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Promoting effect of Pt addition toXDs/ZrO, catalyst on reduction
of NO by GHs
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The effect of Pt addition to a ¥O5/ZrO, catalyst on the reduction of NO bys8g has been studied by FTIR spectroscopy as well as
by analysis of the reaction products. Pt loading promoted the catalytic activity remarkably. FTIR spectra of NO adsorbed on the catalysts
doped with Pt show the presence of two different types of Pt sites, Pt oxide and Pt cluster, on the surface. The amount of these sites depends
on Pt contents and the catalyst state. Pt atoms highly disperse on the surface as Pt oxide at low Pt content, being aggregated into Pt metal
clusters by increasing Pt amount or reducing the catalysts. The spectral behavie©dfands on the surface also supports the formation
of Pt clusters. It is concluded that Pt promotes the NgH&reaction through a reduction—oxidation cycle between its oxide and cluster
form.
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1. Introduction ing of 2.0 wt% (V2Z) was estimated to be the theoretical

Catalytic removal of NQ emissions has been the subjedinonolayer content on the ZgGsupport [8]. Two types of
of extensive investigation in environmental protection [1,2Pt-doped \Os/ZrO; catalysts (atomic ratio; Pt/\= 0.1
Concerning automotive NOemissions, the platinum groupand 0.2) were obtained with a small amount of hydrogen
metals are practically used in the three-way catalysts to ieexachloroplatinate(lV) hexahydrate solution by a similar
duce NO. Among them the highest activity of NO reductiodry impregnation method, as described in [8,9]. Two kinds
has been reported with the Pt-based catalysts [3]. In the 8¢Pt-doped ZrQ catalysts were also prepared by the same
lective catalytic reduction (SCR) of NO by Nvanadium  manner, containing 0.44 and 0.88 wt% of Pt (corresponding
oxide, though it is a key component for practical catalystg, ihat of Pt-doped YOs/ZrO, catalyst).
has been found to be less active for the SCR of NO by light The catalysts are designated as\PZ or PtcZ (x =
hydrocarbons (HC-SCR) (2] Monolay_e_r vanadium oxid and 2), wherex is ten times the atomic ratio of Pt/V
catalysts, however, have a great possibility for the HC-SC hd means the amount of Pt corresponding to Pt1V2Z and

fNO th h their uni h i i i
of NO through their unique characters and interactions wi t2V2Z. The BET surface area of the support and the cata-

support materials [4]. _
We have already reported the adsorption and decompd¥ftS Were as follows: Zr928, V27 31, Pt1Z 24, Pt2Z 27,

tion of NO, [5] and the reduction of NO by 4 [6] over Pt1V2Z 30 and Pt2v2Z 29 fgt.
vanadium oxides layered on zirconia prepared by a gas phasd N€ chlorine atoms incorporated onto the catalyst may
method. Recently, we have found a considerable promoti.ﬁ‘@ibit the reaction and/or the catalyst itself. In order to re-
effect of Ca doping to the ¥0s/ZrO, catalysts on the re- move the chlorine atoms, a catalyst disk (20 mm diameter,
duction of NO by GHg [7]. In the present work, the effect ca. 100 mg) was reduced under circulation of hydrogen (
of platinum on reduction of NO by £Hg over a \bOs/ZrO, 1.3 kPa) at 673 K before use. Then, the disk was degassed
catalyst has been investigated by FTIR spectroscopy as wellvacuum at 723 K for 30 min, followed by circulation of
as by the analysis of the reaction products. oxygen €a. 4 kPa) at the same temperature. After this oxi-
dation pretreatment was repeated twice, the disk was cooled
to room temperature (RT) in oxygen.
Insitu FTIR spectra were recorded on a Shimadzu FTIR-
Details of the preparation of the ®Ds/ZrO, catalysts 8600PC by a transmission method using a conventional
have been described previously [8]. A vanadium oxide loadlosed-circulation system. The products were analyzed by a
* To whom correspondence should be addressed. Shlmadzu GC-MS QP-5000 with a Porapak Q COIumn'. De_.
** Present address: Department of Business Management, Kansai Unif@ilS Of the apparatus and procedures have been described in
sity of International Studies, Miki, Hyogo 673-0521, Japan. the previous work [7].

2. Experimental
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Figure 1. Products in the reaction of N@a( 1.2 kPa) and GHg
(ca. 130 Pa) on the catalysts at 623 and 673 K for 30 min with a closed

circulation method. Figure 2. FTIR spectra of pre-oxidized V2Z, Pt1V2Z and Pt2V2Z after
circulation of a gaseous mixture of N@€&( 1.2 kPa) and gHg (ca. 130 Pa)
at RT and 473 K for 30 min.

Wavenumber /cm”

3. Resultsand discussion

3.1. Reaction products of NO + CgHg on catalysts Pt-doped catalysts with the exception of Pt2V2Z. It is well
] ] ) known that the catalysts including Pt produce a lot eON

The reaction of NO with 6Hg was carried out at 623 i, the HC-SCR of NO [1,2]. At 673 K the smaller selectiv-

and 673 K for 30 min over oxidized V2Z, Pt1Z, Pt2Z;,; of N,0 on Pt2V2Z compared with that on Pt1V2Z shows

PtlV2Z and Pt2V2Z by a closed circulation method. Thge decomposition of pO to form N during the circulation
results are shown in figure 1. The products consistedof Nyyer the catalyst.

N2O, CO and CQ@. No other compounds including —CN,
—CNO group or chlorine atom were detected except for W3- |R spectra of NO + CzHg on oxidized catalysts
ter, which was not measured though it formed in these ex-
periments. It should be noted that no significant conversion A gaseous mixture of NO andsBlg was introduced and
occurred on Zr@ support at 623 and 673 K (below 10% atirculated for 30 min on oxidized V2Z, Pt1V2Z and Pt2V2Z
most). at various temperatures (RT to 673 K). The resulting FTIR
The conversions of both NO andsB8s on V2Z, PtlZ spectra at roomtemperature and 473 K are shown in figure 2.
and Pt2Z were low (below 13%) at 623 K. While those o&ach spectrum in the region 2500—1100¢nn figures 2—4
Pt1V2Z and Pt2V2Z increased linearly with increasing R$ seen after subtraction of the catalyst itself together with
loading at 623 K. At 673 K, the conversion on PtlZ wathe gas phase.
comparable with that on V2Z. Those on Pt2Z, Pt1V2Z and At room temperature (RT), bands appeared at 1705
Pt2V2Z were significantly high at 673 K. The experimentshoulder), 1676, 1563, 1456, 1382, 1355 and 1135%cm
tal condition under the closed circulation method is differenin V2Z. The bands around 1676 chtogether with the
from the practical one. The above results, however, suggédB5 cnt! band have already been attributed to carbonyl
that Pt is an excellent promoter for the®s/ZrO, catalyst species, such as propanal or acetone formed by the reaction
in this reaction. The selectivity to CQlso increased on the of C3Hg with surface vanadate, in the previous report [7].
Pt-doped catalysts owing to the strong interaction of Pt wilhcreasing temperature of V2Z led to the decrease of these
CO. The selectivity to MO at 623 and 673 K increased orbands in intensity. The bands at 1563, 1456, 1382 and
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Figure 3. FTIR spectra of the pre-oxidized V2Z, Pt1V2Z and Pt2V2Z aftgfigure 4. FTIR spectra of the pre-reduced V2Z, Pt1V2Z and Pt2V2Z after
circulation of NO €a. 650 Pa) at RT and 473 K for 30 min. circulation of NO ¢a. 650 Pa) at RT for 10 min (a) and 15 h (b) and at
473 K for 30 min.

1355cm, being intensified at 473 K with a few shifts at thecatalysts so the adsorption of NO alone on pre-oxidized and
1554 and 1448 cm! peaks, are due to carboxylate species .
such as acetate or formate species adsorbed on the V2Z gat?_-reduced catalysts was examined.
face [6,7]. -
On Pt1V2Z and Pt2V2Z at room temperature, the bang's?" IR spectra of NO adsorbed on oxidized catalysts
due to the carbonyl species were rather weak in compari- Figure 3 shows the spectra after circulating gaseous NO
son with those on V2Z, suggesting that Pt doping onto thga. 650 Pa) for 30 min on oxidized V2Z, Pt1V2Z and
catalysts reduced the amount of surface vanadate. A npyp\/2Z at room temperature and 473 K. A broad band at
band at 2106 cm' appeared on Pt2V2Z at room temper1633 cnr! together with a weak band at 1216 chap-
ature and intensified at 473 K. In addition, a similar banﬁeared on V2Z at room temperature. The bands at 1633 and
appeared at 2109 cmh on Pt1V2Z at 473 K. The introduc- 1216 cnt? are already attributed to(N=0) and v(NO>)
tion of CsHe alone onto Pt2V2Z led to the appearance aff surface nitrate species of a bridge type on V2Z, respec-
bands at 2109 and 2014 crat 473 K and adsorbed COtively [7]. A shoulder peak at 1620 cm suggests the pres-
on Pt-doped YOs/ZrO; showed several bands in the rangence of adsorbed Nbn the surface [11]. The bands of the
of 2200-2050 cm? at various temperatures in the separaigitrate species hardly changed on V2Z at 473 K, suggest-
experiments (not shown in the figure). Thus, these bands &g that the nitrate species on V2Z are stable around these
attributable to surface CO species associated with surfacadhperatures. The bands at 1636 and 1215%caf the ni-
although there is a possibility for the presence of cyanideate species on Pt1V2Z were rather weak in intensity com-
species, which showsi§—CN) band in the same region, apared with those on V2Z and disappeared at 473 K. While,
reported on Pt/Al03 [10]. in addition to the strong bands of the nitrate species at 1639
We have already reported that this reaction procegls and 1220 cm?, bands appeared at 1596 and 1317 ém
the redox mechanism,e., C3He reduces the catalyst andon Pt2V2Z, suggesting formation of another type of nitrate
NO re-oxidizesit, in the case of V2Z [6,7]. The above resultgpecies correlated to the surface Pt species. These bands al-
support that the similar mechanism is applicable on Pt-dopetbst disappeared at 473 K.
V20s/ZrO; catalysts. The spectral results in figure 2, how- On Pt1V2Z at room temperature, a sharp band ap-
ever, did not clarify the interaction of NO with the surface opeared at 1861 cnt together with a shoulder band at
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ca. 1817 cnmtl, which were not observed on V2Z. Theform NO, or nitrate species. It is noticed that the bands due
1861 cnt! band reduced in intensity on Pt1V2Z at 473 Kto NO adsorbed on Pt sites (Pt oxide and Pt cluster) were not
Pt2V2Z also showed an intense sharp band at 1861'cnobserved on reduced Pt1V2Z.
with a clear shoulder peak at 1817 that room tempera-  After introduction of NO at room temperature for 10 min
ture. The 1861 cm! band on Pt2V2Z reduced in intensityon Pt2V2Z, the corresponding bands of nitrosyl species ap-
and shifted slightly at 473 K. While a band at 1794 ¢m peared at 1908, 1827, 1771 and 1696 ¢érthough the in-
clearly appeared as decreasing the 1861%cband. It seems tensity of the band at 1827 crh was about two times that
that the shoulder band at 1817 thshifted into an isolated at 1835 cm! on V2Z. The band at 1827 cm shifted to
band at 1794 cm® with reducing its intensity slightly. 1810 cnt! with a slight decrease in intensity at room tem-
The above bands can be assigned to the nitrosyl speqgiesature for 15 h. Other bands considerably decreased in
adsorbed on the surface Pt sites since they were strongly dotensity and, at the same time, the band of N&pecies
related with the Pt addition to the catalysts. As regards tappeared at 1616 cm, indicating that increasing of Pt
nature of Pt surface sites, Rochegteal. reported that NO amount recovered the oxidation ability of the catalyst. The
adsorbed on surface Pt atoms with oxygen atoms existih§10 cnm! band disappeared while the strong band at
at adjacent surface sites on PY®k gave an IR band at 1784 cnt! remained at 473 K, suggesting that NO adsorbs
1847 cnt1[12). The band at 1935 cnt has been already strongly on Pt2V2Z.
assigned to molecular adsorption of NO on a partly oxidized It seems that the band at 1810 chis not due to nitrosyl
Pt surface on Pt/Sig]13]. Thus, the band at 1861 cthcan species on unsaturated vanadium sites but that ocl&s-
be assigned to the nitrosyl species adsorbed &h §ites, ter sites. The band at 1784 cthis also assigned to nitro-
partially oxidized Pt atoms, or Pt oxides on the surface sf/l species adsorbed on®Rtluster sites since the nitrosyl
V,0s5/ZrO; catalyst. Metal nitrosyl complex, in generalbands coordinated to vanadium sites usually disappeared at
shows a band of linear NO coordinated to a single metdlis temperature. This band corresponds to the 1794'cm
atom in the region of 1830-1700 crh In the cases of band on oxidized Pt2V2Z, as shown in figure 2, but the in-
metallic Pt surface, an IRAS study showed the bands hensity isca. four times stronger than that of the 1794 ¢
tween 1820 and 1840 cm of linear NO adsorbed on a de-band. Primett al. reported that the wavenumber of the IR
fect site of Pt(111) [14]. Therefore, the band at 1817 ém band of linear NO adsorbed on Pt4&l; decreased from
at room temperature and that at 1794 drat 473 K on the 1815 to 1780 cm? as the Pt particle size increases from 1.5
catalysts with Pt are attributable to nitrosyl species adsorbied3.5 nm [15]. Thus, the observed lower shift of the nitrosyl

on metallic P sites, Pt clusters, on the surface. band from 1794 to 1784 cnt shows that Ptcluster sites en-
larged their size by the reduction treatment of the catalysts.
3.4. IR spectra of NO adsorbed on reduced catalysts The different intensities of nitrosyl bands on Pt clusters be-

tween oxidized and reduced Pt2V2Z catalysts may suggest

The catalysts were reduced by Ht 673 K after the ox- that the cluster size is varying with the states of catalyst dur-
idation pretreatment in order to examine in detail the natuiieg the reaction.
of adsorbed sites on the surface. Figure 4 shows the spectra
of the reduced catalysts after the circulation of NO at roo8)5. IR spectra of surface V=0 species of the catalysts
temperature and 473 K.

Immediately after adsorption of NO on reduced V2Z at Figure 5 shows the FTIR spectra in the=® region
room temperature, four significant bands appeared at 19{#100-900 cm?) of the catalysts after the oxidation pre-
1835, 1774 and 1699 cmh. These bands are already astreatment. The spectra were redrawn by superposition in or-
signed to several types of nitrosyl species coordinated der to clarify the difference of the catalysts.
unsaturated vanadium species on the surface [5]. The pro-n the previous papers [7,8], we have analyzed tkeD/
longed adsorption of NO on V2Z at room temperature leoand region of the V2Z catalyst and reported the band as-
to the reduction of these bands and the simultaneous appsagnments. Since the V2Z catalyst used in this experiment
ance of a new band at 1608 cattributed to NQ species, was essentially the same as described in the previous works,
indicating that the oxidation activity of V2Z still exists everthe similar assignments are applicable to the V2Z catalyst
after this reduction treatment. The nitrosyl bands almogitgure 5(a)) as follows. The bands at 1043 and 1036%&tm
disappeared while very weak bands due to nitrate specag assigned to the¥O species in the top layer on multi-
appeared together with decreasing of the band due tp Nfayered vanadium oxides and similar species in the mono-
species at 473 K. layer vanadium oxides on ZgQrespectively. The band at

After NO adsorption on reduced Pt1V2Z at room temt021 cntlis due to the bulk =0 species in the second or
perature, the similar bands as observed on V2Z appeatkild layer. That at 1054 cnt is attributable to the minor
at slightly lower frequencies and hardly changed for 15 N=0 species owing to the surface heterogeneity.

Upon raising the catalyst temperature to 473 K, these bandsAs shown in figure 5 (b) and (c), the intensities of these
almost disappeared. No band due toN§pecies appearedV=0 bands on Pt1V2Z were considerably decreased by the
on reduced Pt1V2Z at room temperature and 473 K, shoaddition of Pt while those on Pt2V2Z were increased with
ing that this catalyst does not oxidize the nitrosyl species lmcreasing amount of Pt. The relative integrated intensity of
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As described in sections 3.3 and 3.4, the amount and the
nature of nitrosyl species adsorbed on Pt sites depends on
the contents of Pt as well as the surface state of oxidative or
reductive on the catalysts. On Pt1V2Z and Pt2V2Z with an
oxidation pretreatment or in the oxidative atmospher&!; Pt
sites or Pt oxide on the surface play an important role in the
adsorption of NO as nitrosyl species and in the decomposi-
tion of nitrosyl and nitrate species. On Pt2V2Z with a reduc-
tion pretreatment or in the reductive environment, the forma-
tion of PP sites or Pt cluster by the aggregation frorA*Pt
sites contributes to the redox reaction through the reproduc-
tion of the V=0 species. Therefore, it is concluded that Pt
promotes the reduction of NO bysHg through a reduction—
oxidation cycle between its oxide and cluster form.
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