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Ao ool YA, Mgt X3 Keggin 3 2! Wells-Dawson 3 SlE|ZZ2]AF Z1|S] NDR
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Abstract — Negative differential resistance(NDR) behaviors of Keggin-type and Wells-Dawson-type heteropolyacids with
cation, heteroatom, and polyatom substitutions were investigated by scanning tunneling microscopy. A reliable correla-
tion between NDR peak voltage and reduction potential of heteropolyacid catalysts was established. It was found that
more reducible heteropolyacid catalyst showed NDR behavior at less negative voltage, regardless of the structural dif-
ference. Thus, NDR peak voltage of heteropolyacid catalyst could be utilized as a single correlating parameter for the
reduction potential of heteropolyacid catalyst.
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|- 5°] Wells-Dawson & Fwl|¢] 5737} #=13te] Keggin 3 3l
HZEgto] A= thad 545 Wells-Dawson 3 FH2ET]
AHE FUsH) Holth= Ba7F U@ a1 QAT Keggin & Zrfoll A<k

& zZlo] Qli= A= o} o]FolxA] ¢kt glrt. Keggin & 3|
HZEAEe] o] 3kl (dimer)el] 31@3k= Wells-Dawson & Fwjjol]
et A= 4 7124 0% Keggin @ Fle] olaigl AlelA]
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ZAF FH 2] 72 gl AkslEh B4 ol et A7t FEE] ofof st
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STM(scanning tunneling microscopy)®] ©]-&% o] gt} Full A4
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Aol AMg-E Keggin 3 slElZE2|At Full2, ofolo] X|3kd
FHR1 RPMo,0,40(R=H;, Znyp, Cosp, Cuyp, Biy), T4927F 4]
2l FQl H,XW,0,,(X=P, Si, B, Co) 2 H,XMo,,0,((X=P, As,
Si), W19 a7F A&E Fjel HPW,,M,0,(M=W, Mo, V),
H;PMo, W5, 049(x=0~12), Hy, ,PMoy, V,049(x=0~3) B Hy, PW )y,
V,0,(x=0~-3)5 AH&3I3lth. 71 SollA] a0z vl o=
H;PMo, W15, 040(x=0~12), H. .PMoy, .V, 0,4(x=0~3), H;, PW}, .V, Oy
(x=0~3), H,SiMo,,0,, H,SiW,0,49i= Sigma-AldrichA}2} Nippon
Inorganic Color & ChemicalAtZFE F$]33ITE HBW,0,,,
HeCoW,0,40F Emoryth2}e] Craig L. Hill 277} Al 333 1L,
H;AsMo,,0,5= Sunocorte] James E. Lyon BIAFZH-E] A3 IQMT)
ool o] el Sz LeAke oo Q= WO HiPMo .0,
o] FAE B A sto] Azl

AHE-E Wells-Dawson 3 &8l &4k tha7 2T} Hg.,
[P,Moy4. V,0g ] H,0 (=1, 2, 3) Z¥lli= ¥]5 Dupont*}2] George
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23H,0, Cso[P,WsNb;O,]8H,0, (BuyN)o[P,WsNb;Og,], (BuyN)sNay
(Re(CO);)[P,W,sNb,O, &= 30l = R [7, 8122 AlZE STt
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2-3. MEERISE £
sle| 2 ZAate] Akslshd 582 713818H4 W (Potentiostat/

Galvanostat Model 263A, Perkin-Elmer)°l] 2]3]] €-214JellA] Cyclicvol- 8.0 Angstroms 8.0 Angstroms
tammograme: A0 24 Z73}IC}. Working Electrode@Hdd=h= (a) (b)
PtE ARE3151© ™, Counter Electrode(t31=)2} Reference Electrode Fig. 1. Polyhedral representations of the molecular structures of (a) Keg-

1A P9k Ag/AZCIKC saturated)S Z12F ALE31IT} 0.5 M gin-type [PMo;,0,,]> and (b) Wells-Dawson-type [P,Mo,40¢,]*

heteropolyanions.
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2313t & 7} Fufjof] th3 Cyclicvoltammograms: AT, e A5
232 &3 FE(50 em’/min) O & EE-S A 718kl Cyclicvoltammo- FOoE AL Wells-Dawson 3 FHl $0]:22] [P,Moy0,,]° ] T35
gram 5790l QPSS 23l 12 B<F 141 313tk Cyclicvoltammo- RoIFT QITk, Wells-Dawson & -3 D3 t% <] Prolate Spheroidal
gram AEE(E7|EE) 10 mV/selld Agict, TZE Ak 2712 Keggin 3 201221 [PMoy0,,]°~ ©] e
EABR= 671] Mo-0-Mo A% @%Ur e 725 AdH XRD
3. 4} 2 Ef Az 9 oJulz] BAL]oA AXtel Wells-Dawson & B 2225

0]29] van der waals =0 272 oF 10x14AFEx3=0] 0]t}
-1. S0 2= Ofaff

Keggin & 12-=2|H R4t —,UHPJ 201221 [PMo,,0,,*~ A} 3-2. STM O|0|X| 2! TS(Tunneling Spectroscopy) =1

Z5= Fig 19 2t 54l PE 715205 PO, gAMAAI7E Sl Fig. 2(a)= graphite %] S2% H;PMo,,0,,2] A7 14§21
o ] RAEE ek M006 g2 3707 shukel 15 WA B3-& HolF== STM ou]A|olt}. - ] dhe- Fito]
= @8k o] I oW B Z2 WS Freh B3k S shte] sllE| 2 Ee]5old EAHlE UEllE 2102 HOPG %W
o PO, AbAA} B4R S F-frabdA slElEEe]solo] F49 AellA] Frll = YA & HE=E 3 A7 1A (self-assembled)
o Fol&e] A71E oF 11Ac|t}. o|2jgt sH| = Zejitke] Ahskekel Q1 22k vidE Holar Qlrt 22k wihell v BRG]
g ofol, S, Mg i uet Wslske AR dEA E-2 0=84.9%] rectangular FEIE Kol 1 F7]= 2F 10.7AS
ATH9]. 2 A2 Keggin & 3lelz XAk =719} 2 dX|sitt.

Wells-Dawson & JE|ZZ24e] 3%+ Keggin & FE|ZZ
Ak oA HelE XYL glrk. [t Keggin 3 SHZEETAR

Fig. 2(a)°lA 87171 A2 92 2709 siteolA] 1V EAS Al
Hakt}, FE|ZEu]ol2Rl vl Vel sitecll A= Fig. 2(b)s} &

L_V‘i

%9} H]18le] Wells-Dawson & 7} A= 724]Q1 543 o] 5AZARI IV 5A4o] vl slHEEe] 5ol Afol]l o
21 270e) SARATE SAE 1 F2lol 18712 viel AW, Al Uebd site= AP AR TPjFto] EQ IV BdE Bt o=
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Fig. 2. (a) STM images of H;PMo,,0,, (b) Typical I-V curve of H;PMo,,0,, taken at bright features in Fig. 2(a), and (c) Distribution of NDR
peak voltages of H;PMo,,0,, taken at bright features in Fig. 2(a) with a statistical mean of —0.95+0.09 V.
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o] A2S oJvldtt). Fig 2(bjellA K vke} o] Zujr) Sakd
ol A uE Sstg oelA Hgto] Skl it ARt Hashe
g olo] vkttt ofelgh Folollx didv - 52 ke vEhi=
4| o]5 NDR(negative differential resistance) &’Jol2} F-E=TH10].
1 =wolA= NDR @l Hofl d77F e Z9ks NDR
stk Aelsieian, o] A2lel €Jal HyPMo,,0,,2] NDR A%t
£ —0.95 VoIt}. NDRe| HYeRH= o5 AWs] 91k 2 7l &
o] R 3% 51 Qlot AF7HA] PR AR = o] &2 §lom, &
A NDRoO] Al5=8] =291 A7 whedo] glrk= 21 drbr e
= Hol5ol A= Ao},

slEl=Ze]ake] NDR Aol 22 Azl s shkel gk
O Ve A o), AAIE B4 Bkl g Sl 1V
L 7k Al golA I of2] 7)e] NDRo] YEPES HojF=t) of
" NDR oFabe] 5ot ] ARzt wheba] &2 d-rellA] sfje=
Zeatell tisll RalE NDR k& A2 ok 370 ool | ARS-
sto] ez Zeat FHlollA] e 7P A1 sk 7P Ay Wl
T7F =& thEES ovldtth Fig 2(b)2 -V 5AE positive
sample biasol|X 8-> A% FAelA YERd NDR @42 &
A elA BAR oAM= A7 Hellx] Full = S =4]9F NDR
JAo = Fulollr Yo7 A} o] FgS ou|dit). o] F
NDR AF- de|lZEeate] el wef o2 A vepds o] 25
E] NDR 7-50] Fulle] M4 -2, thA] DA Zulj2] Akskskel
97 o) s & 4= ITHI1]. Fig. 2(c)y= B3-S v7ba
A1 5793t H;PMo,,0402] NDR % ghof] tigh 25 Hoear §)
o} 574 23 NDR 97 1k H8 A2 Gaussian w3ES HolH,
H;PMo,,0,,2 E714 7 NDR A 3 —0.95+0.09 VE LIE}
wtek.

3-3. S0 AMslepisE

Fig. 3> H;PMo,,0, Fmell thgh A& #]Q1 Cyclicvoltammogram
o]t}. Reduction 3] F.(E-A] )= -0.082V, —0.215V H —0.501VollA]
WEREO | anodic 3] A A A= -0.025V, —0.171V 2 —0.353V
ol UeRItE itz o2 el ZZ2A] Cyclicvoltammogram-

I SpA

Current (A)
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Fig. 3. Cyclicvoltammogram of 1 mM H;PMo,,0,4, sample dissolved
in 0.5 M Na,SO, aqueous electrolyte solution (10 ml).
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Fig. 4. Correlation between reduction potential and NDR peak volt-
age of Keggin-type heteropolyacids established for all families
of Keggin-type heteropolyacids examined in this work.

ARgERE A0 5, dalle] F5, Sl 8o19] pH sl wet
A v k= 2o defA] ok wYhg At Fdg dads
ARg8h= 79k A2k Sl 8942 pHell Wt Cyclicvoltammo-
gram<>= TFEA] YEREA]RE, first reduction peak(first electron reduction
potential)i= 1l g-4°] pHell TAI§lo] DA 3HA VreRdtt. weba
I ATrellAE slElEE A Fule] Abskekd e el vEhE A1
2 7 Zu19] first electron reduction potentials AME-SISITE.
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Fig. 4= Keggin & 3l|E|2Z2]4Fe] NDR A7} Atslehel s
P A S HolFar Sk, o), TAA, Ml dart A
kel 215529] Keggin 3 F112] NDR A4} Akslshld dole &
AJ8ISATE NDR @/go] WYehh= Zd9HINDR 28h Fvlle] 744
gaoll ket thEAl UERETE. HyPMo,,0,,0] A 271545
7} T vheFst TRe] Folor X8E A 5AQAR o]
P=E AT Tk 70 ol oz gy FjEe] A9 g
w5 SR 295 S Alslskd s S Frkehe megt
NDR 9k Brh 2R S2gel vEh k= 2102 vepstth o
Al gl Ze] NDR @do] 2k S gellA yepd5 o)
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A= v 54931 NDR dgte] a8 Suje] Abslehelsels 1
= Rkgska QS-S ojulgitt.

SHAAE gElohs sHEZNE S]] H,XW ,0,(X=P, Si,
B, Co), @ H,XMo,,0,,(X=P, As, Si)2] NDR H¢}3} A+3}ehel 52
e AN S 1] S B A AR d3E R
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Fig. 5. Correlation between reduction potential and NDR peak voltage
of Wells-Dawson-type heteropolyacids established for all fam-
ilies of Wells-Dawson-type heteropolyacids examined in this
work.
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tl, o] Keggin & Fujjollx e} & o]t} Keggin & Sajjol
A9} vl IR 2 Wells-Dawson & Zmlj9] 7499 v+ NDR <&
AE 7 B9 =2 AERHEEE Hol 3o Q7] widel
Wells-Dawson & 1] 74-¢-o| = NDR A& S4shd Fujj 2
ARk sEE A58 o Sl

Fig. 6 21%52] Keggin & Z12} 852] Wells-Dawson & v
of] tigk NDR %17} Akslshels-27tke] AaaAlE HolFar Qi)
Keggin @ Sl -9 o, AL, vl X3k a4 ¢l
©] NDR o] 58 F3stelA vebdrs Sl 52 Alss
58S B3Yh Wells-Dawson 3 Fulle] 79-oll = 722 &)
LERsITE, o] 25 sel2ETat Fule] X3 55F A
=7 T2 2polof| TAIGIe] NDR AYo] v Sxtol A vehd
TE Fille 22 akEEES 7T S
NDR #1§te] A Zujje] Ak sd S ad=
2 e7F HE Qu|shs o2, sSTMe|| o3 4% sle|zZeit
Zue] e 248 1aE S EAS TR WishE AR
7} Hu, Fu) AAE 5 AAR1 ot E 5 9les 2y
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Fig. 6. Correlation between reduction potential and NDR peak volt-
age of heteropolyacids established for all families of Keggin-
type and Wells-Dawson-type heteropolyacids examined in this
work (Closed symbol=Keggin-type heteropolyacid, Open sym-
bol= Wells-Dawson-type heteropolyacid).
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