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Abslrac~ 

Cu' : ' zeot i te  catalysts were prepared b ,  a combmal ion  of  ion<xcha~~ge and t}~erm~.>vacuum 
treatmems.  In situ characterizaticm ~, these catalys~s and their photocataiyt ic  reactiviti::s for 
the decomposi t ion  of N Q :  {NO a~]d N:,O} have been i~westigated by meat~s of  in situ 
photoluminescence,  XAFS,  ESR, UV, and FT-1R tec!miq~cs a long witt~ at~ analysis of the 
reaction prod~cts. It was t\vtmd that C u ( : )  ions included within the nar~opores of  ZSM-5 
and mordemte  zeolites exist as isolated Cu,  ~t) monomers  with p lanar  three-coordinate or 
~wo-coordinate geo~recry, ~hi le  m the Y-~.zeol... cavitie;-; they exist as rche [~Tu{ I l -Cu{  I )] dimer 
species as welt a,.; the isolated (.".~(I1 tno:~ ' ,r species~ UV irradiat ion of these Cu ~/zeolite 
catalysts m tl~e presence of  NO,. ~ed ~o f~ ,~ocata!ytic decompc,:dtior~ of  NO~ into N2 and  
O:  at temperatures as low as 275 K. A f,, ..... lmrge separati,,m i~volvh~g a~. electron transfer 
from the dec~.ronically excited state of  a Ct I ) i,)t~ i 3d 'qs  * state} to the a~ti .-n-bonding orbital  
of  an NO molecule was b:nmd to play a vital role in ini t iat ing the phetocatMytic decomposi t ion  

* Correspor, ding author. 
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of NO.,, Furthermore, the photocatatytic reactivity of these Cu +/zeolite catalys~s was found 
to be stro~gly affected by the local structure of the Cu (1) ions which could easily be modified 
by cha~gi~g the type ofzeotites and loading of the copper ion. Special attention has, ~herefore, 
bee~ ~k?cused on the relationship betwee~ the local structure of copper iotas oB the catalysts 
a~d their pi~.o~ocatalytic reactiv:ties, r~) 1998 Hsevier Sdeace S.A. 

K</rword:;." NO~ decompositiom Photocataiysis; Cu" ion; Zeoli~.e 

t. haro~luction 

The design of well-defined molecular and/or cluster size photofunctional matermls 
as well as catalysts within lhe micropores or frameworks of zeolites is of special 
imerest because of their i~ascinating physical and chemical properties, unusual 
ir~tei~aal sarlgce topology, and ion-exchange capacities, just to name a few [ 1-4]. 
ReeeJ~t!y, the ion-exchanged copper/ZSM-5 catalyst has attracted a great deal of  
atte~:ior~ as a potential thermal catalyst for the direct decomposition of NO~ into 
N2 a~,d O; at aron,ad 600--700 K [5,6]. On the other hand, we have found that only 
the Ctx +/ZSM-5 catalyst which showed catalytic activity for the decomposition of 
N©.~ exhibits a characteristic photoluminescence spectrum at around 400-500 nm 
,>&ieh can be attribated to the radiative decay process from the excited state of the 
Cu(i ) ion species and also found that UV irradiation of Cu+/ZSM-5 catalysts in 
tiae presence of NO leads to the direct decomposition of NO into N2 and 02 with 
a good linearity and stoichiometry even at 275 K [7-9]. These results clearly suggest 
that the e~ectronic excited state of the partially reduced Cu(1) ion species (3d94s ~ 
st.a'~e) plays a sig~ificant role as active si~;es in the photocatalytic decomposition of 
NO:, into N2 and O e. 

ia the present study, a comprehensive characterization of the relatio~ship between 
the local structare of the copper ion species and their photocatalytic reactivities for 
~he decomposition of NO~ (NO and N20) into N2 and 02 at 275 K has been 
in,Jes~igated by charlgiag the type of zeolites and loading arnoun~s of copper ions 
using in sit~ photolumiJ~esceace, X.-ray absorption fine s~rucmre (XAFS),  ESR~ 
UV, a~d FTo[R teclmiques. Special attention has been focused on th~- relationship 
betweei~ the local str~tc, ure of copper io;;s fl~clnded within zeolite cavities and their 
p~otocata!ytic reactivities ibr the direct decomposition of NO,: into N~ add O, 
a~ 275 K. 

20 E:xpe~'i~e~¢al ~eetiee, 

Three types of zeolites (supp!ied by the TOSOH Co.) were ~sed: ZSM-5 (Si/A~= 
22k3), morde~ite (Si/At=i4.9),  a~d the Yozeo!ite (Si/.AI=5.6, !3.9, 390}. 
C~t e~,/zeolite samples were prepared by ion-exchange with an aqueo~s Ct~{NH3}]  + 

solution. After washi-:~g wi~h water and drying in air at 373 t4, the copper loadings 
were determined to be i.5--2~..0 wt% as metal. Prior to spectral measurements a~d 
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subsequent reactions, the samples were degassed at 673 K, heated at 673 K in O~, 
and then finally evacuated at the desired tm,~perature. The standard Cu+/zeolite 
catalysts were prepared by evacuation of the Cua+/zeotite san:pfes at 973-1073 K. 
The photolmninescence spectra of the catalysts and their lifetimes were recorded at 
77 K. The FT-IR and UV absorption spectra were measured at 295 K, The ESR 
spectra were recorded at 77 K. The XAFS spectra (XANES and FT-EXAFS) were 
obtained at the Photos Factory in Tsukuba. An Si (3 t l )  channel-cut crystal was 
used to monochromatize the X-ray from the 2.5 GeV electron storage ring. UV 
irradiation was carried out using a !00 W high pressure mercury lamp through water 
and color filters at 275 K (2 > 280 nm). The photoreaction products were analyzed 
by gas chromatography and mass spectrometry. Further experimental details can be 
found in previous papers [7-9]. 

3. Results and discitssion 

Ca2*/zeolite samples exhibited a typical ESR spectrum due to the hydrated 
C u  z + ion anchored within zeolite cavities. The increased evacuauon temperature led 
to a dra.~fic decrease in the intensity of the ESR signals with veFy minor changes in 
their spectra parameters and line-chapes and also to the color changes of the samples 
from blue to white, indicating that the chemical reduction of  Cu ~+ to Cu + had 
occurred. With the Cu + :zeolite catalysts prepared in this way, a photoluminescence 
was obseIwed at around 400-500 nm upon excitation at around 270-300 nm. Fig. 1 
shows the typical photoluminescence spectra of the Cu+/ZSM-5 (a), 
Cu+/Y-zeolite (Si/AI = 5.6) (b), and Cu+/mordenite (c) at 77 K, respectively. The 
absorption band at aro~md 270-300 nm and the phototuminescence spectrum at 
around 400-500 nm are attributed to the electronic excitation of the Cu(I)  io~ 
,.~,-, ~ u: ~..~u~~%~'~. , al~d its reverse radiative deactivation ¢. 3d94sl-+3di°L. respectively.. 
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Fig. l, Photohmfinescence specm~ o f  tl~e ',a) O.1~ ,ZSM-5,  t b,  ~ Cu + ,Y-zeolite, and (c~ C u * / m o r d e n i t e  
catalysts: measured  at 77 K 



()~ the otaer harM. tl~e absorptio,~ band at around 300-320 nn~ and the photolumin- 
e_sce~ce spectrum at around 480--580 rm-~ can be atlributed to the presence of  a dimer 
{3dG*---,4sG) ao_d it:; reverse radiative deac~:ivatim~ (4so- ,3dG*L respectively 
[7. I0. I! ]. This a:,;sig~.u,aer~t is supported by the fi~cl tlml the intensity of the peak at 
ar.,:um.d 480-5g0 mn h~creases when the copper cot!tent of the catalyst is increased, 
whereas the in~.ensity of the peak at aromxt 400--500 U111 remains almost co~stant. 

Fig. 2 shows the XANES and FT-EXAFS spectra of  the Cu+/ZSM-5 (b, b'), 
Cu ~/Yozeoli~e (Si/A! = 5.6) to, c'), and Cu*/mordeni te  (d, d') at 77 K, respectively~ 
together with ~he spectra oi the original Cu2+/ZSM-5 sample (a, a 'L As shown in 
Fig. 2{hi and (d), the Cu+/ZSM-5 and Cu+/mordeni te  catalysts exhibit a very 
stror,..g a;~d sharp band (B) due ,~;, ihe lso4p: transition with~',ut any shakeo-down 
bamts, arid these were su~',qcient i .  idemi,./im, tl~e copte r  ion species as isolated 
Cu( l J  i(ms having a planar three-coord;'mte ,,r lir~ear two-coordinate geometry 
[9~ 12]. A:; shown i~ Fig, 2(b') and (d ,, c.¢~:e c:.~aiysts exhibit a Ct i -O peak only at 
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around t.5 A (uncorrected value), also indica!mg the preserice of isolated Cu([)  
ions on these catalysts. On the other hand, a's shown in Fig. 2(c) and (c'), she 

÷ I [ , ~, , Cu s ~ .-zeolite exhibits an intense peak at 2.6,24, in additiol~ to a peak at 1.5,4, due 
to She Cu-O bonds. The peak at 2.6 A can be attributed to the neighboring copper 
atoms (Cn-O-Cu),  indicating the presence of aggregated Cu( I ) ions. 

These results obtained by ESR. XAFS. UV, ap, d photo!uminescence measurements 
4- / • 

of the Cu 2 +/zeolite samples as well as Cu /zeohte catalysts clearly indicate that in 
the ZSMo5 and mordenite zeolites almost all of  the copper cations exist as an 
isolated Cu( ! ) monomer species with planar three-coordinate or linear two-coordi- 
nate geometry, while in the Y-zeolite both isolated Cu([)  ions and an aggregated 
Cu( 1 ) -O-Cu(  l ) dimer species tire presm~t. 

As shown in Fig. 3, UV irradiation of the Cu+i'zeolite catalysts even at temper- 
atures as low as 275 K in the presence of NO,. molecules leads to the formation of 
N?. and Oe with a good linear relationship between the UV irradiation time and the 
conversion o~" NO,. molecules into Nz and 02. Thus, UV irradiation of the 
Cu .,'zeolite catalysts at .:.73 K in the presence of NO.,. molecules brought about the 
photocatalytic decomposition of NO,< into N, and O z with a good stoichiome|ry 
(N.,:O, = I:! }. Although it is difficult to determine the actua! quantum yields in such 
very :,;mall powdered systems, the results in Fig. 3 show that the Cu ~/ZSM-5 catalyst 
exhibits the highest pholocatalytic activity for the direct decomposition of NO into 
N_, and O~ at 275 K. We can estimate about , --,e.~ ,ez as the apparent quantum yield 
of this system by comparing the results with the quantum yields determined for 
other supported catalysts such as vanadium oxide and silver(I} ion photocatalysts. 

At; showp, in Fig, 4, the photocat~:lytic activity of the Cu ~'/ZSM-,5 caialyst increases 
wifia the evacuatkm temperature af the ('u 2+/ZSM-5 sample, passing through a 
maximt m at l i73 K and tb.en decreasi~lg at much higher degaussing temperatures. It 
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Fig. 4. Effects of the evacuati~,:~ lempe~ature of the Cu- ,ZSM-.. sample on (at the relalive i[~tensity of 
the ESR :;igrml due to Cu e" , (b) the relative yields of the photolummescence due lo Cu ' ,  (c) the relative 
conversions (y:etds} of the photocatalytic decomposition of NO at 275 K, and (d) the amount of CO 
molecules selecti,,'ely adaorbed o'~ the Cu* ions o~ the catalyst at 295 K. 

car~ also be seen that the phot~idminescence yields attributed to the isolated Cu( l )  
ion species change dramatically in a similar way. Furthermore, the number of 
isolated Cu(I)  ion sites which could be determined by the selective adsorption of 
CO molecules onto the isolated Cu(1) ions was also found to change in the same 
way, the curves of which ?.re shown in Fig. 4. It was thus found that the yield of 
the photocataiyfic decomposi~qon of NO parallels the yield of the photoluminescence 
due to the number of isolated Cu(1) ions. These results clearly indicate that the 
prese~ce of the isolated Cu(l[) ion species plays a vital role in the photocatalytic 
decomposition reaction of NO, on the Cu +/zeolite catalysts. 

A,~; can be seen in Fig. 5, the addition of NO molecules onto the Cu+/zeolite 
catalyst was found to lead to tl~e efficient quenching of the ph~:~toluminescence in its 
i~tensity and til~etime, i~s extent depending or~ the pressure of the NO molecules 
added. St~ch an e!~cient quenching can be attributed to the dynamic interaction 
between NO and the Cu(i ) ion species, not only in the ground state but also in its 
excited state (3d 94s~ state). 

It was found that the ESR signals and FTqR spectra of the Cu "/ZSM~5 catalyst 
in the prese~,~ce of NO molecules show the formation of mononitrosylic adducts, i.e. 
a Cu ' -N(Y ~ species and UV irradiation of systems having mononitrosylic adducts 
led to a decrease in the intensities of the ESR and FT-IR spectra attributed to the 
Cu +~-NO '~'- species, without the appearance of any new ESR signals and IR peaks 
~7, b;]. After UV irradiation was discontinued, the intensities of these spectra returned 
to their or~gi~mt levels. Such reverse changes in these spectra suggest not only that 
Cu÷-~NO ~- species act as reaction precursors, but also that the photoinduced 
decomposition ot NO~ proceeds catalytically at 275 K. 

From these results, the mechanism of the photocatalytic decomposition reaction 
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Fig. 5. Effecls of the addition of NO on the photoluminescence spectrum of the Cu ~/ZSM-5 catalyst. (a) 
Phototuminescence and t b) excitation spectra. NO pressure (Torr): 1:0.1, 2:0.3, 3:0.5, 4:1, 5:20. 

of NO~ into N 2 and Oa on the Cu+/zeolite catalyst can be proposed as follows 
(Scheme 1 ): an electron transfer from tile electronically excited state of the Cu(I)  
ion (3d 94s~ state) to an anti-n-bonding orbital of an NO molecule and a simultaneous 
electron transfer from the n-bonding orbital of another NO molecule to the vacant 
electron state of the Cu (I) ion (3d 94s° state) which causes a local charge separation 
and initiates the decomposition of NO. Two different NO molecules are simulta- 
neously activated at a Cu(l ) ion site in the local electron transfer within the lifetime 
of the excited state of the Cu( I ) ion, resulting in the selective tbrmation of N 2 arid 
02 without any formatkm of N20 and/or NO,. Only this mechanism can explain 
the selective formation - f  N 2 and Oz in the decomposition of NO. A ~_:imilar 
mechanism has also been proposed for the selective formation of Nz and 02 in the 
decomposition of NO on highly dispersed tetrahedrally coordinated titaniu:,:, oxide 
photocatalysts prepared within the zeolite cavities [13]. 

Fig. 6 shows the reaction time profiles of the photocatalytic decomposition of 
N20 into N2 and 02 on the Cu ~/Y-zeolite catalysts with differing Si/A1 ratios of 
Si/AI=5.6, 13.9, and 390. It is clear that the photocatalytic reactivity of the 
Cu +/Y-zeolite strongly depends o11 the Si/Al ratio of the zeolite supports. In connec- 
tion with this phenomenon, the local structure of the Cu(1) ion species as an active 
site has also been investigated. 

Fig. 7 shows the XANES and FT-EXAFS spectra of the Cu +/Y-zeolite catalysts 
with different Si/A1 ratios of Si/At = 5.6, 13.9, and 390. The Cu +/Y-zeolite catalyst 
with a Si/Al ratio of 13.9 exhibits quite similar XANES and FT-EXAFS spectra 
with those obtained from the Cu+/ZSM-5 catalyst shown in Fig. 2(b) and (b'). It 
was also found that the photoIuminescence spectrum of the Cu +/Y-zeolite catalyst 
with Si/A1 ratio of 13.9 is in good agreement with that of the Cu +/ZSM-5 catalyst as 
shown in Fig. l(a). 

We have thus demonstrated that the local structure of the Cu(I)  ion species was 
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Fig, 7. XANES (a c )  and FI'-EXAFS (a' c') spectra of the Cu '/Y-zeolite catalysts with different St/At 
ralios: (a, a ' l  5.6, (b, b'} 13.9. (c. c } 390. 

found to change dramatically when the amounts of copper ions loaded onto the 
zeolites were varied and the results obtained by XAFS, photoluminescence and ESR 
measurements clearly indicate that the Cu( I ) ion species on the Y-zeolite with Si'AI 
ratio of 13.9 exist as the isolated linear two-coordinate Cu( l )  monomer species in 
a similar manner to the species on the ZSM-5 and mordenite zeoittes, while on the 
Y-zeolite with St/A1 ratio of 5.6, the Cu(I) ion species exists both as an isolated 
Cu(I)  monomer species and a Cu(1)-Cu(1)  dimer species. Therefore, it can be 
concluded that the isolated ti~aear two-coordinate Cu~!) monomer species,, which 
has the highest extent of coordinative up, saturation, exhibits the highe:;t m~d most 
unique photocatalytic reactivity for the direct decomposition of NO,. into N2 and 
O?. even at 275 K. 

4. Conclusions 

The loca! structures of the Cu(1) ion species on the Cu+/zeolite catalysts were 
clarified by means of in silu photolummescenc,', XAFS., ESR, UV, and FT-IR 
measurements of the catalysis. UV irradiation of the Cu'/zeoli te catalysts in the 
presence of NO.~ molecules led to the direct decomposition of NO~ into Nz and 
02 even at 275 K. An elect~on transfer fiom {he electronically excited state of Cu(I)  
ion to the antb, n-bonding orbital of an NO molecule initiates the photocatalytic 
decomposition of NO~ into N2 aud 02. Comprehensive investigations into the 
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relationsI~ip between the local structures and lhe photocatalytic reactivities of the 
Cu +/zeolite ca{:alysts showed that the isolated linear two-coordinated Cu(l)  mon- 
omer species exhibits the highest photocatalytic reactivity for the direct decomposi- 
tion of NO~ into N2 and O> clearly showing the importance of the coordinative 
unsaturatkm of the active sites. 
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