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Cu-Mn alloys with various bulk compositions have been used in
the catalytic reduction of NO by i-C4Hg at 500°C. The gas-phase re-
actions were monitored by mass spectroscopy (MS) and the catalyst
surfaces were characterized by X-ray photoelectron spectroscopy
(XPS) at certain stages of the reactions. The compositions and ox-
idation states of the alloy surfaces are strongly dependent on the
bulk composition and the oxygen pressure, and eventually influence
the reaction kinetics, product distribution, as well as mechanism
of NO reduction. On a Cu-Mn (atomic 8%) alloy surface, with a
medium oxygen pressure (reducing conditions), the reaction of NO
with partially oxidized products of i-C4Hg is suggested to be the
main mechanism of NO reduction. However, too low or too high an
oxygen pressure leads to direct decomposition of NO with the pro-
duction of N or N0, depending on reducing or oxidizing reaction
conditions. On high-manganese-concentration alloy surfaces (55%,
92% atomic), under strong reducing conditions, the main path of
NO reductionisviathe reaction of adsorbed NO, with i-C4Hg, which
gives rise to N, production. When the reaction conditions pass from
reducing to oxidizing, NO decomposition leads to the formation of
Nzo. (© 1999 Academic Press

Key Words: NO reduction; hydrocarbon; Cu-Mn alloy; surface
segregation; X-ray photoelectron spectroscopy.

1. INTRODUCTION

Interest in heterogeneous catalysis by alloys is stimulated
by the fact that alloying modifies the ensemble and elec-
tronic state of the alloy constituents, thus causing substan-
tial changes in the surface properties and reactivities (1).
Therefore, alloys are expected to exhibit synergistic effects,
possibly leading to new catalysts or precursors of new cata-
lysts with high activity and selectivity.

Compared with pure metals, using alloys as catalysts
brings out some additional problems (2). First, the surface
segregation leads to different surface composition as com-
pared with the bulk alloy. Second, the properties of alloy
surfaces cannot be regarded as a simple combination of
the corresponding characteristics of the pure constituents.

1 To whom correspondence should be addressed. Fax: 33-1-4634 0753.
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Moreover, one component of the alloy may undergo a se-
lective oxidation, which makes the surface composition sen-
sitive to the atmosphere (e.g., more or less oxidizing). So, it
is generally accepted that a catalytic study of alloys should
be accompanied by a careful analysis of the alloy surface
composition and its oxidation level, which are the condi-
tions necessary to characterize the active sites and explain
the reaction mechanism (3).

In a previous paper, we studied the reduction of NO by
isobutene over a copper surface (4). It was revealed that
NO conversion proceeds via two stages: a stage of slow NO
conversion, in which an active intermediate (i-C4HgO) is
produced on the Cu(l) oxide, and then a stage of rapid re-
duction of NO by i-C4HgO on the metallic Cu surface. As a
continuation of our previous work, we report in this paper
a study of the reduction of NO by isobutene on Cu-Mn
alloy surfaces. The Cu—Mn system was chosen in this study
for a number of reasons. First, both elements have been in-
tensively used in NOy catalysis (4, 5 and references therein);
mixed copper-manganese oxides and Hopcalite catalyst,
CuMn,04, show high reactivity in the removal of NO and
N,O (6-9). Second, it is known that both Cu and Mn can
form more than one oxide, and their oxides are mutually
soluble to some extent; therefore, the Cu—Mn alloy surface
promises interesting catalytic properties (2). Third, for Cu-
Mn alloy, it has been established that there is a large hy-
bridization between Cu 3d and Mn 3d electrons in Cu-Mn
bonding (10), and the authors predicted that such unusual
hybridization may lead to substantial effects in the alloy
surface properties. The oxygen and sulfur dioxide adsorp-
tion study on a Cu(100)—c(2 x 2)-Mn surface alloy, which
shows greatly enhanced reactivity of the Cu-Mn surface
alloy relative to a pure Cu surface, supports this proposal
(12).

This work aims at providing preliminary information
about Cu-Mn alloy catalysts in NOy applications. Special
attention is addressed to monitor the change in alloy sur-
face compositions and oxidation levels as a function of the
bulk compositions and also the reaction conditions. The
variations in the surface characteristics will be correlated
to the activity, the selectivity, and the mechanism of NO
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reduction. Such a model approach is facilitated by the use
of planar catalysts, three bulk alloys having different initial
concentrations.

2. METHODS

The catalysts used in this study were Cu-Mn alloy sheets,
each with a surface area of 32 cm?. The bulk compositions of
the alloys were 8, 55, and 92% Mn, respectively (in the text,
all percentages are atomic percentages). The alloys were
provided by Goodfellow Cambridge Limited. Before each
test, the catalyst sample was reduced in hydrogen with a
pressure of 10 Torr (1 Torr =133.3 N m~2) at 500°C for 1 h.

The gas mixtures used in the reactions were NO
(1.0 Torr), i-C4Hg (0.5 Torr), and O, (0-3.1 Torr). Pg, <
2.5 Torr corresponds to reducing conditions regarding the
total oxidation of hydrocarbon, and Pg, > 2.5 Torr, to oxi-
dising conditions. Arwas added as a balance gas to maintain
atotal pressure of 5.0 Torr. All catalytic reactions were per-
formed at 500°C. The activity of a reaction is evaluated by
the time required to convert 30% of the initial NO amount,
i.e., T30%.

A detailed description and schematic outline of the ex-
perimental system were reported in a previous paper (12).
Catalytic experiments were performed in a batch mode
reactor. A mass spectrometer was used to monitor the gas-
phase compositions during the reaction process; the quan-
titative mass spectrometry (MS) data were evaluated us-
ing the fragmentation patterns determined experimentally
from calibration gases (12).

For the concerned reactions, the catalyst surfaces were
characterized by X-ray photoelectron spectroscopy (XPS).
To do so, the reaction was interrupted when 30% NO
was converted; the reactor was quenched to room tem-
perature and then evacuated, and the catalyst was trans-
ferred through an ultrahigh vacuum line to a surface analy-
sis chamber. In the XPS measurement, MgKax (1253.6 eV)
radiation was used as the X-ray excitation source, and the
electron kinetic energies were analyzed by a CLAM 2 hemi-
spherical energy analyzer with a pass energy of 20 eV. The
binding and kinetic energies in the text were referred to the
4f7, core level of gold, a small sample of which was coated
on the sample holder. The value of Au 4f;, was taken as
84.0 eV. The intensities of all the spectra were measured
after background subtraction.

3. RESULTS

3.1. NO Conversion on Cu-Mn Alloy Surfaces

Reactions of NO and i-C4Hg in the presence of oxygen
were successively tested over the Cu-Mn (8%), Cu-Mn
(55%), and Cu-Mn (92%) alloys. Identical initial condi-
tions were used: Pnyo =1.0 Torr, Pig,n, = 0.5 Torr, Po, =1.0
Torr, Ar as a balance gas, T=500°C. Figure 1 shows the
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changes in gas compositions during the catalytic reactions
on the three alloy surfaces.

In the initial 15-30 min of each catalytic test (region A in
Fig. 1), the temperature of the reactor was raised from room
temperature to 500°C, the gas mixture was homogenized,
and the reaction between O, and i-C4Hgwas initiated. After
this primary period, the conversion of NO took place. The
main products of the reaction were N, CO,, and H,O. Time
for 30% NO conversion, Tspg,, Was 70, 110, and 175 min for
Cu-Mn (8%), Cu-Mn (55%), and Cu-Mn (92%), respec-
tively.

To compare the alloy activities with that of a pure copper
catalyst, a copper sheet with the same surface area was also
tested for NO reduction under the same initial conditions;
the T30, Was 88 min.

In addition to the changes in NO conversion rate (T39),
different features appeared in the reactions catalyzed by
low-Mn-content alloy (8%) and high-Mn-content alloys
(55 and 92%). On the Cu-Mn (8%) surface, NO conver-
sion proceeded via two stages: a slow followed by a rapid
conversion stage (marked as stages | and 11 in Fig. 1a). CO
and i-C4HgO were produced in stage I, and the amounts
of both i-C4HgO and CO quickly decreased in stage II. It
should also be noted that the CO, and H,O concentrations
monotonously increased throughout the reaction (even af-
ter total disappearance of oxygen in the gas phase). The re-
action catalyzed by the pure copper catalyst surface showed
similar trends (figure not shown).

Conversely, NO was converted in one stage on either
Cu-Mn (55%) or Cu-Mn (92%) catalyst. CO and i-C4HgO
were hardly detectable during the whole reaction process.
On the Cu-Mn (92%) alloy, the rate of the formation of
CO, and H,0 was strongly correlated to the presence of
O, in the gas phase: very strong at the beginning of the re-
action and drastically reduced after complete consumption
of gas phase oxygen. The conversion of NO was significant
only after complete consumption of oxygen. On the Cu—-Mn
(55%) alloy, CO, and H,O behavior was intermediate, and
NO conversion was initiated when half the amount of oxy-
gen was consumed.

3.2. Influence of O, Pressure

The influence of oxygen pressure on NO reduction has
been investigated on three alloy surfaces. Py, was varied
from0to 3.1 Torr, i.e., from reducing to oxidizing conditions
as defined under Experimental. Other conditions were kept
the same as in Fig. 1.

Figure 2 shows the dependence of T3ge, Which varies in
the sense opposite to the activity, on the initial pressure
of oxygen for the three alloys. On the Cu-Mn (8%) al-
loy surface, the rate of NO conversion decreased when the
oxygen pressure increased. On the Cu-Mn (55%) and Cu—
Mn (92%) alloy surfaces, addition of a small amount of
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FIG. 1. Time courses of NO, O,, i-C4Hs, N2, CO,, H,O [CO and i-C4HsO in (a)] in the reactions catalyzed by (a) Cu-Mn (8%), (b) Cu-Mn (55%),
and (¢) Cu-Mn (92%). Pno = Po, = 1.0 Torr, Pi.c,ny = 0.5 Torr, Par = 2.5 Torr, T=500°C. “A” indicates the initial period of the reaction. The arrow

shows the time when XPS measurement was performed.

O, to the reaction gas mixtures significantly enhanced the
rate of NO conversion, but “too high” oxygen pressures
(>0.6 Torr) led to weaker activity.

Furthermore, on the Cu-Mn (8%) surface, the time
course of the reactions varied with the initial oxygen pres-
sure (figures not shown). As we reported in the preced-
ing section, when the oxygen pressure was 1.0 Torr, two

NO conversion stages were observed, associated with the
formation and consumption of CO and i-C4HgO interme-
diate products. However, with too low (0 to 0.6 Torr,)
or too high (3.1 Torr) oxygen pressures, NO concentra-
tion monotonously decreased; CO and i-C4HgO could not
be detected. On the two other alloy surfaces, a “one-
stage” NO conversion was observed whatever the oxygen
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FIG. 2. Tsp as a function of oxygen pressure over different alloy sur-
faces. Pno = 1.0 Torr, Pic, g = 0.5 Torr, Argon as balance gas maintaining
a total pressure of 5.0 Torr, T=500°C.

pressure, without any correlation with CO or i-C4HgO for-
mation.

Note also that, on all alloy surfaces, under reducing con-
ditions (Po, < 2.5 Torr), NO was converted mainly to Nj.
Under oxidizing conditions (Po, =3.1 Torr Oy), immedi-
ate formation of water and carbon dioxide was observed,
followed by the production of N,O.

3.3. Surface Characterization

XPS measurements have been performed on three alloy
surfaces, at initial O, pressures of 0, 1.0, and 3.1 Torr, the
reaction being interrupted at 30% NO conversion; the other
reaction conditions were the same as in Fig. 1.

Figure 3 shows the Cu 2p, Cu LMM, Mn 2p, O 1s, and
C 1s X-ray photoelectron spectra taken from the Cu-Mn
(8%) surface. It has been well established that Cu(0) and
Cu(l) show similar Cu 2p binding energies, but have dif-
ferent kinetic energies for Cu LMM Auger lines (13). We
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can thus conclude from Figs. 3a and 3b that Cu is mainly
in the metallic state whatever the oxygen pressure. When
Po, is equal to 3.1 Torr, a shoulder at 916.4 eV in the Cu
LMM spectrum C indicates the presence of a small fraction
of Cu(l) on the surface.

Figure 3c shows the corresponding Mn 2p core levels.
Whatever the reaction conditions, the high binding energy
of the Mn 2p3, peak indicates that no metallic Mn is present
(14). In spectra A and B (corresponding to reducing reac-
tion conditions), the satellites around 647.5 eV are char-
acteristic of Mn?* (15), showing the existence of MnO on
the surface. In spectrum C (Po, = 3.1 Torr, oxidizing condi-
tions), the satellite around 647.5 eV disappears. The onset
of the Mn 2p3; line remains in the same position and the
2pa2 peak broadens to high binding energy with a decrease
in its total intensity, indicating a decrease in Mn?* surface
concentration to the benefit of manganese in a higher ox-
idation state. However, the broad Mn 2p3, peak makes it
difficult to distinguish between different oxides. Note that
for Mn** (x > 2), the oxidation level cannot be identified by
Mn 2p satellites, since the Mn 2p3, satellites overlap with
the Mn 2p,/; peak, and, when MgKe is used, the Mn 2py,
satellites overlap with the Mn LMM Auger line (15).

With a change in oxygen pressure, no essential variation
in the O 1s spectra is observed (Fig. 3d). Two contributions
canalways be used tofit the peak: amainone at’529.9eV and
asmall one at 531.7 eV. The 529.9-eV peak can be assigned
to oxygen in oxides, which grows when the oxygen pressure
increases. The one at higher binding energy is attributed to
adsorbed hydroxyl groups (16, 17).

In Fig. 3e, the C 1s spectrum A shows a broad emission
centered at 284.8 eV, which can be attributed to different
carbonaceous species. With an increase in the oxygen pres-
sure, the C 1s peak decreases (spectrum B) and finally dis-
appears under oxidizing conditions (spectrum C).

The X-ray photoelectron spectra taken of the Cu-Mn
(55%) and Cu-Mn (92%) surfaces are not shown. The same
features and evolution are observed for the O 1s and C 1s
peaks as a function of oxygen pressure. Table 1 shows the
oxidation levels of copper and manganese, deduced from
the binding energies of the Cu 2p and Mn 2p core levels and
kinetic energy of the Cu LMM Auger lines, for the three al-
loy surfaces under different initial oxygen pressure condi-
tions. The changes in oxidation states of the alloys, whether
there is 8, 55, or 92% manganese, lie mainly in the copper
under oxidizing conditions: Cu is partially oxidized to Cu™
in the 8% Mn alloy and to Cu?* in the other alloys. Note
that under reducing conditions the Cu LMM Auger lines of
Mn 55% and 92% alloys are too weak to differentiate Cu™
from Cu®.

FIG. 3. X-ray photoelectron spectra taken from Cu-Mn (8%) surface: (a) Cu 2p; (b) Cu LMM Auger line; (c) Mn 2p (arrows show the Mn 2p3,
satellites); (d) O 1s; (e) C 1s. Py, =0, 1.0, and 3.1 Torr in spectra A, B and C respectively. Argon as balance gas maintains a total pressure of 5.0 Torr.

Other reaction conditions are the same as in Fig. 1.
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TABLE 1

Oxidation States of Alloy Surfaces under Different Oxygen
Pressure Conditions

Bulk Mn concentration

Po, 8% 55% 92%
0 Torr cu® Cu® and/or Cu*? Ccu® and/or Cu*?
M n2+ M n2+ M n2+
1 Torr cul Cu® and/or Cu*? Cu® and/or Cu*?
M n2+ M n2+ M n2+
3.1 Torr cu®, cu* Cu?* Cu?*
Mn*t (X > 2) Mn*t (X > 2) Mn*t (X > 2)

@ The Cu LMM Auger line is too weak to give essential information;
thus Cu® and Cu™ cannot be differentiated.

3.4. Determination of Alloy Surface Compositions

The compositions of the top layers of the alloys under
different initial oxygen pressure conditions have been es-
timated by XPS data. The intensities of the Cu 2p3, and
Mn 2psp; lines are taken as the areas of the peaks excluding
satellite lines. The calculation of the values of the superfi-
cial concentrations is based on a model that considers a ho-
mogeneous enrichment (or depletion) throughout several
superficial layers of the oxide (18). This approximation has
been made for sake of simplification though we are aware
of the possible alternation of rich and poor Mn layers in
the case of an important segregation (19). In fact, our ob-
jective is to characterize the tendency of Mn segregation to
alloy surfaces when submitted to various oxygen pressures
and, above all, to compare the results for the three alloys
having different bulk concentrations of manganese. This
was of course to help in the interpretation of the observed
differences in their catalytic behavior.

The superficial concentration of Mn and Cu could be de-
duced according to the classical formula

|Cu

Acu Yeu D;:”u g 0/heu 4 Dgu(l — g /e
IMn  Amn Ymn DM e-d/3wn 4 DMN(1 — e-0/3n)’

d being the thickness of the modified alloy (A). 4; is the
mean free path of the 2ps;, of the i element electron in
the alloy; it can be obtained by assuming that the lattice
is only slightly modified by alloying and using the formula
ri=0.41a./aE;, where a is the lattice parameter and E; is
the kinetic energy of the emitted electrons from the consid-
ered level. The following values are obtained: Acy,=7.6 A,
Amn=10.5 A (for the 2p3/; core levels). Y;, the photoelectric
yield of element i, is proportional to the cross section, char-
acteristic of the element and of the considered level; values
are given by well-established tables. .D‘a,, is the concentra-
tion of i in the modified alloy, and Dy, is the concentration
of i in the bulk alloy.
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Table 2 gives the values of concentrations and corre-
sponding thicknesses of an alloy modified by segregation
through its first 5 or 10 first layers, determined from a com-
puterized calculation. When two sets of values are given, it
means that a more or less large number of modified layers
can be considered to account for the XPS data.

The results show the following:

(1) Segregation of Mn is observed on all samples; it is
maximum under low oxygen pressure (1 Torr).

(2) Whatever the pressure of oxygen, the Cu-Mn (55%)
alloy exhibits an almost pure Mn surface. This is also true
for the 92% Mn alloy in the presence of low oxygen pres-
sure.

(3) For the 8 and the 92% alloys, when Po, =3.1 Torr,
the segregation of Mn is reduced.

Note that our calculation does not consider the oxida-
tion of copper and manganese. In fact, the surface alloy top
layers consist of a mixture of copper (copper oxide) and
manganese oxides, depending on the conditions as shown
in Table 1, covering a bulk alloy. A calculation, made by as-
suming a number of oxide layers having an average density
close to that of Cu,0, was tested; it did not lead to signif-
icant differences in the surface segregation quantification.
Moreover, the Mn percentage values, issued from our cal-
culation, are probably overestimated due to the fact that
we did not include a contribution from the layers, which
have been Mn-depleted by the segregation phenomenon.
Actually, the heterogeneity in the top several layers in dif-
ferent alloys has been evidenced in the literature (20). Be-
ing aware of these restrictions, one will keep in mind that
the active surfaces are all enriched in manganese under
reaction conditions. An exception was made clear for the
92% Mn alloy, where a copper-over-manganese peak ratio
corresponding to the bulk composition is observed when
Po, =3.1 Torr.

TABLE 2
Concentrations and Thicknesses of the Modified Alloys under
Different Initial Oxygen Pressure Conditions (Results from a Com-
puterized Model)

Bulk Mn concentration

Po, 8% 55% 92%
0 Torr 32% over 5 layers ~Pure Mn over ~Pure Mn over 5 layers
or 5 or 10 layers or
24% over 10 layers 97% over 10 layers
1.0 Torr 45% over 5 layers ~Pure Mn over =~Pure Mn over 5 layers
or 5 or 10 layers or
38% over 10 layers 98% over 10 layers
3.1 Torr 14% over5 layers ~Pure Mnover 89% over 5 or 10 layers

or 5 or 10 layers
13% over 10 layers
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4. DISCUSSION

4.1. Surface Segregation and Oxidation Phenomena

The surface composition changes of different alloys as a
function of oxygen pressure observed by XPS can be in-
terpreted by considering the tendency of each element to
form oxide (thermodynamic effect) and their diffusion co-
efficient in the bulk alloy (kinetic effect) (2 and references
therein). Mn has a higher affinity to oxygen and Mn oxides
are more stable than copper oxides. However, copper dif-
fuses more rapidly than manganese. The segregation phe-
nomenon, which is not strictly governed either by thermo-
dynamics or by cation size effect, strongly depends on the
reaction conditions and the bulk composition of the alloy.

Table 1, reporting the oxidation states of the alloys, sug-
gests a first comment: oxidation of the surface, and of Mn
in particular, occurs even in the absence of oxygen or un-
der reducing conditions; this confirms the affinity of Mn for
oxygen and the stability of Mn oxide.

For a low-Mn-concentration alloy, Cu-Mn (8%), what-
ever the pressure of oxygen, a preferential oxidation of Mn
(Mn**, x> 2) is observed, whereas copper remains in the
metallic state or is partially oxidized to Cu,O. This selective
oxidation is accompanied by segregation of Mn toward the
surface as indicated in Table 2.

Under reducing conditions (Po, < 2.5 Torr), the Mn sur-
face concentration increases to a value as high as 45% in
a five-layer model. In the absence of oxygen, Mn is ob-
viously oxidized by NO which decomposes at the surface.
The surface behavior can be interpreted by analogy with the
oxidation of Cu—-Mn (10%) alloy under low oxygen pres-
sure conditions reported by Yoon and Cocke (2): the re-
action gas mixture provides a mild oxidizing atmosphere,
under which the oxidation and segregation behavior is con-
trolled by thermodynamics. The higher Gibbs free energy
of the Mn oxide compared with that of copper oxide leads
manganese to be oxidized first [G{(Cu,0) = —146.4 kJ/mol
and (G¢(MnO) = —-363.2 kJ/mol] (2). In fact, though con-
ditions are “reducing” in the sense of complete combustion
of isobutene, Mn oxide is formed by interaction of oxygen
and is stable, whereas Cu,0, if formed, tends to decompose
at the reaction temperature (21). As a consequence, oxygen
and/or NO in the gas phase promote Mn segregation by a
preferential Mn oxidation.

Under oxidizing conditions (Po, = 3.1 Torr), manganese
is further oxidized (Mn**, x > 2), and its segregation is re-
duced compared with that under reducing conditions. Some
oxidized copper (Cu;0) has been detected. Yoon and Coke
observed a similar phenomenon with a 10% Mn alloy at
high O, exposure. They explained that the first stage of ox-
idation of Cu-Mn alloy is expected to be a simultaneous
formation of Cu and Mn oxides. Due to the preferential
oxidation of Mn, a Mn-depleted region is induced in the
top layers, so the subsequent Mn oxidation is controlled by
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its diffusion rate in the alloy. Now, Cu oxide grows more
rapidly because of the higher Cu concentration in the top
layers, resulting in reduced Mn segregation to the surface,
where two oxide phases eventually coexist.

For a medium Mn concentration, Cu-Mn (55%), what-
ever the pressure of oxygen, the surface layers are strongly
enriched in manganese oxide. Copper is detected by XPS in
the metallic and/or Cu,O forms under reducing conditions
and in the CuO form under oxidizing conditions. This again
shows that thermodynamics controls the alloy surface be-
havior, favoring a selective oxidation of manganese. As a
matter of fact, Mn is always at an oxidation level higher than
that of coexisting copper; and copper oxide does not over-
grow Mn oxide due to the high enough bulk concentration
of manganese.

For the Mn-rich alloy, the surface is almost pure man-
ganese oxide under reducing conditions. The striking ob-
servation is the absence of Mn segregation under oxidizing
conditions, leading to a higher copper oxide surface concen-
tration compared with what was observed under reducing
conditions. A possible explanation can be suggested. For the
high-Mn-concentration alloy, the large hybridization bond
between Cu 3d and Mn 3d strongly modifies the chemical
properties of Cu, e.g., its oxygen affinity in this case. Thus,
under oxidizing conditions, Cu and Mn are both rapidly
oxidized. Equilibrium is rapidly reached between the top-
most oxide layers and the bulk alloy without significant Mn
segregation.

4.2. Catalytic Activity

XPS data and the above discussion give us an insight
into the copper—-manganese ratio and the oxidation level of
the alloy surfaces at 30% NO conversion of each consid-
ered reaction. Although these data vary when the reaction
proceeds, kinetics results, in particular the NO conversion
curve and reaction products as well as the influence of oxy-
gen pressure, can be tentatively correlated to the surface
characterization.

4.2.1. Cu-Mn (8%) Alloy

a. Po,=1 Torr (reducing conditions). Figure 1a shows
that the reaction takes place following the same “two-stage”
feature asonapure copper surface (4). For the same reasons
as on the pure copper, the reaction of NO with i-C4HgO and
CO is suggested to be the main path for NO conversion.

Note that the rate of NO conversion is promoted on the
alloy compared with that on the pure copper surface. This
could be explained by the mild oxidizing properties of the
manganese oxide which favors the formation of active inter-
mediates, i.e., CO and i-C4HgO. It has been shown by Yang
et al. that, for CO oxidation, mixed copper-manganese Ox-
ides are considerably less active than copper oxide (22, 23).
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b. Po, <1 Torr (strongly reducing conditions). The
XPS data show that, with no oxygen in the gas phase, the
surface is less Mn-enriched compared with that in the pres-
ence of 1 Torr of oxygen (see Table 2). On the surface,
copper is in the metallic state, whereas manganese is oxi-
dized to the 2+ state. Under strong reducing conditions, the
kinetic data show that the rate of NO conversion slightly
increases when P, decreases and NO is continuously con-
verted to the benefit of Ny; i.e., there is no initial stage.
This leads us to assume a change in the main path of the
reaction compared with the previous case. We tentatively
suggest that the direct decomposition of NO into N, dom-
inates the reaction. The inhibitory effect of O, on the rate
of NO conversion, in that range of pressure, can be ex-
plained by that oxygen competing with NO for adsorption
sites. The role of hydrocarbon is to prevent further oxi-
dation of the surface, i.e., to keep a proper environment
for the decomposition of NO. As a comparison, the direct
decomposition of NO is known to be catalyzed by MnO,
Mn,03, and Mn3O4 surfaces at 500°C (24, 25). The disso-
ciative adsorption of NO on metallic copper surfaces is
well documented in the literature (26). Considering the
respective reactivities of Cu(0) and Mn oxides, the reac-
tivity of the 8% Mn alloy (~20-30% Mn on the surface)
for NO decomposition is not surprising under the present
conditions. Note that this is the main path of the reac-
tion only when the initial oxygen pressure is low in the
gas phase (Po, < 1 Torr), i.e., when the surface is composed
mainly of metallic copper and manganese oxide.

c. Po,=3.1 Torr (oxidizing conditions). Under the
present conditions, the surface Mn concentration is close to
that of the bulk, ca. 13%; the surface is strongly oxidized;
Cu/Cu™ and Mn*t (x > 2) coexist. This oxidized surface is
likely to promote deep oxidation of isobutene to the detri-
ment of NO direct decomposition and of the reaction of
NO with HC or with an intermediate. Once the combus-
tion of the hydrocarbon is over, NO starts to react signifi-
cantly and produces N,O as the main product. NO is likely
to react with the manganese oxide surface via the reaction
2NO + MnOy — N20 + MnOy1 (5).

d. Summary. The Cu-Mn (8%) alloy is slightly more
reactive than a pure copper surface. Its reactivity changes
with oxygen pressure; this is due to a change in surface com-
positions and oxidation levels as well as to kinetic factors.
With low oxygen pressures (0-0.6 Torr, strong reducing con-
ditions), a very reactive Cu—Mn alloy surface leads to direct
decomposition of NO. Oxygen competes with NO for ad-
sorption sites and thus inhibits the rate of NO conversion.
The role of the hydrocarbon is to prevent deep oxidation
of the surface. A medium oxygen pressure generates a sur-
face and a gas-phase environment that favor partial oxi-
dation of hydrocarbon. Thus, reaction of i-C4HgO and CO
with NO is the main path of the reaction. A high oxygen
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pressure (oxidizing conditions) induces strong oxidation of
the surface components, which favors the combustion of
i-C4Hs. In this case, NO is converted mainly to N,O.

4.2.2. Cu-Mn (55%) and Cu-Mn (92%) Alloys

a. Po, =0-1 Torr (reducing conditions). Under reduc-
ing conditions, a continuous decrease in NO without a pre-
liminary stage to the exclusive benefit of H,O, CO,, and N,
is always observed. On none of these surfaces, does partial
oxidation of isobutene seem to occur. When a small amount
of oxygen is presentin the reactants, the conversion of NO is
significantly more rapid (Fig. 2); note that this is not the case
with the Cu-Mn (8%) alloy surface. The rate of NO con-
version reaches a maximum at Po, = 0.6 or 1 Torr for the 92
and 55% alloys, respectively. To interpret these kinetic data,
one has to consider the surface compositions under the re-
action conditions. XPS shows that although the bulk Cu/Mn
ratios are very different between these two alloys, the active
surfaces of both alloys are almost pure manganese oxide.
With the change in oxygen pressure, both surfaces are not
significantly changed either in the surface compositions or
in the oxidation levels.

Here, it is worth mentioning the work of Aylor et al. on
NO reduction by methane over Mn-ZSM-5 (5). Observing
the surface NO; species by infrared, the authors suggested
that the reduction of NO proceeds via the formation of NO,
and the subsequent reduction of adsorbed NO; by CH..
Under our reaction conditions, considering that the alloy
surfaces are almost pure manganese oxides, we thus ten-
tatively suggest a similar reaction. Several comments are
given here. (1) NOy, as a surface intermediate, is not de-
tected in the gas phase. (2) The significant increase in NO
conversion rate by the presence of asmall amount of O, can
be explained by the promotion of the formation of surface
NO; species. (3) The decline in the NO conversion rate with
further increase in oxygen pressure can be explained by the
combustion of i-C4Hg, a parallel reaction competing with
NO for the surface oxygen. Note that the combustion of
CH, by oxygen is also observed over Mn-ZSM-5 (5). (4) At
“high” oxygen pressure, when the formation of NO, surface
is inhibited, replaced by the combustion of i-C4Hg, we do
not exclude the possibility that a direct NO decomposition
could also occur.

b. Po,=3.1Torr (oxidizing conditions). Under oxidiz-
ing conditions, the rate of NO conversion decreases and
N»O is produced over both surfaces. With the same argu-
ments as developed above for the Cu-Mn (8%) alloy, we
assume that highly oxidized surfaces first promote the com-
bustion of isobutene and then lead to the reaction of NO
into N,O.

c. Summary. On the two Mn-rich Cu-Mn alloys, the
active surfaces behave as pure manganese. With an in-
crease in oxygen pressure, the rate of NO conversion passes
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through a maximum for Po, = 0.6 or 1 Torr, under which the
formation of reaction intermediate NO, is most promoted.
Reaction of NO; with i-C4Hg is the main path of NO re-
duction. With a further increase in oxygen pressure (still
reducing conditions), the combustion of i-C4Hg is acceler-
ated. The rate of NO conversion is consequently decreased.
When the reaction conditions pass to oxidizing, complete
combustion of hydrocarbon and conversion of NO to N,O
are observed.

5. CONCLUSION

In this paper we studied NO reduction by i-C4Hg at 500°C
over Cu-Mn (8%), Cu-Mn (55%), and Cu-Mn (92%) sur-
faces using MS and XPS. It is revealed that, under reduc-
ing conditions, the reactivity on different surfaces follows
the sequence Cu-Mn (8%) > Cu > Cu-Mn (55%) > Cu—
Mn (92%). It is also demonstrated that the surface com-
position of the alloys can be very different from that of the
bulk depending on the reaction conditions.

On the Cu-Mn (8%) surface, enriched in manganese 13
to 45%, depending on the reaction conditions, changes in
the mechanism of NO reduction were made clear. Without
oxygen or with a low oxygen pressure, direct NO decompo-
sition to N is suggested to be the main mechanism. With a
medium oxygen pressure (slightly reducing conditions), the
partial oxidation of i-C4Hg is, as on a pure copper, the initial
step of the reaction; it is followed by a reaction of NO with
oxygenated intermediates. Under oxidizing conditions, NO
reacts with the surface oxides, leading to N,O as the main
product.

On the Cu-Mn (565%) and Cu-Mn (92%) alloys, the re-
active surfaces are almost pure manganese oxide. Under
reducing conditions, the NO reduction proceeds via the
oxidation of NO to NO, and the subsequent reduction of
adsorbed NO; by i-C4Hg. Under oxidizing conditions, NO
decomposition leads to N,O production.

Our results shows how complex it is to use alloys as cata-
lysts due to considerable variations in the surface concen-
trations after segregation. Oxygen pressure and bulk com-
position influence the oxidation level as well as the surface
composition. Itis consequently essential to characterize the
chemical state of the surface to be able to interpret the ki-
netic data. In the case of Cu-Mn alloys, Mn tends to migrate
to the surface, resulting in a complex effect on the activity,
selectivity, and even mechanism of the reaction. For NO
reduction by a hydrocarbon, the best system seems to be
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an alloy having a very low manganese loading (8%o in our
example) which exhibits a higher activity than a pure cop-
per.
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