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1. Introduction

ABSTRACT

Steady-state isotopic transient kinetic analysis (SSITKA), transient isothermal, and temperature-program-
med surface reaction in Hy (H,-TPSR) techniques coupled with online mass spectroscopy (MS) and in
situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) were used to study essential
mechanistic and kinetic aspects of the selective catalytic reduction (SCR) of NO with the use of Hy
under strongly oxidizing conditions (H,-SCR) over a novel Pt/MgO-CeO; catalyst. The main focus was
to study and report for the first time the effects of reaction temperature on the chemical structure and
surface concentration of the active NOy intermediate species thereby formed. The information obtained is
essential to understanding the volcano-type profile of the catalyst activity versus reaction temperature
observed here and also reported previously. In the present work, two active NOy intermediate species
identified by SSITKA-DRIFTS were found in the nitrogen-reaction path toward N, and N,O formation, one
species located in the vicinity of the Pt-CeO, support interface region (nitrosyl [NO*] coadsorbed with
a nitrate [NOj3'| species on an adjacent Ce**t-0%~ site pair) and the second located in the vicinity of the
Pt-MgO support interface region. The chemical structure of the second kind of active NOx species was
found to depend on reaction temperature. In particular, the chemical structure was that of bidentate
or monodentate nitrate (NO3) at T < 200°C and that of chelating nitrite (NO,) at T > 200°C. The
concentration of the active NOy intermediates that lead to N, formation was found to be practically
independent of reaction temperature (120-300°C) and significantly larger than 1 equivalent monolayer
of surface Pt (6o, = 2.4-2.6). The former result cannot be used to explain the volcano-type behavior of
the catalytic activity versus the reaction temperature observed; alternative explanations are explored. The
H-spillover process involved in the Hp-SCR mechanism was found to be limited within a support region
of about a 4-5 A radius around the Pt nanoparticles (dp; = 1.2-1.5 nm).

© 2008 Elsevier Inc. All rights reserved.

the de-SOy to the SCR unit is required [1-4]. New low-temperature
SCR catalysts also are capable of retrofitting large utility boilers

Selective catalytic reduction (SCR) of NOy from an industrial ~ and installations firing natural gas or refinery fuel gas.

flue gas stream at low temperature (T < 200°C) has many advan-
tageous over that at higher temperature (T > 350°C); for example,
placement of the catalyst after the electrostatic precipitator unit
implies that the partially cleaned flue gas from dust requires less
soot blowing and catalyst cleaning, thus providing longer catalyst
lifetime. Furthermore, the low-temperature SCR process can reduce
both investment and operating costs for two reasons. First, the
SCR unit can be located at the end of the stack gas train (low-
temperature region), thus minimizing the need to run ductwork
from a high-temperature region and then return the flue gas to the
stack gas train. Second, much less reheating of the flue gas from
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Successful industrial low-temperature SCR catalysts must be ac-
tive and stable in the presence of HyO, CO2, and SO; in the flue gas
stream, the composition of which depends on the fuel used. Low-
temperature NH3-SCR catalysts (180-240°C) are currently used in
some industrial applications [5-7]; however, besides the general
problems associated with NH3-SCR NOy control technology (sta-
tionary applications) [2,8,9], the main disadvantage of the low-
temperature NH3-SCR catalyst is its susceptibility to ammonium
bisulphate precipitation and to fouling by solid particulates.

Apart from the aforementioned problems faced by the current
NH;3-SCR NOy control technology, which necessitate the urgent de-
velopment of new SCR catalysts, the use of green technologies to
lead to the simultaneous reduction of both CO; and NO, emissions
demands new noncarbon-containing reducing agents for the cat-
alytic elimination of NOy from industrial flue gas streams at low
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temperature (T < 200°C) while also reducing investment and op-
erating costs.

Recent research from our laboratory [10-15] has demonstrated
that industrial H,-SCR of NO at 120-160 °C is possible over a novel
Pt/MgO-CeO, catalyst [15]. Until the complete transition to a hy-
drogen economy and zero greenhouse gas emissions are achieved,
H,-SCR may be considered as a breakthrough NOy control technol-
ogy over the currently used NH3-SCR approach.

In the present work, for the first time the effects of reaction
temperature on the chemical structure and surface concentration
of active and inactive (spectator) NOy intermediate species in the
H,-SCR of NO under working reaction conditions at 120-300°C
were determined by SSITKA-DRIFTS, SSITKA-MS, transient isother-
mal, and temperature-programmed surface reaction in Hy (Ha-
TPSR) experiments performed over the novel 0.1 wt% Pt/MgO-CeO,
catalyst. The results provide insight into the volcano-type profile of
reaction rate and NO conversion versus reaction temperature (Xno
vs T) observed here and also reported previously [13,14].

2. Experimental
2.1. Catalyst preparation and characterization

The catalyst support, comprising 50 wt% MgO and 50 wt% CeO,,
was prepared by the sol-gel method as described previously [14,
16]. Mg(EtO), (Aldrich) and Ce(NOs)3-H,O (Aldrich) were used
as precursors of Mg and Ce, respectively. The 0.1 wt% Pt/MgO-
CeO; catalyst was prepared by the incipient wetness impregnation
method, using HyPt(IV)Clg (Aldrich) as a metal precursor. After wa-
ter evaporation and drying overnight at 120°C, the solid residue
was ground and calcined in air at 600°C for 2 h. The fresh cat-
alyst sample was pretreated in situ in 5%0;/He at 600°C for 2 h
and then reduced in 10%H;/He at 300 °C for 2 h before any exper-
iments.

H, chemisorption at 25°C, followed by TPD, and HRTEM were
used to measure Pt dispersion and particle size over the 0.1 wt%
Pt/MgO-CeO; catalyst [13]. The dispersion of Pt was found to be
about 90%, with an estimated mean Pt particle size of 1.2-1.5 nm.
XRD studies revealed primary crystal sizes (using Scherrer’s equa-
tion) of 10 nm for MgO and 12 nm for CeO,, whereas SEM studies
revealed a wide range of secondary particle size (1-10 pm) for the
MgO and CeO; solid phases [17].

2.2. Transient mass spectrometry studies

The SSITKA and H,-TPSR experiments were performed in a
specially designed transient gas flow system using a quartz mi-
croreactor [18-20]. The amount of catalyst (Pt/MgO-CeO;) used in
the SSITKA experiments was varied so as to keep the NO con-
version below 15% in the entire temperature range investigated
(120-300°C). The total amount of catalytic bed material was 0.15 g
in all SSITKA experiments after the active catalytic component
was diluted with silica. The total flow rate was kept constant at
30 NmL/min. An online quadrupole mass spectrometer (Omnistar,
Balzers) was used for the chemical analysis of the gas effluent
stream from the reactor. Standard gas mixtures were used to cali-
brate the signals obtained by the mass spectrometer.

Table 1 describes the necessary sequence of step changes in
gas composition performed for the SSITKA and Hy-TPSR experi-
ments. The reaction mixture of H-SCR consisted of 0.25 vol% NO,
1 vol% Hy, 5 vol% O,, and the balance He. The SSITKA experi-
ments involved the switching of NO/H,/O,/Ar/He to the equiv-
alent isotopic >NO/H;/0,/He gas mixture after steady state was
achieved. The Ar gas was used as a tracer; its decay was used to
monitor the system’s gas-phase holdup [20]. After the switch of
14NO/H;/0;/Ar/He — 1NOJH;/0/He, the following mass numbers

Table 1
Sequential step changes of feed gas composition during transient isotopic and Hj-
TPSR experiments

Experiment code Sequence of step changes of gas flow

A NO/H;/0;/Ar/He (30 min, T) — NO/H;/0z/He (t, T)
(SSITKA)

B 14NO/H;/0;/Ar/He (30 min, T)— NO/He (15 min, T) — cool
quickly to room T in »NO/He — He (5 min) — Hy-TPSR
(10%Hy/He)

(m/z) were continuously monitored: 2 for Hy, 28 for N,, 29 for
14NN, 30 for NO, 31 for 1°NO, 32 for 05, 40 for Ar, 44 for 4N,0,
and 45 for “N'>NO. Details of the mass spectrometry analysis of
the reactor gas effluent stream have been reported previously [11,
21]. Note that under the present reaction conditions for Hy-SCR of
NO, neither NH3 nor NO, gas products were formed. A 1.0 vol%
I5NO/He gas mixture (ISOTEC, Inc.) was used in all SSITKA and
other transient isotopic experiments.

2.3. Transient DRIFTS studies

DRIFTS spectra were recorded on a Perkin-Elmer GX II FTIR
spectrophotometer at a resolution of 2 cm~! coupled with a high-
temperature/high-pressure controllable DRIFTS cell (Harrick Scien-
tific) equipped with ZnSe IR windows. About 30 mg of solid cata-
lyst (Pt/MgO-CeO-) in powder form was used in each experiment,
with the total flow rate kept constant at 50 N mL/min. Under these
conditions, the conversion of NO was kept below 15% during the
SSITKA-DRIFTS experiments. Before all DRIFTS experiments, the Pt-
supported catalyst was pretreated in 5%0,/Ar for 2 h at 600°C,
then in a 10%H/Ar gas mixture at 300°C for 2 h. The feed was
then switched to pure Ar for 15 min at 300°C, after which the
sample was cooled to the appropriate temperature for the subse-
quent experiment. For FTIR single-beam background subtraction,
the IR spectrum of the solid was obtained in Ar flow at the ap-
propriate temperature. DRIFTS spectra were collected at the rate
of 1 scan/s in the 3000-800 cm™' range. The average spectrum
(30 spectra were collected) was then analyzed using the instru-
ment’s Spectrum for Windows software along with deconvolution
and curve-fitting procedures suggested in the literature [22]. The
various IR absorption bands due to adsorbed NOy species were as-
signed based on the literature and similar SSITKA-DRIFTS studies
performed on the 0.1 wt% Pt/MgO and 0.1 wt% Pt/CeO; catalysts
[21,23-32].

3. Results and discussion
3.1. In situ DRIFTS studies

3.1.1. Chemical structure of active and inactive adsorbed NOy—SSITKA
experiments

The chemical structure of the active NO, species that truly
participate in the nitrogen reaction path of the H,-SCR of NO
as a function of reaction temperature in the 120-300°C range
was studied by SSITKA experiments in the DRIFTS cell, which was
operated as a differential microreactor. DRIFTS spectra were first
recorded after 30 min of reaction in the “NOJ/H,/O, gas mix-
ture. The reaction feed stream was then switched to the equivalent
isotopic > NOJH;/0, gas mixture (experiment A in Table 1), and
DRIFTS spectra were recorded after 30 min of reaction (new steady
state). Figs. 1a and 1b show DRIFTS spectra recorded in the 2400-
1100 cm~! range over the 0.1 wt% Pt/MgO-CeO; catalyst at 120
and 300°C, respectively, under the nonisotopic and isotopic gas
mixtures. It can be seen that the shape and position of several IR
bands have changed under the °NO isotopic gas mixture. Table 2
reports the chemical structure and the corresponding absorption IR
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Fig. 1. In situ SSITKA-DRIFTS spectra recorded after 30 min of NOJH,/0;/Ar reaction (—) (H,-SCR) and after 30 min of the isotopic switch to ”NO/H;/O,/Ar (---) over the
0.1 wt% Pt/MgO-CeO, catalyst at (a) 120°C and (b) 300 °C. Feed composition: H, = 1.0 vol%, NO = 0.25 vol%, O, =5 vol%, and Ar as balance gas.

Table 2
Chemical structures and absorption IR bands (stretching modes) of various adsorbed
NOy species on metal oxide-supported Pt catalysts [21,23-32]

Species Structure Vibration ~Wavenumber (cm~!)
Nitric oxide NO(g) V(NO) 1883
Nitrogen hypoxide M-N,0 V(NO) 2224
V(NN) 1286
Nitrosyls on metal M-NO* V(NO) 2220
oxide support M-NOF V(NO2.) 2360-2375
V(NOz,S) 1400
M-NO5*, M-NO?*+ 2100-2200
Nitrosyls on Pt NO-Ptox V(NO) ~1840
NO-Ptreq V(NO) ~1800
NO?*-Ppt V(no) 1900-2000
Bridged or bent NO on Pt Pt,-NO V(NO) 1500-1700
(depending on n)
Monodentate nitrates o V(N0 ) 1450-1570
_N—0—M ViNops)  1250-1330
o V(NO) 970-1035
o 1620-1660
>N——0—Pt
o
Bridged nitrates /O—M V(NOy.a) 1170-1300
0= L V(Nops)  1000-1030
0O——M V(NO) 1590-1660
O——Pt 1520-1610
0=N<
0—Pt
Nitritos 0§N/0_ M V(N=0) 1400-1485
v(NO) 1050-1110
V(ONO) 820-850
Nitrito complex 0y V(NOy,a) 1335-1470
oM ViNops)  1315-1350
V(oNO) 820-850
Bridging nitro complex M_ M V(NOy.a) 1390-1520
o ° ViNops)  1180-1260
Chelating nitrite (NO; ) /0\ V(N0 .a) 1260-1390
N M ViNops)  1170-1210
No V(ONO) 840-860
Bidentate nitrate /0\ V(NOy.a) 1200-1310
0=N__ /M V(Nops)  1003-1040
(o} V(N=0) 1500-1620
Dimeric NO, NZO%_ N—N V(NO) 1383
[\ V(NN) 1115
O, O
\ /
M

M = metal cation of metal oxide.

bands (stretching modes) of various adsorbed NOy species, many
of which were observed in the present work and reported in well-
documented experimental and theoretical studies [21,23-32].

After appropriate deconvolution [22] of the spectral region
shown in Fig. 1a (T = 120°C), it was found that three IR bands
gave a red isotopic shift. The results are presented in Figs. 2a-2c.
The figure shows only spectra deconvolution and curve fitting as-
sociated with the NO/H,/0, reaction, along with the IR band that
gave the red isotopic shift under the >NO/H,/O; reaction condi-
tions (dashed line after the deconvolution and curve-fitting pro-
cedures). The IR bands that shifted to lower wavenumbers under
the isotopic switch correspond to active adsorbed NOy intermedi-
ates formed during the “NO/H,/O; reaction that eventually led
to N and N0, whereas those that did not give the red isotopic
shift correspond to inactive (spectator) adsorbed NOy species. The
possibility of having an exchangeable adsorbed NOy species with
gaseous °NO that may not be an active reaction intermediate has
been studied previously [21,26]; however, in some cases, making
clear assignments for the true structure of active NOy present on
the metal oxide support surface is not possible, for several reasons:

(a) Similar IR bands appear in more than one kinds of NOy in the
2300-1000 cm~! region, where the contribution of metal ox-
ide support at frequencies below 1000 cm~! is not negligible;
for example, two vibrational modes of unidentate (v,s, vs) and
bidentate (v,, N=0) nitrates give rise to very similar IR bands
(see Table 2).

Similarly structured NO, species can appear as either ac-
tive or inactive adsorbed species during the H;-SCR of NO
(NO/H,/0,) (same IR band) on the present Pt/MgO-CeO, cat-
alyst according to DRIFTS experiments described and discussed
in Section 3.1.2, a result that does not allow estimation of the
relative intensities of the vibrational modes of similarly struc-
tured NOy species (the case of nitrates and nitrites; Table 2),
which could overcome the difficulty noted in (a). For example,
Fig. 2a shows two IR bands centered at 1250 cm~!, one band
associated with active NOy (red isotopic shift) and the other
associated with inactive NOy of the same structure.

o
-

Despite these difficulties, however, our SSITKA-DRIFTS results allow
us to demonstrate the true location of the active NO, species—
for example, whether they are formed on the metal (Pt) or the
support surface. This important result is strongly supported by the
SSITKA-MS studies (see Section 3.2), allowing for the quantification
of the true active NOy intermediate species. The concentration of
the latter species was found to be largely in excess of a monolayer
based on the exposed Pt metal surface.

Considering the aforementioned findings, the observed shift
from 1250 to 1210 cm~! (Fig. 2a) can be assigned to the asymmet-



PG. Savva, A.M. Efstathiou / Journal of Catalysis 257 (2008) 324-333 327

1310

0.1wt% Pt/MgO-CeO,
0.02
k2 T=120"C
@ — YNO/H /0,
< 15
s | f W\ o NO/H,/0,
=
Pt
=]
@
=
<
1410 1345 1280 1215 1150

cm
(a)

1510 0.1wt% Pt/MgO-CeO,
0.021 T=120°C
— “NO/Hy/0,
3 «=== NO/H,/O,
g 1465
=)
[
2 1560-1535
<« |
I
o,
"“ l “‘.
1570 1530 1490 1450 1410
em’!
(b)
— 0.1wt% Pt/MgO-CeO,
ﬂ.ozi T=120°C
| m—1NO/H,/0,
=== 15NO/H,/0,
=5
2]
=
]
=
S
=
w
=
<

2400 2300 2200 2100 2000
c:m'1
(c)

Fig. 2. Deconvolution and curve fitting of SSITKA-DRIFTS spectra recorded at 120°C
in the H,-SCR of NO over 0.1 wt% Pt/MgO-CeO; catalyst in the spectral region (a)
1410-1150 cm™?, (b) 1570-1410 cm™!, and (c) 2450-2000 cm™~!.

ric or the symmetric vibrational mode of bidentate or monodentate
nitrate formed on the MgO support, as discussed previously [21].
In that study (Fig. 5, Ref. [21]), a similar SSITKA-DRIFTS experi-
ment as that shown in Fig. 2 was performed on 0.1 wt% Pt/MgO
and 0.1 wt% Pt/CeO, catalysts, with the observed isotopic shifts
assigned to different active adsorbed NO, species based on the re-
sults of Table 2.

In Fig. 2b, the observed shift from 1560 to 1535 cm~! is as-
signed to the N-O stretching vibrational mode of bidentate nitrate
or the asymmetric mode of monodentate nitrate (see Table 2),
the same NOy species giving the red isotopic shift from 1250 to
1210 cm~! shown in Fig. 2a. The results of Figs. 2a and 2b indicate
the accuracy of the spectral analysis, illustrating that all vibrational
modes of a given NOy adsorbed species assumed to be active are
expected to give the red isotopic shift. Separation of the aforemen-
tioned two IR nitrate bands was found to increase with bidentate
nitrates compared with monodentate nitrates [33]. Machida et al.
[34] reported an observable experimental difference of 340 versus
250 cm™! for the two IR bands due to nitrates on the Pt/TiO2-ZrO,
catalyst during NO/H/O; reaction at 90 °C, which were assigned to
bidentate and unidentate nitrates, respectively. In the present work
(Figs. 2a and 2b), the observed difference was 310 cm~!, which
could favor the assignment to a bidentate nitrate species.

There is a discussion in the literature [24] about the na-
ture of NOy species observed in the 2300-2100 cm~! range. The
N,0(g) molecular species has a stretching N-N vibrational mode
at 2224 cm™!, practically the same as that shown in Fig. 2c. Previ-
ously, we reported that under the present experimental conditions
and in the DRIFTS cell used, it was impossible for this IR band to
be due to gaseous N»O [21]. Furthermore, we report here that the
isotopic shift for the N-N bond would be expected to be ~75 cm™~!
[24], as opposed to the observed shift of about 40 cm~"' (Fig. 2c).
NO™ and NOZ+ adsorbed species on metal oxide surfaces also gave
IR bands in the 2200-2100 cm~! range. In the present work, the
observed IR band shift from 2220 to 2180 cm~! (Fig. 2c) is as-
signed to nitrosyl (NOT) coadsorbed with a nitrate (NO3') species
on adjacent metal cation-oxygen anion site pair of the CeO, sup-
port surface, as we discussed in previous work [21]. The main
reasoning for this is as follows:

(a) Similar SSITKA-DRIFTS experiments were performed on 0.1 wt%
Pt/MgO and 0.1 wt% Pt/CeO, catalysts, where only for the
latter catalyst a red isotopic shift from 2220 to 2190 was ob-
served.

(b) A TPSR in Hy/He experiment, following H,-SCR of NO and
an isotopic exchange with >NO, similar to that presented in
Section 3.2.2, revealed the formation of ™N'N di-nitrogen
species. This important result was explained as resulting from
the isotopic exchange of >NO with a ™NO, adsorbed species
adjacent to another, structurally different nonexchangeable
14NO, species. In the presence of Hy, the latter two species
are reduced in a coupling mode, leading to *N'>N(g) and H,O.
The formation of suggested coadsorbed NOy species finds sup-
port in the literature [27,35,36]. One of the species suggested
was nitrosyl (NO*) coadsorbed with a nitrate (NO3) on an ad-
jacent metal cation-oxygen anion site pair on MgO surfaces.
In the present case, NOt is suggested to be the exchangeable
NO, species, whereas NO3 is the nonexchangeable one.

Based on the SSITKA-DRIFTS results (at T = 120°C) presented in
Figs. 2a-2c, other IR bands due to adsorbed NOy did not give a
red isotopic shift of the N-O stretching vibrational mode. Although
these species were formed under H;-SCR reaction conditions, they
did not participate in the reaction pathways to form N, and N;O.
For example, the IR bands at 1370 and 2360 cm~! reported in
Figs. 2a and 2c, respectively, correspond to adsorbed N02+ on the
support (MgO and CeO,; Table 2), whereas that at 2120 cm~! cor-
responds to another kind of inactive nitrosyl (NO’* and/or N03+)
species on the MgO and/or CeO, support (see Table 2). Other in-
active adsorbed species identified included chelating nitrite (NO; )
(1370 cm™'; Fig. 2a) and nitritos (1465 cm™!; Fig. 2b) (see Ta-
ble 2).
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Fig. 3. Deconvolution and curve fitting of SSITKA-DRIFTS spectra recorded at 300°C
in the Hp-SCR of NO over 0.1 wt% Pt/MgO-CeO, catalyst in the spectral region
1420-1100 cm™1.

We recently provided strong evidence that reduction of ac-
tive NOy formed within a region near the metal-support interface
of the present Hy-SCR catalytic system proceeds through an H-
spillover process, with Pt providing the H-spilt species [21]. But
these H-spilt species cannot diffuse a long distance away from
the Pt clusters-support periphery, according to the results of tran-
sient DRIFTS-H; experiments (see Section 3.1.2). As a result, the
structurally similar NOy species appears to be active and inactive
reaction intermediate. Based on this fact, two IR bands at 1250
cm~! (Fig. 2a) and 2220 cm~! (Fig. 2c) were used in the decon-
volution and curve-fitting procedures of the IR spectrum obtained
under the “NO/H,/0, gas mixture.

As the reaction temperature of H,-SCR was increased to 300 °C,
an additional NOy adsorbed species of different structure appeared
to be an active reaction intermediate (Fig. 3). The observed IR band
shifts (1320 to 1300 cm~! and 1170 to 1140 cm~!) correspond
more closely to the asymmetric (v,) and symmetric (vs) N-Oy
stretch of the chelating nitrite (NO, ) species (Table 2). It should be
noted that this pair of IR bands, which provided a red isotopic shift
(Fig. 3), appears to correspond only to the chelating nitrite species,
based on the reported vibrational frequency data of Table 2.

It also is important to note that the bidentate or monoden-
tate nitrate species (1250 and 1560 cm~', Fig. 2) that appeared
to be active species formed at 120°C on MgO were not active at
300°C, as indicated by the absence of an observable red isotopic
shift in that region. On the other hand, nitrosyl (NOT) co-adsorbed
with a nitrate (NO3') species on adjacent metal cation-oxygen an-
ion site pair of the CeO, support surface still appeared to be an
active reaction intermediate species at 300°C (IR band red shift
from 2220 to 2180 cm~!, not shown). The observed IR bands at
1380/1210 and 1245 cm™! correspond to chelating nitrite, bidentate,
and/or monodentate nitrate species, which are considered inactive
NOy intermediates. These species cannot be reached by the H-spilt
species from the Pt to the support surface to become reduced, as
discussed in more detail later.

Fig. 4 presents IR bands recorded in the 1710-1570 cm™! range
under steady-state H,-SCR at 120 °C in both isotopic feed composi-
tions. The figure also shows the deconvolution/curve fitting of the
IR band recorded under *NOJH;/0O; into four IR bands (1677, 1640,
1625, 1600 cm~1!). The band at 1625 cm™! is reported to be due
to bridged NO species as well as to monodentate or bridged ni-
trates formed on Pt (see Table 2). The latter species is the result
of oxidation of Pt either by the presence of gaseous oxygen (cofed
with NO) or by the dissociation of adsorbed NO. The IR band at
1640 cm™! is characteristic of the vibrational bending mode of ad-
sorbed water as well as of bridged NO. The IR band at 1677 cm™!
is suggested to be due to bridged NO on Pt (Table 2), whereas that

1625
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----- SNO/H,/0;, 4
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. .,
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Fig. 4. Deconvolution and curve fitting of SSITKA-DRIFTS spectra recorded at 120°C
in the Hy-SCR of NO over 0.1 wt% Pt/MgO-CeO, catalyst in the spectral region
1710-1570 cm~". Infrared bands at 1677, 1625 and 1600 cm~! correspond to ad-
sorbed NOy on Pt (inactive NO, species), while the IR band at 1640 cm~! to ad-
sorbed water on Pt.

at 1600 cm~! is attributed to bridged NO or nitrate on Pt. All three
IR bands (at 1677, 1625 and 1600 cm™~!) probe for the heterogene-
ity of Pt surface supported on MgO and CeO, carriers.

It is very important to note that under the isotopic feed com-
position of ’NO/H, /0, no red isotopic shift in any of the IR bands
reported in Fig. 4 could be observed. Thus, irrespective of some
doubts about the true nature of adsorbed NOy on the Pt surface,
the latter species cannot be considered as true active reaction inter-
mediates. Given the accuracy of the subsequent deconvolution and
curve-fitting procedures, we cannot exclude the possibility that a
small surface concentration of adsorbed NO, on Pt that cannot pro-
vide a measurable isotopic shift could participate in the reaction
path of H-SCR. This statement does not alter the main picture
of the SSITKA-DRIFTS and SSITKA-MS results (see Section 3.2.1),
which provide strong evidence that the active NOy reaction inter-
mediates are formed mainly on the support close to the Pt-support
interface. Similar behavior as shown in Fig. 4 also was seen at a
higher reaction temperature (T = 300°C).

Similar SSITKA-DRIFTS experiments (Fig. 1) were performed at
other reaction temperatures (T = 140 [21] and 150 and 200 °C [this
work]). After appropriate spectral band deconvolution and curve-
fitting (see Figs. 2 and 3), the following findings were seen:

(a) In the temperature range of 120-200°C, two active NOy re-
action intermediates were formed: bidentate or monodentate
nitrate located on the MgO support and nitrosyl (NO) coad-
sorbed with a nitrate (NO3') species on adjacent metal cation-
oxygen anion site pair on the CeO; support.

(b) In the 200-300°C range, the bidentate or monodentate nitrate
became inactive, whereas chelating nitrite (NO; ) appeared to
be a new active reaction intermediate. Nitrosyl (NO*) coad-
sorbed with a nitrate (NO3') species on adjacent metal cation-
oxygen anion site pair of the CeO, support also appeared to be
an active reaction intermediate in the same temperature range.

3.1.2. Reactivity toward hydrogen of adsorbed NOy formed in Hy-SCR

Fig. 5 presents IR bands in the 1450-1150 (Fig. 5a) and 2300-
2150 cm~! (Fig. 5b) ranges recorded during transient isothermal
reaction in H, experiments of adsorbed NO, formed after steady-
state Hp-SCR of NO at 120°C. DRIFTS spectra were recorded every
1 min under the 10%H;/He gas mixture used. These experiments
were designed to explore whether all or part of the adsorbed NOy
that is identified as an active reaction intermediate (see Figs. 2
and 3) and resides on the MgO and CeO, supports can be reduced
by hydrogen.
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Fig. 5. In situ DRIFTS spectra recorded in the 1450-1150 cm~! (a) and
2300-2150 cm~! (b) range under transient isothermal reaction in Hy following
H-SCR at 120°C. Spectra recorded after 1, 5 and 10 min in 10%H;/He stream are
shown.

In the case of bidentate or monodentate nitrate species (Fig. 5a,
IR band at 1250 cm™1), after 10 min on 10%H,/He gas stream, no
further decrease in the area band (after deconvolution) was ob-
tained. The same result was found in the case of nitrosyl (NO*)
co-adsorbed with a nitrate (NO3') species on adjacent metal cation-
oxygen anion site pair of the CeO; support, as shown in Fig. 5b (IR
band at 2220 cm~!). On the other hand, the area of the IR band
at 1355 cm~! (Fig. 5a) clearly did not change under the isother-
mal reaction in 10%Hy/He. This result is consistent with the re-
sults shown in Fig. 2a (IR band at 1370 cm~! after deconvolution),
where the corresponding NOy species appeared to be inactive for
the H,-SCR of NO.

The results of Fig. 5 are very elucidative and important, strongly
suggesting that only a fraction of the NOy species that were identi-
fied by SSITKA-DRIFTS (Figs. 2 and 3) as active and that reside on
the support react with H, to form mainly N, and water [12-15].
This is clearly shown in Fig. 2a for bidentate or monodentate ni-
trate species, in which the best deconvolution was obtained with
a band centered at 1250 cm~! comprising one band that did not
shift after the isotopic switch and a second, smaller band at the
same position that did shift to 1210 cm~! after the isotopic switch.
These results can be explained by considering the fact that the
only possible mechanism for reducing the active NOy formed on
the support near the Pt-support interface is the spillover of H
species from the Pt surface [21]. But here the H-spilt species appar-
ently were not able to reach the structurally similar NOy adsorbed

Scheme 1. Hydrogen diffusion on the MgO and CeO; support surfaces (M-0-M)
is limited to a region (circle in dashed line) of about 4-5 A radius around the Pt
nanoparticles. NOy reaction intermediates of the H,-SCR identified as active species
by SSITKA-DRIFTS experiments are located within the marked dashed line circle,
whereas those located outside of it are considered as inactive reaction intermedi-
ates.

species located further from the Pt-support interface, as illustrated
in Scheme 1.

Based on the concentration (umol/g) of active NOy reaction
intermediates measured by SSITKA-MS (see Section 3.2.1), the Pt
mean particle size (1.3 nm), and the average number of M-O pairs
per nm? (based on MgO and CeO, crystallographic data), assuming
a hemispherical geometry for the Pt nanoparticles, and consider-
ing that for every surface M-O pair (M=Ce**, Mg2") corresponds
one active adsorbed NOy species, it is possible to estimate the
radius of the ring around each Pt nanoparticle within which the
active NOy is located. On average, the active NOy (13.5 pmol/g; see
Section 3.2.1) were formed within about a 4-5 A radius around
each Pt nanoparticle (see Scheme 1), at most two lattice constants
(referred to MgO and CeO; supports) away from the Pt-support
interface.

Recent quantum chemical calculations (DFT with gradient-
corrected functionals) on H surface diffusion on MgO, Pd, and
Pd-MgO metal-support boundaries [37] revealed several impor-
tant properties related to the present study. First, the activation
energy for the H atom surface diffusion on Pd is about 4 kcal/mol,
with a very significant likelihood of barrier crossing. Second, the
energetically favorable location for H atom diffusion on the MgO
surface is over the 02~ ion. The shape of the energy surface rules
out the possibility of an easy migration of the H atom over the
MgO surface; however, jumps to the neighboring oxygen sites or
by tunneling is a possibility. Third, the transfer of H atoms from Pd
to the O site of MgO is energetically favorable, with an excess en-
ergy on the order of 0.5 eV (11.5 kcal/mol), with significant rates
expected at higher temperatures.

Martin and Duprez [38] studied the isotopic exchange of D,(g)
and H (-OH groups) on MgO and CeO; and other metal oxide sur-
faces, where surface diffusion coefficients of H were estimated,
and also investigated the migration of H from the Rh surface to
the support (supported-Rh catalysts). They found that H mobility
(surface diffusion coefficient) on MgO and CeO; in the 75-200°C
range was significantly greater than that observed on metal oxides
of mild Brensted acidity (e.g., Al;03 and ZrO;). In the case of MgO
and CeO,, migration of H on the metal oxide surface could occur
without a prerequisite for O-H bond dissociation on the oxide sur-
face at temperatures of 300-400°C [38]. On the other hand, for
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Fig. 6. Percentage (%) of NOy pool corresponding to bidentate or monodentate ni-
trate (IR band at 1250 cm™"), chelating nitrite (IR band at 1320 cm~') and nitrosyl
(NO™) co-adsorbed with nitrate (NO3') on adjacent metal cation-oxygen anion site-
pair of the CeO, support (IR band at 2220 cm~!) that react in 10%H,/He gas mix-
ture as a function of reaction temperature in the H-SCR of NO over the 0.1 wt%
Pt/MgO-CeO; catalyst.

Al;03 and ZrO, (mild acidity), H migration could occur either by
the formation of OH, intermediate species or by hydrogen jumps,
depending on the degree of hydroxylation of the metal oxide sur-
face [38]. For the present H,-SCR on Pt/MgO-CeO,, H diffusion on
Pt in the 120-160°C range (partially reduced Pt surface) appeared
to be not difficult; however, H migration on the support (MgO and
Ce0,) surface will become energetically difficult beyond a distance
of about 5 A from the Pt nanoparticle (see Scheme 1).

The fraction of the NO, species that were identified as active
reaction intermediates (Figs. 2 and 3) and that reacted with hy-
drogen under the transient isothermal DRIFTS experiments shown
in Fig. 5 could be estimated based on the ratio of the integral IR
band associated with the given NOy species after 10 min in 10%
Hy/He gas stream to the integral IR band at the start of the ex-
periment (before reaction with the 10%H,/He gas mixture). Fig. 6
presents the percentage of NOy pool formed after 30 min of Hj-
SCR at a given reaction temperature (120-400 °C) over the 0.1 wt%
Pt/MgO-CeO, catalyst reacted with hydrogen during 10 min in 10%
Hjy/He after Hp-SCR (Fig. 5). It can be seen that for bidentate or
monodentate nitrate (1250 cm~!) and nitrosyl (NO*) coadsorbed
with a nitrate (NO3') species (2220 cm™1), the percentage of active
NOy changed only slightly with reaction temperature. In contrast,
chelating nitrites (1320 cm~!) become active at about 200 °C, and
their surface concentration accessible to hydrogen reduction re-
mains practically constant at 200-400 °C. These latter results are
in harmony with the results of our subsequent SSITKA-MS ex-
periments, in which the concentration (pmol/g) of all active NOy
leading to N, was accurately measured.

3.2. Transient mass spectrometry

3.2.1. SSITKA experiments

The surface concentration (umol/g) and the surface coverage, 6
(based on the surface Pt atoms), of the active reaction intermediate
NO, species of the Hy-SCR in the 120-300 °C range was accurately
measured by SSITKA-MS [20,21]. Figs. 7 and 8 show transient re-
sponse curves of the di-nitrogen isotopic *N;, and N!>N species
obtained after the switch ¥NO/H;/0, (T, 30 min) — ®*NO/H/0,
(T, t) at 120 and 200°C, respectively. The results are expressed in
terms of the dimensionless concentration Z, which corresponds to
the fraction of the ultimate change (giving Z = 0) as a function of
time, t. Thus, Z is defined by
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Fig. 7. Transient response curves of Ny, NN and Ar obtained during SSITKA-
mass spectrometry experiments (“NO/H,/0y/Ar/He — '>NOJH;/0O/He) at 120°C
over the 0.1 wt% Pt/MgO-CeO, catalyst.
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Fig. 8. Transient response curves of N,, N'5N and Ar obtained during SSITKA—
mass spectrometry experiments (**NO/H;/0,/Ar/He — >NO/H;/0/He) at 200°C
over the 0.1 wt% Pt/MgO-CeO; catalyst.

where the subscripts 0 and oo represent the values of y (mole
fraction) at t =0 and long after the isotopic switch (t — oo). The
decay of Ar gas concentration shown in Figs. 7 and 8 was used
to monitor the gas phase holdup of the system [20]. The “N°N
species is the main one; little '*N; was seen (Figs. 7 and 8), be-
cause the amount (umol/g) of Ny(g) is proportional to the area
difference between the Ar and '*N; transient response curves [20].
As the reaction temperature was increased from 120 to 200°C,
a second peak in the NN transient response curve developed.
This finding reflects the different reduction kinetics of the two ac-
tive NOy species present, the nature of which was identified by
SSITKA-DRIFTS experiments (see Section 3.1) and was found to
depend on reaction temperature. At 120°C, the transient rate of
14N'5N formation showed only one peak at ty, = 35 s, whereas two
rate maxima appeared at 200°C (t1 =23 and t2, =54 s; Fig. 8).
The latter peaks were seen to shift to lower reaction times at
T =300°C (t}, =19 s and 2 =45 s).

The concentration of active NO, that truly participate in the re-
action path to form N, was estimated by integrating the transient
response curves of *N'°N and of N, with respect to the Ar curve
(Figs. 7 and 8). Fig. 9a presents the results obtained in terms of
pmol/g of catalyst or surface coverage (0) as a function of reaction
temperature. The surface coverage 6 is referred to the exposed sur-
face Pt atoms (umol Pts/g). Values of 6 greater than unity indicate
that at least part of the estimated active NOy cannot reside on Pt.
For the present catalytic system, according to the DRIFTS-SSITKA
results (see Section 3.1) all of the active NO, reside on the support
(vicinity of Pt-support interface, Scheme 1). Fig. 9a illustrates that
in the 120-300°C range 6 takes values significantly larger than
unity, between 2.3 and 2.7 (6max = 2.7 at 140°C). On the other
hand, it should be noted that these differences are small. There-
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Fig. 9. (a) Concentration (pmol/g) and surface coverage (6) of active NOy that lead
to N, formation as a function of reaction temperature in H-SCR estimated from
SSITKA—mass spectrometry experiments performed over the 0.1 wt% Pt/MgO-CeO;
catalyst. (b) Kinetic rate (umol/gs) of N, formation and H, conversion (X, %) as
a function of reaction temperature during steady state H-SCR of NO.

fore, the concentration of active NO, stays practically constant in
the 120-300°C range.

Fig. 9b presents the intrinsic kinetic rate (umol/gs) of N for-
mation as a function of reaction temperature estimated under
steady-state reaction conditions in the ¥NO/H,/O, feed gas mix-
ture, before the isotopic switch to the equivalent >NO/H;/0;, gas
mixture was made (Figs. 7 and 8). The figure also shows the corre-
sponding H, conversion versus the reaction temperature. It can be
seen that the kinetic rate of Hy-SCR passed through a maximum
in a temperature range where the conversion of H, was <40%.
The volcano-type behavior of the kinetic reaction rate (Fig. 9b)
was similar to that obtained for the NO conversion versus reac-
tion temperature reported in previous work [12-14]. It also should
be noted that the high values of Hy conversion were strictly re-
lated to its combustion to water, and only a small part of Hy was
used for the conversion of NO into N, according to the following
reactions:

Hy + %0, — Hy0 (2)
and
2NO + 4H; 4+ O, — Ny + 4H;0. 3)

For example, for a 10% NO conversion (yf\,O = 2500 ppm) the
equivalent Hp conversion (y}r_12 = 10,000 ppm) is only 5% (neglect-
ing small changes in the total molar flow rate of the reaction
mixture), compared with the estimated values of >30% (Fig. 9b).

According to the results shown in Figs. 9a and 9b, the appear-
ance of a maximum in the profile of kinetic rate of N, formation
versus the reaction temperature cannot be attributed to a com-
pensatory increase in the rate constant with increasing reaction
temperature and a simultaneous decrease in the surface concen-
tration of active NOy that led to N, formation. Obviously, other
intrinsic kinetic factors are responsible for the volcano-type be-
havior of the reaction rate versus temperature.

As discussed earlier, the surface diffusion of atomic H on the Pt
surface toward the metal-support interface should be considered
an important step in the present Hy-SCR on Pt/MgO-CeO, cata-
lyst. The energy barrier for this surface diffusion step would be
expected to be controlled by the surface coverage of other coad-
sorbed species and the electronic structure of Pt surface atoms
under H,-SCR reaction conditions. In addition, the rate of this sur-
face diffusion step would be expected to be proportional to the
surface coverage of atomic H on Pt. Thus, it is reasonable to sug-
gest that an increase in the reaction temperature in the 100-200°C
range would modify some or all of the values of these important
kinetic parameters so as to create a maximum in the rate. To iden-
tify which of these kinetic parameters most affects the rate of H
diffusion on the Pt surface is a difficult but challenging task. The-
oretical studies (e.g., DFT calculations) would seem to be a very
efficient approach to exploring this issue, because estimating the
surface coverage of H, 6y, of inactive NO, and adsorbed oxygen,
6o, on the Pt surface is very difficult under Hp-SCR of NO reac-
tion conditions. This latter parameter seems to play an important
role, because the Pt surface over the 0.5 wt% Pt/MgO-CeO, catalyst
is largely oxidized [17]. In fact, catalytic studies performed on the
present Pt/MgO-CeO, system with NO/H, and NO/H»/0O, feed gas
mixtures revealed that similar integral rates (or NO conversions)
were achieved at 100-160°C, whereas at higher temperatures the
integral rate or NO conversion under the presence of 5%0, in the
feed of NO/H, was significantly reduced (Fig. 6a, Ref. [13]).

It is reasonable to suggest that on the present supported-Pt cat-
alytic system, the stability of Pt-O bonds at temperatures above
160°C and in the presence of small hydrogen concentrations in the
gas phase could be a main reason for the observed maximum in
the profile of NO conversion versus reaction temperature [12-14].
On the other hand, in the presence of a sufficiently high hydro-
gen concentration in the gas phase, the kinetic rate of reaction
(although going through a maximum at T < 160°C) demonstrates
similar values at low (120°C) and high (300°C) reaction temper-
atures (Fig. 9b). This result implies that reduction of surface PtOy
at T > 160°C cannot be considered a slow reaction step, allowing
hydrogen dissociation and surface diffusion of atomic H to proceed
without difficulty on the Pt surface. It was recently reported [39]
that the oxidation of NO into NO, on Pt/Al,03 catalyst is largely
favored on large Pt particles, with a fourfold increase in the rate
at 300°C achieved by increasing the Pt particle size from 2.4 to
7.0 nm. Those authors suggested that the lower rates of NO oxi-
dation resulted from the stronger Pt-O bonds formed on the small
Pt particles. Considering the fact that NO, formation could be an
important intermediate for the present catalytic system [21], Pt-O
stability behavior with reaction temperature also appears to be an
important parameter in the Hy-SCR of NO.

3.2.2. Ho-TPSR after Ho-SCR and °NO isotopic exchange

Fig. 10 presents transient response curves of NO and “N°N
gaseous species obtained under H,-TPSR (10%H,/He flow) over the
0.1 wt% Pt/MgO-CeO, catalyst according to the experimental se-
quence described in Table 1 (experiment B). In the case of H,-SCR
at 120°C (Fig. 10a), a broad NO desorption response curve com-
prising two distinct peaks was observed at 30-250 °C, along with a
14NN peak centered at 115 °C with a small shoulder at the rising
part of it. The formation of *N'>N(g) can be explained by consid-
ering that two adjacent adsorbed NOy species formed under the
14NO/H;/0; reaction, one of which was exchanged with gaseous
I5NO (under the >NO/He treatment of the catalyst), were reduced
in a coupling mode to eventually form di-nitrogen *N'>N species.
We first suggested this phenomenon in a previous report [21], and
we have confirmed it in the present study for other H-SCR reac-
tion temperatures (Fig. 10). Earlier, we suggested that the two NOy
species participating in the formation of NN (Fig. 10) are the
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Fig. 10. Transient response curves of “NO and NN gaseous species obtained
during H,-TPSR (10%H;/He flow) according to the experimental sequence described
in Table 1 (Expt. B) over the 0.1 wt% Pt/MgO-CeO, catalyst. (a) T = 120°C,
(b) T =300°C; Qu,/He =30 NmL/min; W =0.15 g (Pt/MgO-CeO,).

NO™ (nitrosyl) and NO;3 (nitrate) co-adsorbed on adjacent metal
cation-oxygen anion site pair of the CeO, support surface (see Sec-
tion 3.1.1). The exchangeable adsorbed NOy species with gaseous
I5NO is that of NO* (nitrosyl), whereas the nonexchangable one
is that of "NO3 (nitrate).

An alternative explanation for the appearance of NN re-
sponse curve in the H-TPSR of Fig. 10 could be that the exchange-
able NO, species (labeled >NOy) diffused toward a nonexchange-
able species (labeled “NOy) during Hy-TPSR, with simultaneous
reduction/coupling to form “N!>N(g) and H,O. This explanation is
difficult to accept, however, because the two active NOy species
identified for the present H,-SCR catalytic system were not lo-
cated on the same solid surface (see Section 3.1). Earlier, we clearly
demonstrated that the first active NOy species is located in the
vicinity of the Pt-MgO interface, with the other located in the
vicinity of the Pt-CeO, interface (see Scheme 1). Therefore, dif-
fusion of the first NOy species from ceria particles to reach the
second NOy species on MgO particles, or vice versa, to become
reduced in the presence of hydrogen is much less likely than the
coupling/reduction of two adjacent NOy on the same surface, as sug-
gested previously.

As the reaction temperature of H,-SCR was increased to 300 °C,
the features of the corresponding traces of NN and '“NO
changed (Fig. 10b). The “N'>N transient response curve was sim-
ilar in shape to that obtained at T = 120°C (Fig. 10a), but its
maximum shifted to a higher temperature (Ty = 140°C), and its
concentration was doubled (6.6 pmols/g at 300°C vs 3.2 nmols/g
at 120°C). These findings imply that some factors were influencing
the kinetics of reduction/coupling of nitrosyl (NO) coadsorbed with
a nitrate (NO3') species to form NN, and also that the shape
and amount of desorbed ¥NO were significantly influenced by the
reaction temperature in H;-SCR (compare Figs. 10a and 10b). The

Table 3

Concentration (nmol/g) of N-containing species formed during H-TPSR according
to the following experimental sequence of steps: '“NO/H;/O/He (30 min, T) —
15NO/He (15 min, T) — cool quickly to room T in ""NO/He — He (5 min) — Hp-
TPSR (10%H,/He)

T (°C) 14NO (umol/g) 1NN (umol/g) Total NOy (nmol/g)
120 7.8 3.2 14.2
150 6.8 3.8 14.4
200 33 4.9 13.1
300 0.7 6.6 13.9
400 0.2 6.7 13.2

latter finding is related to the fact that the chemical structure of
one of the active NOy of H,-SCR formed on MgO support changed
from bidentate or monodentate nitrate (NO3') to chelating nitrite
(NO; ) (see Section 3.1).

Table 3 reports the concentrations (pmol/g) of NN and
4NO species formed under H,-TPSR (Fig. 10) as a function of
reaction temperature (H,-SCR). The table clearly shows that the
amount of N'N(g) increased monotonically with reaction tem-
perature, whereas the opposite was true for the nonexchangeable
NO, species [*NO(g) in Fig. 10]. On the other hand, the total con-
centration of NO, changed only slightly with reaction temperature,
in accordance with the SSITKA-MS findings (Fig. 9). All of these
features seem reasonable given the differences in the chemical
structure of active NOy, and thus its thermal stability and reduc-
tion kinetics, with changes in reaction temperature.

4. Conclusion

The following conclusions can be derived from the results of the
present work on H,-SCR of NO over a novel 0.1 wt% Pt/MgO-CeO,
catalyst [15]:

(a) Two active NOy intermediate species were identified by
SSITKA-DRIFTS in the nitrogen-reaction path toward N forma-
tion, one in the vicinity of the Pt-CeO, support interface (ni-
trosyl [NO*] coadsorbed with nitrate [NO5 | on adjacent Ce**-
oxygen anion site pair), and the other located in the vicinity
of the Pt-MgO support interface. The chemical structure of
the latter species was found to depend on reaction tempera-
ture. Below 200 °C, the second active NOy has the structure of
bidentate or monodentate nitrate (NO3 ), whereas above 200 °C,
it has the structure of chelating nitrite (NO, ).

(b) The concentration (umol/g) of active NOy reaction interme-
diates leading to N, formation was practically independent
of reaction temperature (120-300°C) and significantly larger
than 1 equivalent monolayer of surface Pt (Ono, = 2.4-2.6).
This result cannot explain the volcano-type behavior of cat-
alytic activity (kinetic rate and NO conversion) versus reaction
temperature observed in the present work and also reported
previously [12-14].
Surface diffusion of H species on the MgO and CeO; support
surfaces (the former spilt over from the Pt metal to the sup-
port surface) is limited within a region of about 4-5 A around
the Pt nanoparticles. This is the main reason why not all NOy
formed on the MgO and CeO; support surfaces under H,-SCR
conditions became active reaction intermediates.

—
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