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We pre5ent a ph0t0em15510n 5tudy 0f the C0 ad50rpt10n 0n am0rph0u5 N1-2r a110y5 at var10u5 
c0mp051t10n5. 0ur re5u1t5 1nd1cate a d15t1nct enhancement 0f d1550c1at1ve ad50rpt10n even at very 
10w 2r c0ncentrat10n5. 7he5e 065ervat10n5 are 5upp0rted 6y LCA0-type ca1cu1at10n5 0f p0tent1a1 
ener9y 5urface5, wh1ch 5u99e5t a 5tr0n9 1ncrea5e 0f 6ackd0nat10n 1nt0 ant160nd1n9 C0 2~r* type 
0r61ta15 near 2r 51te5. 

7 h e  d1550C1at1Ve Chem150rpt10n 0f C 0  0n tran51t10n meta15 (7M•5) 15 an 
1mp0rtant  5tep, Wh1Ch, depend1n9 0n  the react10n C0nd1t10n5, Can 6eC0me rate  
11m1t1n9 1n Cata1yt1C pr0Ce55e5 5UCh a5 the F15Cher--7r0p5Ch 5ynthe515 [1]. 7 h e  
5e1eCt10n 0f the 0pt1mUm Cata1y5t 15 6a5ed 0n the fact that  ear1y 7M•5 (7M•5 
W1th a 1e55 than  ha1f f111ed d-e1eCtr0n 5he11) tend  t0 d1550C1ate C 0  (and  9et fa5t 
p0150ned 6y  the react10n pr0dUCt5), Wh11e ma1n1y m01eCU1ar C 0  ad50rpt10n 15 
065erVed 0n fate 7M•5 (7M•5 W1th a m0re  than  ha1f f111ed d-e1eCtr0n 5he11) at 
r00m tempera tu re  [2]. 51nCe a 1ar9e 9r0Up 0f meta111C 91a55e5 (M6•5) are a110y5 
0f ear1y and  1ate 7M•5, the p05516111ty 0f the1r U5e a5 Cata1y5t5 at tract5 mUCh 
1ntere5t [3]. 7he5e mater1a15 are 5ta61e 0Ver a Very 1ar9e C0mp051t10n ran9e and 
5h0W 1n 9enera1 n0 5trUCtUra1 0r e1ectr0n1C heter09ene1t1e5. 7 h e  p05516111ty 0f 
f1ne tun1n9 the e1eCtr0n1C and 9e0metr1C 5trUCtUre 1n M6•5 a110W5 f0r an 
0pt1m12at10n 0f the1r Cata1yt1C act1V1ty and  5e1eCt1V1ty and a m1n1m12at10n 0f 
the1r 5e1f-p0150n1n9 tendenCe•y. 

1n th15 1etter We pre5ent an 1nVe5t19at10n 0f the d1550C1at1Ve C 0  ad50rpt10n 
0n am0rph0U5 7 M  a110y5. We Ch05e N1x2r  1~x a110y5 Wh1Ch are 5ta61e 1n the 
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91a55y 5tate 1n a w1de c0mp051t10n ran9e and wh1ch have 6een 1nten51ve1y 
5tud1ed prev10u51y [3-5]. 7he a6111ty 0f the5e a110y5 t0 d1550c1ate C 0  under 
d1fferent c0nd1t10n5 wa5 5tud1ed 6y u1trav101et ph0t0em15510n 5pectr05c0py 
(UP5) and 6y ca1cu1at1n9 p0tent1a1 ener9y 5urface5 f0r the d1550c1at1ve C 0  
ad50rpt10n 1n a rea115t1c 9e0metry near 5tep 51te5 f0r d1fferent a110y c0mp051- 
t10n5. 

7he N1-2r  M9•5 were prepared 6y rap1d 4uench1n9 fr0m the 114u1d 5tate 1n 
h19h vacuum 6y u51n9 e1ther a ma9net1c tw0 p15t0n apparatu5 w1th RF 
1ev1tat10n me1t1n9, 0r a me1t 5p1nn1n9 e4u1pment. 7he am0rph0u5 5tate 0f the 
5amp1e5 wa5 checked 6y X-ray d1ffract10n. 7he 5urface5 were c1eaned 6y 
Ar-10n 5putter1n9 0r 6y mechan1ca1 c1ean1n9 w1th a tun95ten 6ru5h 6ef0re 
exp051n9 the 5amp1e5 t0 h19h pur1ty C0 .  N0 5putter1n9-1nduced 5urface 5e9re- 
9at10n c0u1d 6e detected6y c0re 1eve1 XP5. 7he UP5 He 11 mea5urement5 were 
perf0rmed 1n a Ley601d-Heraeu5 5pectr0meter (EA 10/100) 6y 0perat1n9 the 
ana1y2er 1n the c0n5tant pa55 ener9y m0de (E~p-  20 eV) w1th an ener9y 
re501ut10n 0f 0.25 eV at a re51dua1 9a5 pre55ure 1n the 01-  u m6ar ran9e and a 
He 9a5 pre55ure 0f the 0rder 0f 5 X 10 -9 m6ar. A11 5pectra were rec0rded 30 5 
after C 0  exp05ure and the mea5ur1n9 t1me f0r each 5pectrum wa5 10 m1n. 

7he C 0  chem150rpt10n 6ehav10r 0f 91a55y N1642r36 at 80 K 15 dem0n5trated 
6y the UP5 He 11 (Eph = 40.8 eV) va1ence 6and 5pectra 1n f19. 1 . 7 h e  5pectrum 
0f the c1ean 9a155y N1642r36 (5ee f19. 1a) 15 d0m1nated 6y a va1ence 6and 
f0rmed 6y N1 3d and 2 r  4d e1ectr0n 5tate5. An 1ntere5t1n9 a5pect 0f 91a55y 
a110y5 0f ear1y and 1ate 7 M  15 a c0ncentrat10n dependent 5h1ft 0f the 1ate 7 M  
(N1)-der1ved d 5tate5 t0ward5 h19her 61nd1n9 ener91e5, acc0mpan1ed 6y a 5h1ft 
0f the ear1y 7 M  (2r)-der1ved d 5tate5 t0ward5 10wer 61nd1n9 ener9y, there6y 
enhanc1n9 the1r c0ntr16ut10n t0 the den51ty 0f 5tate5 (D05)  at E F [4,5]. 7he 
5pectrum 06ta1ned after chem150rpt10n 0f 8 L C 0  at 80 K exh161t5 6a51ca11y 
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F19. 1. UP5 He 11 (Eph  = 40.8 eV) va1ence 6and 5pectra at r00m temperature 0f c1ean and C0 
exp05ed 5urface5 0f 91a55y N1642r36 a110y5. 
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three add1t10na1 peak5 at 61nd1n9 ener91e5 0f a60ut 11.5, 8.5 and 5.5 eV wh1ch 
c0nta1n 1nf0rmat10n a60ut the am0unt 0f m01ecu1ar and d1550c1at1ve C 0  
chem150rpt10n. 1n fact, the peak5 at 11.5 and 8.5 eV c0rre5p0nd t0 the 40 and 
the unre501ved 5 0 / 1 9  0r61ta15 0f the C 0  m01ecu1e, wherea5 the pre5ence 0f 
0xy9en 5temm1n9 fr0m C 0  d1550c1at10n 15 5h0wn unam619u0u51y 6y the 0 2p 
peak c105e t0 5.5 eV. 7he  f1at max1mum at 6.0 eV 1n the N1642r36 5pectrum 
(curve a) re5u1t5 at 1ea5t part1y fr0m a 5ate111te, wh1ch 15 a150 pre5ent at c1ean N1 
5urface5, and 15 n0t 0n1y cau5ed 6y 0xy9en c0ntam1nat10n [6]. 7he C 2p 
5tructure 15 10cated c105e t0 the 60tt0m 0f the d-va1ence 6and and cann0t 6e 
re501ved. 

1n the f0110w1n9 we rep0rt 0n the chem150rpt10n pr0pert1e5 0f 91a55y N1-2 r  
a110y5 6y 5tudy1n9 the C 0  4 area c0rre5p0nd1n9 t0 the m01ecu1ar 5tate and the 
0 2p peak he19ht c0rre5p0nd1n9 t0 the d1550c1at1ve ad50rpt10n a5 a funct10n 0f 
temperature and a110y c0ncentrat10n. Each data p01nt 0f f19. 2 ha5 6een 
06ta1ned 6y ad50r61n9 8 L C 0  (5aturat10n c0vera9e) 0n a c1ean 5u65trate at a 
91ven temperature. 0 n  pure 2r, C 0  15 ad50r6ed d1550c1at1ve1y f0r 7 > 80 K. A5 
5h0wn 1n f19., 2a, pure N1 ad50r65 C 0  1n a m01ecu1ar 5tate at 10w temperature5. 
1ncrea51n9 the temperature cau5e5 a decrea5e 0f the am0unt 0f m01ecu1ar1y 
ad50r6ed C 0  due t0 de50rpt10n. A1th0u9h C 0  15 kn0wn t0 d1550c1ate near 10n 
60m6ardment  1nduced 5urface defect5 at N1 5urface5 [7], n0 d1550c1at1ve1y 
chem150r6ed C 0  c0u1d 6e detected 0n the 5tud1ed N1 5urface5, a5 5h0wn 1n f19. 
2a. H0wever, the C 0  ad50rpt10n 6ehav10r 15 dra5t1ca11y chan9ed 6y a110y1n9 N1 
w1th 0n1y 9% 0f 2r. F0r N1912r 9 the decrea5e 1n m01ecu1ar1y ad50r6ed C 0  15 
acc0mpan1ed 6y a c0rre5p0nd1n9 1ncrea5e 1n d1550c1at1ve1y ad50r6ed C0 ,  a5 
5h0wn 1n f19. 26 (at a temperature 0f 423 K, N19129 a110y5 d1550c1ate C 0  a5 
effect1ve1y a5 pure 2r). 

7he 5tr0n9 1nf1uence 0f the 2r  at0m5 0n the C 0  ad50rpt10n 6ehav10r can 6e 
1nferred fr0m f19. 3. A hyp0thet1ca1 51tuat10n w1th the d1550c1at10n pr06a6111ty 
0f C 0  5tr1ct1y pr0p0rt10na1 t0 the 2r  c0ncentrat10n at the 5urface w0u1d 6e 
repre5ented 6y the da5hed 11ne. 7he 065erved 5tr0n9 dev1at10n fr0m th15 
6ehav10r (5011d 11ne c0nnect1n9 data p01nt5 1n f19. 3) 5u99e5t5 that the pr0m0t0r  
effect 0f 2 r  15 0f n0n10ca1 character. 

Fr0m the exper1menta1 data pre5ented here 1t 15 ev1dent that the chem150rp- 
t10n 0f C 0  0n 91a55y N1-2 r  a110y5 cann0t 6e 1nterpreted 6y de5cr161n9 the 
a110y 5urface a5 a mere 5uperp051t10n 0f N1-11ke and 2r-11ke chem150rpt10n 
51te5. 1n 0rder t0 under5tand the 5tr0n9 1nf1uence 0f 2 r  0n the d1550c1at10n 
6ehav10r, chan9e5 1n the 10ca1 e1ectr0n1c 5tructure at the N1 and the 2r  51te5 
up0n a110y1n9 have t0 6e taken 1nt0 acc0unt. A150, wh11e n0 0vera11 5urface 
5e9re9at10n 0f 2r  15 065erved, 1t 5eem5 p055161e that 2 r  at0m5 - due t0 the1r 
1ar9er at0m1c 512e - w0u1d 0ccupy 10w c00rd1nated cata1yt1ca11y act1ve ••5tep•• 
51te5 and thu5 1ncrea5e the d1550c1at10n pr06a6111ty 0f C 0  1n a n0n11near way. 

1n 0rder t0 under5tand the e1ectr0n1c 0r191n 0f the 065erved cata1yt1c 
6ehav10r 0f the 1nve5t19ated 5y5tem5, we ca1cu1ated p0tent1a1 ener9y 5urface5 
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F19. 2. 7he  am0unt 0f m01ecu1ar1y and d1550c1at1ve1y ad50r6ed C 0  (100% = max1mum 065erved 
c0vera9e) a5 a funct10n 0f temperature f0r (a) p01ycry5ta111ne N1 and (6) the 91a55y a110y N1912r 9. 

E,0 t (ad50rpt10n 9e0metry) f0r the C 0  d1550c1at10n at N1-2r  5urface5. 7he  
ca1cu1at10n5 were perf0rmed 1n the 5ED (At0m 5uperp051t10n and E1ectr0n 
De10ca112at10n) f0rma115m de5cr16ed prev10u51y [8]. Here the 61nd1n9 ener9y 
06ta1ned fr0m a t19ht-61nd1n9 Ham11t0n1an 15 5uper1mp05ed 6y a repu151ve 
term due t0 C0u10m6 1nteract10n5. 7h15 techn14ue ha5 prev10u51y 6een u5ed 
5ucce55fu11y t0 determ1ne p0tent1a1 ener9y 5urface5 f0r the C 0  and N 2 d1550c1a- 
t10n 0n var10u5 tran51t10n meta15 [9,10] and t0 d15cu55 the pr0m0t1n9 effect 0f 
50me 1mpur1t1e5 0n the cata1yt1c C 0  d1550c1at10n [9,11]. 7he  parameter5 u5ed 1n 
0ur ca1cu1at10n are 91ven 1n ta61e 1. 

51nce C 0  ad50r65 perpend1cu1ar1y t0 N1 5urface5 [12], we expect 1t t0 6reak 
apart acr055 ed9e5 0r 1mperfect10n5 after a preced1n9 d1ffu510n a10n9 the 
5urface 1n 1t5 perpend1cu1ar 0r1entat10n. Here we a55ume a (111) 5tepped 
5urface (1n5ert 1n f19. 4) t0 6e 5uff1c1ent1y repre5ented 6y a 6-at0m c1u5ter 
(hatched at0m5). Fr0m 0ur prev10u5 ca1cu1at10n5 1t 5eem5 that th15 c1u5ter 51te 
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F19. 3. Am0unt 0f d1550c1at1ve1y ad50r6ed C 0  0n 91a55y N1:,2r1•:, a110y5 at 7 =  300 K a5 a 
funct10n 0f 5u65trate c0mp051t10n (5011d 11ne). F0r c0mpar150n the expected 6ehav10r 0f a 5urface 
wh1ch 15 a mere 5uperp051t10n 0f N1 and 2r  51te5 15 pre5ented (da5hed 11ne). 

15 5uff1c1ent t0 de5cr16e c0rrect1y re1at1ve ener9y d1fference5. We c0n51der pure 
N1 5urface5 and a150 5u65t1tut10na1 2r  1mpur1t1e5 at 5tep 51te5. 7he 1atter ca5e 
5eem5 t0 repre5ent c0rrect1y d11ute N1-2r  a110y5, 51nce a p055161e m0derate 
tendency 0f 2r  t0 5e9re9ate t0ward5 5tep 51te5 0n1y ar15e5 due t0 1t5 1ar9er 
at0m1c 512e. 

1n 0ur ca1cu1at10n5 we re5tr1ct the 6 de9ree5 0f freed0m 0f the (d1at0m1c) 
ad50r6ate t0 th05e wh1ch are expected t0 repre5ent the react10n c00rd1nate5 
c0rre5p0nd1n9 t0 the m1n1mum act1vat10n ener9y f0r d1550c1at10n. 1n a f1r5t 

7a61e 1 
At0m1c parameter5 u5ed 1n the ca1cu1at10n: pr1nc1pa1 4uantum num6er (n), at0m1c 1eve15 (c) 1n eV 
and 0r61ta1 exp0nent5 (~); d0u61e-2eta 51atr 6a515 (w1th 0r61ta1 c0eff1c1ent5 (C) ha5 6een u5ed f0r 
the d 1eve15 0f N1 

At0m 5 p d 

n c ~" n ~ ~" n ~ ~1 ~2 C1 C2 

N1 a) 4 7.64 1.800 4 3.99 1.500 3 10.00 5.750 2.00 0.568 0.629 
2r  5 6.95 1.817 5 4.93 1.776 4 8.61 3.835 1.505 0.636 0.593 
C a) 2 18.50 1.568 2 9.76 1.618 
0 a) 2 26.98 2.246 2 12.12 2.227 

a) Ref. [9]. 
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F19. 5. P0tent1a1 ener9y chan9e5 (w1th re5pect t0 the m01ecu1ar 5tate M) f0r C 0  d1550c1at10n 0n N1 
and N1-2 r  5urface5.7he react10n c00rd1nate 15 a55umed a10n9 the arr0wed path 1n f19. 4. E* 15 the 
act1vat10n ener9y f0r d1550c1at10n. 

ca1cu1at10n the unre1axed C 0  (dc0 = 1.15 A) 15 c0n51dered t0 6e perpend1cu1ar 
t0 the 5urface, and we vary 0n1y the he19ht hc 0f the C at0m a60ve the 5urface 
and 1t5 h0r120nta1 d15tance d c fr0m the 5tep. After d1ffu51n9 a10n9 the 5urface, 
C 0  w111 0n1y fee1 the pre5ence 0f the 5tep at d c - 1.6 A, where f0r the re1axed 
m01ecu1e h c - 1.5 A. 1n a 5ec0nd ca1cu1at10n, 5h0wn 1n f19. 4, we f1x the C 
at0m at th15 p051t10n and vary the he19ht h 0 and the d15tance d 0 0f the 0 
at0m. 7h15 de5cr16e5 the t11t1n9 and 5tretch1n9 0f the C 0  60nd. 

0u r  re5u1t5 f0r a 5tepped N1(111) 5urface 1n f19. 4a 1nd1cate that C 0  15 f1r5t 
ad50r6ed 1n a m01ecu1ar 5tate (M), w1th 1t5 ax15 5119ht1y t11ted t0ward5 the 5tep. 
1n 0rder t0 d1550c1ate, the 0 at0m w111 preferent1a11y f0110w the arr0wed path 
6y f1r5t 5urm0unt1n9 an act1vat10n 6arr1er (w1th re5pect t0 M) E* - 3.4 eV. 
51m11ar re5u1t5 f0r 5tepped n1-2r 5urface5 are pre5ented 1n f19. 46. F19. 5 5h0w5 
the t0ta1 ener9y dur1n9 the d1550c1at10n and 111u5trate5 the 5tr0n9 decrea5e 0f 
the act1vat10n 6arr1er f0r d1550c1at10n t0 0.8 eV 1n pre5ence 0f 2r  at0m5 at 5tep 
51te5. 7he 10ca1 m1n1mum at d 0 = 0 1n the 10wer curve 1n f19. 5 a150 111u5trate5 
the tendency 0f 2r  t0 f0rm an 0x1de at 5tep 51te5. 7he decrea5e 0f the act1vat10n 
ener9y 1n pre5ence 0f 2r  exp1a1n5 the 5tr0n9 enhancement 0f the cata1yt1c 
act1v1ty 1n N1-2r  a110y5, 51nce the d1550c1at10n pr06a6111ty depend5 exp0nen- 
t1a11y 0n E*. A5 we 1nfer fr0m the ana1y515 0f 0ur re5u1t5, 2r  5tep at0m5 
tran5fer ea511y e1ectr0n5 t0 the near6y C 0  m01ecu1e. P0pu1at10n 0f ad50r6ate- 
10ca112ed 5tate5 0f ant160nd1n9 character weaken5 the C 0  60nd and thu5 
decrea5e5 E*. 

1n c0nc1u510n, we 5tud1ed the d1550c1at1ve ad50rpt10n 0f C 0  0n N1-2r  
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meta111c 91a55e5 6y ph0t0em15510n and  6y ca1cu1at1n9 the p0tent1a1 ener9y 
5urface5 f0r a p055161e d1550c1at10n mechan15m. Fr0m the UP5  mea5urement5 
we 06ta1ned 1nf0rmat10n a60ut  the am0un t  0f d1550c1ated C 0  a5 a funct10n 0f 
temperature  and c0vera9e f0r d1fferent c0mp051t10n5. Chem150rpt10n effect5 
were 065erved 60th 1n the ad50r6ate and 5u65trate 5tate5 1n the 5pectra. 7he  
exper1menta1 f1nd1n95 are 5upp0rted 6y m1cr05c0p1c ca1cu1at10n5 0f the C 0  
d1550c1at10n at 5tep 51te5. 7he  1n5pect10n 0f the p0tent1a1 ener9y 5urface5 
pr0v1ded an 1nf0rmat10n a60ut  the pr06a61e d1550c1at10n path and  the act1va- 
t10n ener91e5. 7he  065erved 5tr0n9 enhancement  0f the cata1yt1c act1v1ty 0f N1 
6y 2 r  at0m5 c0u1d 6e exp1a1ned 6y the 1ncrea5ed 6ackd0nat10n 1nt0 ant160nd- 
1n9 C 0  277* 1eve15, a typ1ca1 pr0m0t0r  effect. 

We ackn0w1ed9e f1nanc1a1 5upp0rt 0f the 5w155 nat10na1 5c1ence F0unda -  
t10n, the K0m15510n 2ur F6rderun9  der W155en5chaft11chen F0r5chun9, the 
Deut5che F0r5chun959eme1n5chaft, 50nderf0r5chun956ere1ch 6 and  the 5t1f- 
terver6and f1)r d1e deut5che W155en5chaft. 7h15 w0rk ha5 5upp0rted 1n part  6y 
N F P  7. 0 n e  0f u5 (D.7.)  9ratefu11y ackn0w1ed9e5 the h05p1ta11ty 0f the 1n5t1tut 
f1)r Phy51k 1n 8a5e1 and the A 7 • 7  8e11 La60rat0r1e5. We w0u1d 11ke t0 thank 
P. Re1mann f0r 5k111fu1 preparat10n 0f the 5amp1e5 and  Pr0fe550r A.8.  Ander -  
50n f0r pr0v1d1n9 u5 w1th a c0py 0f hJ5 A 5 E D  pr09ram. 
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