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Abstract

X-ray diffraction (XRD), temperature-programmed reduction (TPR) and X-ray photoelectron spectroscopy (XPS) were employed to investigate
the dispersion of copper oxide in CuO/Ti®amples prepared by one and double-step impregnations and the NO + CO activities of GuO/TiO
samples were also tested. The results indicate that the dispersion capacity of copper oxide in Cs&fifil®s with one-step impregnation and
double impregnations are about 0.52 and 0.98 mmol/10UiM,, respectively, which should be related to the shielding effect of accompanying
NO;~ anions during the impregnations. Therefore, the dispersion capacity of copper oxide on anatase with double impregnations could approach
1.16 mmol/100 rATiO,, i.e. a value corresponding to the density of vacant sites on the (0 0 1) surfaceoTi&NO + CO activities of CuO/Ti©
samples suggest that dispersed copper oxide species in these catalysts is the mainly active species and the increasing amount of dispersed co
oxide would enhance their activities. It seems to suggest that, for the supported catalysts, double or multiple impregnations would result in bette
activity than those prepared by one-step impregnation. In addition, the coordination environment of the dispersed copper oxide species existed
the anatase surface has been discussed by the incorporation model [Y. Chen, L.F. Zhang, Catal. Lett. 12 (1992) 51].
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction anhydride[8], and the partial oxidation of hydrocarbof#,
CoO-MoG/TiO> for the hydrodesulfurization of hydrocarbon
The interactions between metal oxide and oxide support haveils [10] and MoG/TiO» for the selective photooxidation of
drawn much attention due to the wide applications of supportedicohol[11]. It is crucial for elucidating the nature of the cata-
metal oxide catalysts, such as hydrodesulfurization, crackindysts and exploring the key factors in controlling the properties of
polymerization, partial oxidation of hydrocarbons and the selecthe catalysts to investigate the interaction between the transition
tive reduction of nitrogen oxides. Accordingly, a large number ofmetal oxide and Ti@ support.
studies have been devoted to exploring the interaction between The catalysts containing transition metals, especially cop-
the support and the dispersed oxide species, and various explaer, show a potential application for the treatment of exhaust
nations or models concerning the nature of the interaction havgas from automobilefl2—15] complete oxidation of volatile
been proposef—7]. organic compoundld 6—19]and special attention has also been
TiO2 is a very important support widely used in hetero- paid to this system as a substitute for noble metal containing
geneous catalysis. Transition metal oxides supported opn TiOcatalysts recentlj20]. Generally, three forms of the copper
have found application in various industrial reactions, suctcontaining catalysts have been used for these investigations,
as WL,Os/TiO7 in selective oxidation ob-xylene to phthalic e.g. unsupported copper oxide catalyf&ts], supported copper
oxide catalysts and supported metal copper cata[g&23]
As reported by Andersson and co-workers, the dispersed copper
* Corresponding author. Tel.: +86 25 83594945; fax: +86 25 83317761,  OXide on TiG was active for the complete oxidation of CO
E-mail address: donglin@nju.edu.cn (L. Dong). and toluene. However, the presence of copper oxide species
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accelerates the sintering of TiGupport, which prohibits the TiO,. CuO/TiO; samples with twice impregnation were sighed
application of these catalyst$8]. Xie et al. have investigated as II-Cux.
the dispersion of copper oxide on anatase and the influence
of dispersed copper oxide on the phase transformation from.2. Instrument
anatase to rutile. Their results suggest that the dispersion capac-
ity of copper oxide on anatase is about 4.0°Con? TiOs, X-ray diffraction (XRD) qualitative and quantitative analysis
i.e. 0.66 mmol/100 M TiO, [24]. Unfortunately, there was not were carried out on a Philips X'pert Pro diffractometer using
a further explanation and discussion for their value of the disNi-filtered Cu Ka radiation (0.15418 nm). The X-ray tube was
persion capacity rather than other values. In the actual uses operated at 40 kV and 40 mA.
the supported catalysts preparation, the dispersion capacity of Brunauer—-Emmett—Teller surface areas were measured by
the active species on a support is significant for us to consideritrogen adsorption at 77 K on a Micromeritics ASAP 2000.
the amount of the activity component. It is suggested that the X-ray photoelectron spectroscopy (XPS) results were
surface coverage of a catalyst by the active component can lmbtained by using a V.G. Escalab MK Il spectrometer equipped
an index of catalytic activity25]. The optimal content of the with a hemispherical electron analyzer. The system was oper-
active component is often near its dispersion capd2ity-28] ated at 13kV and 20 mA using a magnesium anode (Mg K
For example, B.M. Reddy et al. approached the catalytic propE =1253.6 eV). A binding energy (BE) of 284.5eV for the C1s
erties of MoQ/TiO2 by methanol oxidation, and results show level was used as an internal reference.
that the highest conversion to formaldehyde is at 8 wt.% loading, Temperature-programmed reduction (TPR) was carried out
which is close to the theoretical dispersion capacity of Mo®  in a quartz U-tube reactor, and 100 mg sample was used for each
titania (47 nt/g), i.e. 7.52 wt.%28]. Many examplesin catalytic measurement. Prior to the reduction, the sample was pretreated
applications suggest that the dispersion capacity be correlatéd an N, stream at 100C for 1 h, and then cooled to room
with the catalytic properties intimately. So, measuring and distemperature. After that, #Ar mixture (7% H by volume) was
cussing the dispersion capacities of supported catalysts is sfvitched on and the temperature was increased linearly at a
obvious significance. rate of 10°C min—1. A thermal conductivity cell detected the
Recently, we have found that the dispersion amount of copeonsumption of H in the reactant stream.
per oxide on CuO/TiQ (anatase) varied with the impregnation  The activities of the catalysts for NO + CO reaction were car-
times. However, the dispersion capacity of copper oxide omied out under steady state, involving a feed stream with a fixed
CuO/TiO, (anatase) was close to a fixed value, e.g. dispersionomposition, NO 3.33%, CO 6.67% and He 90% by volume
capacity and this result implied the fact that exploring the theoas diluter. A quartz tube was employed as the reactor and the
retical dispersion capacity of the supported catalysts should beequisite quantity of catalysts (20 mg for each test) was used.
significant. In this work, a series of CuO/Ti@ith one-stepand The catalysts were pretreated in $tream at 100C for 1 h, and
double-step impregnation have been prepared, and we will focuiben heated to reaction temperature, after that, the mixed gases
our attention on studying the influences of impregnation timesvere switched on. The reactions were carried out af80@ith
on the dispersion of copper oxide on the anatase as well as tiiee same space velocity of 30000 mfich—. Two volumes and
relationship of the dispersed copper oxide on titania (anataséfermal conduction detector (TCD) were used for the purpose

and the catalytic activities of NO + CO. of analyzing the production, volume A with Porapak Q for sep-
arating NO and CQ, and volume B with 1& molecular sieve

2. Experimental (30—60 M) for separating N NO and CO.

2.1. Catalyst preparation 3. Results and discussion

Anatase support was prepared via hydrolysis of titanium Fig. 1shows the XRD results of a series of I-Ggamples of
alkoxides, the product was washed, dried and then calcined idifferent copper oxide loading amounts with one-step impreg-
flowing air at 500°C for 5 h[29]. The Brunauer—Emmett—Teller nation. For CuO/Ti@ samples with low copper oxide loading
(BET) surface area is 777g 1. amount, such as I-Cu-0.2 sample, there are no typical diffraction

CuO/TiO», samples with one-step impregnation were pre-peaks of crystalline CuO in the patternkfy. 1a, except those
pared by impregnating Ti©support with an aqueous solu- of TiO2 support. The typical peaks of crystalline CuO appear
tion containing the requisite amount of Cu(j)@, then dried  when the copper oxide loading amounts are beyond 0.6 mmol
at 100°C followed by calcinations at 45@ in air for 4h.  CuO/100 n§ TiO», which indicates that crystalline CuO formed
CuO/TiO, samples with double-step impregnation were pre-nthese samples. The straight line determined by XRD quantita-
pared by impregnating CuO/TiQvith the copper oxide loading tive analysis representing the relationshipgd@io/ Iio, versus
amount of 0.4 mmol/100 MTIO, with the requisite amount the copper oxide loading amount gives an intercept correspond-
of Cu(NGs)2, then dried at 100C followed by calcinations ing to the dispersion capacity of copper oxide on 4[30,31],
at 450°C in air for 4 h. For the sake of simplicity, CuO/T3O and the results show that the dispersion capacity of copper
samples with one-step impregnation were signed as ;Cu- oxide on TiQ with one-step impregnation is about 0.52 mmol
i.e. I-Cu-1.4 is corresponding to CuO/TiGample with one- Cu0/100 m TiOy, as shown ifFig. 2, which approximate to the
step impregnation and CuO loading amount of 1.4 mmol/190 mquantitative results in referen{24].



26 H. Zhu et al. / Journal of Molecular Catalysis A: Chemical 243 (2006) 24-30

O--Crystalline CuO

O --Crystalline CuO

Intensity(a.u.)
- @]
Intensity (a.u.)

i

D o0 o o—~Q3z

: . A S
20 30 40 50 60
28 (°) 26 (°)

~
o

Fig. 1. (a-h) XRD patterns for |-Cu-samples with copper oxide loading Fig. 3. (a—-f) XRD patterns for 1l-Cu- samples with copper oxide loading

amounts of 0.2, 0.6, 1.0, 1.4, 1.8, 2.2, 2.5 and 3.0mmol/10Ti@,, respec-  amounts of 0.4, 0.8, 1.4, 1.8, 2.2 and 2.6 mmol/160Ti0,, respectively.
tively.

Figs. 5 and &how the TPR results of I-Cu and 1I-Cu sam-

ples, respectively. For these samples, when temperature is below

(e o diforemt coppar oo loading amounts with double.steA00°C: two reduction peaks at abou 165 and 260can be
p PP g %etected, which could be attributed to the reduction of dis-

impregnation. When the copper oxide loading amount is below ; . : .
0.8mmol CuO/100 h TiO,, no typical characteristic peaks persed copper oxide and crystalline copper oxide, respectively
) . 2 . [30]. For I-Cu and II-Cu samples, the peak area attributed to

corresponding to crystalline CuO could be foundFiy. 3a

and b. However, when the copper oxide loading amounts artehe reduction of dispersed copper oxide would reach the maxi-

beyond 1.4 mmol CuO/100%TiO», the characteristic peaks {Ezmx&h;tr:ﬁbzct)gget[)%fiégigtlig%?)T(():lrmstt’avl\lliwclaeétza\:\?oilcg
of crystalline CuO appeared in the patternskad. 3e—f and P Y

2 o . ; . increase with the copper oxide loading amount. When the cop-
their intensity increased with the copper oxide loadings. XRD er oxide loading amount is beyond 2.2 mmol/1G0TO,,

quantitative results indicate that the dispersion capacity of cop-

: ! ; S |tt could be seen irFigs. 5f—g and 6e—that the low tempera-
per oxide on anatase with double-step impregnation is abOL’tlure eak area almost keep stable. Quantitative analysis of the
0.98 mmol/100 rA TiO,, as shown irFig. 4. These results indi- P P : y

cate that, for CuO/Ti@ samples, the dispersion capacity of TPR results of these four samples, i.e. I1-Cu-2.2, 1-Cu-3.0, II-

. . . Y7 Cu-2.2 and 11-Cu-2.6, has been carried oldble 1presents
copper oxide on anatase with double-step impregnation is h'ghef‘ﬁe proportion of two reduction peak areas in these four sam-
than that with one-step impregnation.

ples. As presented ifable 1 the dispersion capacities of copper
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0.1+

lcuoflroz(a.u)
lCuOﬂTloz(a I.l)
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Fig. 2. Quantitative XRD results of I-Cusamples. Fig. 4. Quantitative XRD results of II-Cusamples.
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= @ Table 1
o Area percent of each reduction peak in TPR results
@ Sample  CuO loading Area (%)
(mmol/100 n? TiO,) -
Low temperature  High temperature
E peak peak
8 g I-Cu 2.2 26.0 74.0
- 3.0 17.3 82.7
< _ lcu 2.2 405 50.5
€ 8 f 2.6 36.3 63.7
-
: _J\/L_/\
2 e with the copper oxide loading amount increasing from 0.6 to
S R I o 3.0mmol/100 A TiO,, and the reduction temperature of crys-
T s talline CuO in II-Cu samples increase slightly with the copper
o S d oxide loading amount. This can be understood by taking into
wﬁﬁﬁrf’/———s c consideration that Ti@is an n-type semiconductor. Under a
b reducing atmosphere, TiQends to produce a high concentra-
/\ tion of n-type defects, i.e. ¥ ions and oxygen vacancies on the
a surface, and by donating electric charges to thé*Gans, the
I R T A unstable surface T ions are returned to 11 and the reduction

100 200 300 400 500 600 of copper oxide species is promoti@2—-34] So, the enhance-
Temperature(°C) ment of the reducibility of copper oxide species should be related
Fig. 5. TPR profiles of I-Cu-samples: (a) pure CuO; (b) anatase; (c—g) coppert0 the interaction between the cqpper oxide species with TI,O
oxide loading amounts of 0.2, 0.6, 1.4, 2.2 and 3.0 mmol/100i@;, respec-  SUPPOrt. Apparently, compared with the unsupported crystalline
tively. CuO species, dispersed copper oxide species are in close con-
tact with the surface of Ti@ thus the strongest influence of

oxide on anatase in I-Cu and II-Cu samples are about 0.54 an-la02 and the lowest reduction temperature are expected. For

0.92 mmol/100 & TiOy, which s basically consistent with XRD crystalline CuO, the interaction between small CuO particle and
qLJantitative results. | ’e 0.52 and 0.98 mmol/160H0,. In anatase should be stronger than that between large CuO parti-

addition, it can be clearly seen that, for I-Cu samples, the reducc—Ie and anatase. Thus, the reducibility of small CuG particle is

tion temperature of crystalline CuO shift from 224 to 249 enhqnced more.
P y Fig. 7 shows Cu2p, XPS results of 1I-Cue samples. The

Cu2p/2 binding energy of copper oxide species in II-Cu sam-
) ples shift from 932.1 to 933.8 eV with the copper oxide loading

o
o S amount increasing from 0.4 to 2.6 mmol/108 O,. Table 2
T presents the Cu3p binding energy of some copper-contain
compounds. It has been well established that for copper species
wn
((3 -
8 f
anT
!_';, = E :j/CUQPafz
-,‘%‘ S © Cu2 i i |
o ry Uzp 472 i\
_.n':_.g E z shake-up b
= ~ =] b
~N @ d 2 /
™ 2 i
€ = i
[
b :
a i
I ‘ l I I ' I ‘ I I l T T T T T T T T T T T T T T T T
100 200 300 400 500 600 965 960 955 950 945 940 935 930
Temperature (°C) Binding Energy(eV)

Fig. 6. TPR profiles of II-Cue samples: (a) pure CuO; (b—f) copper oxide load- Fig. 7. Cu2p XPS spectra of lI-Cusamples: (a—d) the copper oxide loading
ing amounts of 0.4, 0.8, 1.4, 2.2 and 2.6 mmol/1G0T0,, respectively. amount of 0.4, 0.8, 1.4 and 2.2 mmol/108 O, respectively.
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Table 2 100 —
Binding energy of some compounds

Compound Cu2pz (eV)

CuO 934.4
CwO 932.6

Cited from[41].

the presence and absence of the shake-up peak are the char-
acteristic for C&* species and Cuspecieg35]. As shown in
Fig. 7, the intensity of the Cu2pp shake-up peak of II-Cu sam-
ples increases with the copper oxide loading amount. And the
Cu2p» binding energies of copper species in II-Cu-0.4 and
[1-Cu-0.8 are about 932.1eV, which is similar to the*Cn
CwO. This result seems to suggest that copper species in these
two samples mainly exist as Cgpecies. However, the Cuglp
binding energies of copper species in [I-Cu-1.4 and II-Cu-2.2 —m,
are about 933.1 and 934.3 eV, close to thé'Cand the shake- \l-——-/ .
up peak can be observed evidently, which should be attributed
to the dispersed copper species and crystalline CuO. The result 0 — — —
suggests that copper species mainly exist as thié €pecies 0.0 0.5 1.0 15 2.0 2.5
and the crystalline CuO can be detected in [I-Cu-1.4 and II-Cu- Copper oxide loading amount
2.2. These results also indicate that the dispersion capacity of (mmol/100m*TiO)
copper oxide on anatase with double impregnations is higher ) ) ) N
than 0.8 mmol/100 ﬁ]TiOz and lower than 1.4 mmol/100%m Fig. 8. Rglanonsmp between the NO conversions or thsNectwny and the
. . copper oxide loading amount: (a and c) the NO conversion of k&ud |I-Cux;
TiO2. As reported by Andersson and LarsgdS], dispersed (b and d) the M selectivity of I-Cux and II-Cux samples, respectively.
CU?* species on anatase would be reduced t6 §hecies dur-
ing the XPS measurement and the amount ¢f §pecies would
increase with the analysis time. Therefore, the creation df Cusor molybdate used for impregnations; as a high melting point
species should be related to the reduction of disperséd Cuoxide, the dispersion capacity of NiO is the same as that of
species. In addition, for lI-Cu-1.4 and II-Cu-2.2 samples, thats precursorg36]. Along this line, the dispersion capacity of
Cu2p2 binding energy of dispersed €uspecies is about CuO on anantase should be related to the dispersion capac-
933.1 eV, which is lower than that of €lions in crystalline ity of Cu(NOs),. As discussed previoush29,37] the (001)
CuO, 934.3eV. The shift might be related to the intensity ofplane of the TiQ (anatase) is considered the preferentially
Cu-O0 bond, i.e. the intensity of Cu—O bond of dispersed"Cu exposed plane, the dispersion capacity and the surface states
species in CuO/Ti@sample might be weaker than that of<u  of the active species could be expected by considering the sur-
in crystalline CuO. face structure of Ti@ For anatase, the vacant site density in
Shown inFig. 8are the NO + CO activity and Nselectivity (00 1) plane is about 1.16 mmol/10&pshown inFig. %a. When
of a series of I-Cu and 1I-Cu samples. For I-€samples, the anatase was impregnated by Cu@#£aqueous solution, Cii
NO + CO activities decrease slowly with the presence of crysions would occupy the vacant site on anatase surface and the
talline CuO. When the copper oxide loading amounts are lowetwo accompanying N anion would stay at the top of the
than its dispersion capacity on anatase with double impregnaccupied site as capping NO, compensating the extra posi-
tions, such as II-Cu-0.4 and 1I-Cu-0.8 samples, the NO + CQive charge. As reported elsewhdB8], the effect radius and
activity and N> selectivity increase with the copper oxide load- area of N@Q~ is about 0.19nm and 0.125 Rnrespectively.
ing; when the copper oxide loading amounts are beyond it3he two accompanying N§> anion would prevent some of the
dispersion capacity on anatase, such as 11-Cu-1.4 and Il-Cu-212&ighboring vacant sites on the surface of anatase from being
samples, the NO + CO activity keeps stable and thedlectivity  incorporated by other copper ions, as showrrig. 9. Con-
decreases slightly with the copper oxide loading amounts. Theidering this shielding effect of capping NO anion, when
activity increases with the amount of dispersed copper oxidehe NO;~ anions form a close-pack monolayer on the anatase
indicating that dispersed copper oxide species might be thsurface, the dispersion capacity of Cu(y© on anatase is
active species in these catalysts at current conditions. Therabout 0.66 mmol/100mTiO,. During the calcinations, dis-
fore, it could be concluded that increasing the dispersed coppgersed Cu(N@), would decompose and form dispersed CuO
oxide amount could enhance the activities of these catalysts. species and those vacant sites shielded by capping N@ion
Xie et al. have investigated the influence of different precurwould expose on the surface of anatase, and the excess of
sors on the dispersion capacity of NiO and Mo@h y-Al,03. Cu(NGs)2 in these samples would decompose and might mainly
The results suggest that as a relatively low melting point oxideform crystalline CuO. Accordingly, for the CuO/TiOsam-
MoOj3 gives out a higher dispersion capacity than its precurples with one-step impregnation, the dispersion capacity of

NO conversion or N, selectivity (%)
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o O o . @

2+

Ti *Surface lattice 0% Subsurface lattice 0% Vacant site Cu Capping NO3

Fig. 9. The schematic diagram for the incorporated*@ans in the surface vacant sites on the (00 1) plane of T#Datase): (a) (00 1) plane of TiQanatase)
and (b) incorporation of the dispersed®species accompanying with two NO anions on the (00 1) plane of TiGanatase) support.
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