. Our DFT analysis of electronic structure
suggested that such decrease of HCOO binding energy is related to the dramatic reduction of density of state near the
fermi level.
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AT Qg A 23l FAF YA 2 el F S
715 EA A AAIF 0= g 7] s tiAld 5= Qe
Uik & A% 9} o] & AFg-sto] AV]E Aakehs AR AA <
ZF9Ao] 7z a1 tH1-4]. = HCOOH (Pm|Ak)o] Heh-&-S
Ag =40 PHo R 5 9ty Qe 1 olfE W 54
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Al2<Elef|A] HCOOHR= 15— Ffjel] ol a0 |3} AR el
] ofuj Wo] AMESH= FHvll= Pdo|tHS]. 28U} Pl HCOOHS]
ko' kel codll &) o] FrobA]7] wiitell A& tiH]
Aol mEA o] fdo} o] & AT AT} QIt}2,5]. wEbA] 2
&1l 4= Density Functional Theory (DFT) AlAFS F3Fo] o] &
SHEAIE A AL A A S EE ST HA O E Pd/
Pd,Fes AAAIBISITE. ZnlAk 28] WhS- elU <] 9} &/ sleli A& Al
AFsl3i o st a9l strain (AR 3 BAX]of] 93t FHj &4
W3h} ligand (5w 3% 2180l &gk AA} 1x2] s &3
7t fra AR 5 el o m gt GRS m XX ZARIIAL L
ATE 37 d o8E AxTEE B3] Rl
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= A= Vienna Ab-Initio Simulation Package (VASP) X & 1345
&sto] 23 AF Uiz 7 o] &5 (Density Functional Theory:
DFT) &-g3sto] AlEdolA sF3lrH6]. AAF wak i W & (the
exchange-correlation functional)t= generalized gradient approximation
(GGAYE 7]RFC 2 3 Perdew-Wang exchange and correlational functional
(PWI1)& AHE-3F31 31 project augmented wave W © 2 =)}
A} 29} o215 F-8H31TH6-8]. Kinetic l174] 9] cutoff U A] =
plane-waves 7| %% 310 350 eVE A3t Pd A 732 AX:
g ARSI, ol e] AR} A 3.897 AR A ke AR
&7 3.890 A} ]S5egt =25 Ve 557 Pds} o)A PdjFe
shE 9] 3 -3+ FCC (face-centered cubic) 2| A8 7325
(111)3ko 2 2} 2x2 hexagonal G EN Q] supercell®] F7]12 A, 5
7l AR} - (atomic layer) 2 T/J = JQ)a1 2} Fultt 47)9) PAFER
TAE T B FERES 714 A A Z7(periodic boundary
condition)y2 11835} 75 WO 2 77) YAt F Tl ddeh=
A FE Fo] 729 2 o] S AT 5 UEE 3
oh W 729 S/ 5 ok 2719) At T2 bulk EAAE BA}
sto] IAAIF I, YA 37152 59718 71"H (conjugate gradient
method)l] 1718} ©332] & (residual force)©] 0.05 eV/A 1|7
W7HA] relaxdtod -5 8HATH7,8]. Brillouin zone 5x5x1 Monkhorst-
Pack mesh " & ©]-8-510] 3972 U oUA & 225} 3131TH7.8].
kS A2 &4 oA = climbing-image nudged elastic band
method (c-NEBM)E ©|-8-310] A8l e & e dA1717] 4
3| k point meshE 12x12x1=2 53Utk Fa5 xoll digh F2te|
YA (B e ()7 22 5218 B3l AtsticH9).
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A pd Frjlof] 54& w$-= O 9 B AFsh= §- w320 Q)
TH1,5,10,20]. Pd Zuflel] glo] 7Hg o] AQl 212 424
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g 5E 2AFE] 94 WA HCOOHS) 23 -5 At
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A oUA7} D1ETE 352 ko] §17] wiitolthH2,5]. D2 RE-=
AH R HCOOZ} AA ko = 3]st HCO02 C-HA# 0]
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Fig. 1. Two surface models are employed in this study. From left,
Pd (111) structure and Pd monolayer placed on the top of Pd;Fe,
Pd/Pd;Fe (111) structure. Grey and gold ball represents Pd
atoms and Fe atoms respectively.
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AEAE,) eV Pd(111) Pd/Pd;Fe(111)
D1. HCOOH = HCOO +H -0.14/(0.68) 0.04/(0.62)
D2. HCOO = CO2+H -0.41/(0.90) -0.48/(0.85)

Fig. 2. Dehydrogenation pathway of formic acid on the Pd (111) surface. Red, white, brown and silver balls represent oxygen, hydrogen, carbon and pal-
ladium atoms respectively. The number 1, 2, and 3 represents HCOOH, HCOO+H and CO,+H, respectively. Correspondingly, D1-T
and D2-T is a transient state of D1 and D2. The table shows energetics of dehydrogenation pathway and activation barriers in paren-

thesis. All values are given in eV.
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Fig. 3. The graph on the left shows strain and ligand effects on the HCOO binding energy of the surface models. On the left hand top corner,

Pd

strained

(111) is a compressively strained pure Pd model of which the lattice parameter is reduced to 2.76A. On the right, the red

arrows show a direction of charge transfer, from Fe to Pd, and the amount of charge accumulation on the surface is shown in red text.

—0.41 eV<l W Pd/Pd;Fed] 7% —0.48 eV WU} 1] 75 el vb
Sol7] Witel FAaE AAksh=d o fElsithal waE ol
[5,10,11]. D22}7g o] Ed3} o] B3 Pd/Pd;Fe”} PAXT} 0.05 eV
] 23t Aol D19] 273} ofuA] ghit) 357] wiitel D2abgel
T ARk I o] S A WlE DI R T F 812,13,
Pd/Pd,Fel] 572 A7 55 PR 571k o[fi= Pds) Fetke]
S aakelal ) Pd/PdsFe Fullolls= & 71X Q) & 23}
EAlol EAE17] il g oz Zhzke] gl o3k e g4
H3lE szt olewo] Slrt. uwfebA] DFTS A48 Ak 71712
27t 3 2ol v YIS Fig. 30l ERASATE 7 7HA 9]
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b J7 5 WA Pds) Feo] ARV Afolol|A] MASh= strain S5
AXYSISTH14,15]. A8 Aol HCOOL] a7}y 4=
& Akl frejatths AdE vt R & Pde] AAF 280AF
Pd,Fe2] 22} 2.76 A= Z ] compressive strain®] 2H-8-3H= Pd,, 00
11nelghs ¥ 28 &3 3 HCOO S3lu A& Pd (111)
I vastlei(s,12]. 3EH ] AR d7E 201w FA1O Py, i
(111)2] HCOO Z2tel =] B8k —2.39 eVE Pd (111) (-2.42 eV)°l]
)&l 23 7HA3ISAT 01714 strain E3R= 33} HCOOT] F23&
0.03 eV 9 Z2A1Z1T) Pde) Fe2l d AR} A 2 AdS 28-S 3fod
EHe] A2 W & = ligand 578} Strain? &77}
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Fig. 4. Local density of states for d-orbitals (LDOS) of Pd (111) and
Pd/Pd;Fe (111), represented in grey and blue lines respectively.
At the top right-hand corner, enlarged LDOS, a range from -2 eV
to 1 eV, is depicted for clearer view. A black dotted line at 0 eV
stands for fermi level.

&E3= Pd/PdyFe (111) 2 2] HCOO F2telldA]= -2.10eVE
Pd (111)HT} 0.32 eV BHF O] 4319 0.03 eV strain &7
A 215 ligand EIH= 029 eV T HCOO S& LA S Zole
Agk-s shoha B o] Y3 ligand E3-E Fig. 39 Q8% 11
Y3} o] Axte] o) Wk W 7 ok Atsle] gklskgit. 2
o2l 2] FedztollA Pd A= HA7} o] g5t 32| Pd= o]5
3 & AR} = 0363 2, Fig. 49 720] AR ALkS B8l &
] 2] HsHE ZRISIITHS, 16].

ol FErelA] Aape] o]l 7R e Wol W= W Pde
F 9] 7} A1 d eBEe] M 2E ALtet A} Pd/Pd3Fe (1))
d 2n]go] Pd (1110l BlaA] A2 o& F| 2] o< 256
o)1= WO Z FAGIL o)A AR} AT Zobxi A AT strain
Aol A v ok BETHS,14,15]. 53] Pd/PdyFe (111)2] d
2njgo] H2n| x| TA M (=0.5<E-E<-0) EO& A2 Fl
&= 8=t d-band o] Fol] whEH o] 2L I} FAE ARl
éﬂa S ARt 2ulo) il AA| R HCO02] F-&ellu#] gk
Pd/Pd;Fe (111)el14] B W3kTH19,21].
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