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Abstract—Changes in the chemical composition of the surface of a Pt/(BaCO; + CeO,) model NO, stor-
age—reduction catalyst upon its interaction with SO, (SO, (260 Pa) + O, (2600 Pa) + H,O (525 Pa)) followed
by regeneration in a mixture of CO (2100 Pa) with H,O (525 Pa) were studied by X-ray photoelectron spec-
troscopy (XPS). Model catalyst samples were prepared as a thin film (about several hundreds of angstrom
units in thickness) on the surface of tantalum foil coated with a layer of aluminum oxide (~100 A). It was
found that the Pt/BaCO; and Pt/CeO, catalyst constituents acquired different surface charges (differential
charging) in the course of photoelectron emission; because of this, it was possible to determine the nature of
surface compounds formed as a result of the interaction of the catalyst with a reaction atmosphere. It was
found that barium carbonate was converted into barium sulfate as a result of reaction with SO, on the surface
of BaCOj at 150°C. As the treatment temperature in SO, was increased to 300°C, the formation of sulfate on
the surface of CeO, was observed. The sulfatization of CeO, was accompanied by the reduction of Ce(IV) to
Ce(III). The regeneration reaction of the catalyst treated in SO, at 300°C resulted in the consecutive decom-
position of cerium(I1I) sulfate at <500°C and then barium sulfate at 600—700°C. Upon the decomposition of

BaSOy,, a portion of sulfur was converted into a sulfide state, probably, because of the formation of BaS.

DOI: 10.1134/50023158411040161

INTRODUCTION

The current development of automobile industry is
oriented toward decreasing fuel consumption and
reducing carbon dioxide emissions into the atmo-
sphere. In particular, this can be achieved by the use of
engines with a lean air—fuel mixture. However, under
these conditions, nitrogen oxides are formed in con-
siderable amounts, and they cannot be efficiently neu-
tralized on commonly used three-way catalysts with a
large excess of oxygen in the reaction mixture. Toyota
developed so-called NO, storage—reduction (NSR)
catalysts [1] as an approach to solve the problem of the
neutralization of nitrogen oxides. The principle of
operation of the NSR catalyst is the following: the
basic component of the catalyst binds nitrogen oxides
as nitrates in contact with NO, in an oxidizing atmo-
sphere; then, nitrates are reduced to nitrogen during a
short pulse injection of an excess of fuel, which
increases the amount of reducing gases (CO, H,, and
CH,) in the exhaust [1, 2]. Traditionally, Ba-contain-
ing substances—BaO, Ba(OH),, and BaCO;—sup-
ported on y-Al,O; are used as the basic components of
the NSR catalyst. Platinum is introduced into the cat-
alyst for the more efficient oxidation of NO to NO,

and then to barium nitrate under oxidizing conditions
and for the subsequent nitrate reduction to nitrogen
under reducing conditions.

A disadvantage of NSR catalysts of this type is their
high sensitivity to poisoning by sulfur compounds,
which appear in exhaust gases as a result of the oxida-
tion of S-containing impurities in fuel. It was found
that the interaction of a catalyst with sulfur oxides in
an oxidizing atmosphere leads to the formation of sta-
ble barium sulfates, as a result of which the absorption
capacity for nitrogen oxides decreases [3—11]. Cata-
lyst regeneration, which consists in the removal of the
sulfate ion, is performed in a reducing atmosphere at
high temperatures, which are reached by the short-
term injection of an additional amount of fuel. At the
same time, high-temperature regeneration can cause
undesirable changes in the state of the catalyst, such as
a decrease in the specific surface area, the agglomera-
tion of platinum, and the formation of barium alumi-
nates, which are inert with respect to the absorption of
NO, [8]. The formation of barium sulfides [8, 10, 12,
13] and/or platinum sulfides [4, 10, 14, 15] is also pos-
sible; it also leads to a decrease in the catalyst activity.
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Fig. 1. XPS spectrum of the Pt/(BaCO3 + CeO,) model
catalyst in the initial state measured in the C 1s region with
no correction for charging and no background subtraction.

A method for increasing the resistance of NSR cat-
alysts to poisoning by sulfur-containing impurities is
the introduction of CeO,, TiO,, Fe,05, and MgO addi-
tives into the catalysts [16—20] or the replacement of
an Al,O; support by an oxide less prone to the forma-
tion of sulfates [21, 22]. It was shown that, in the oper-
ation of a catalyst containing cerium dioxide along
with a BaO (BaCO;) basic component, a portion of
SO, was bound to the catalyst as cerium sulfate. Thus,
the fraction of the Ba-containing component, which
was eliminated from the process of NO, removal as a
result of conversion into barium sulfate, decreased
[16]. It is assumed that cerium dioxide also plays a pos-
itive role in the regeneration of an NSR catalyst
because of its high catalytic activity in the reaction of
water gas conversion with the formation of H, [23].

In this work, we report the results of a study of the
interaction of SO, with the samples of a model NSR
catalyst containing Pt, BaCO;, and CeO, performed
by X-ray photoelectron spectroscopy (XPS). The aim
of this study was to determine the nature of the result-
ing surface compounds and the conditions of sulfate
formation and decomposition on the surfaces of
BaCO; and CeO,. We used XPS because this technique
allowed us not only to reliably determine the oxidation
state of sulfur from the binding energy (£,) measured
for the S 2p; , signal but also to reveal the component
to which sulfur is bound. To solve the latter problem,
we used a method based on the differential charging
effect, the essence of which consists in different charg-
ing of test catalyst sample components (in this case,
BaCO; and CeO,) in the process of electron photoe-
mission during the measurement of XPS spectra. As a
result of differential charging, the same element (for
example, sulfur), which occurs in the same oxidation
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state but is the constituent of different components,
appears in the spectrum as different signals on the
scale of binding energies. Previously, this method was
used in the analysis of the nature of nitrites and nitrates
formed on the surface of a Pt/BaCO;/Al,O; model
NSR catalyst upon its interaction with NO, (a mixture
of NO, O,, and H,0) [24].

EXPERIMENTAL

The experiments were performed using a VG
ESCA-3 photoelectron spectrometer at a residual
pressure of <5 x 10~7 Pa in the analyzer chamber. Non-
monochromatic MgK, radiation (hv = 1253.6 eV) was
used to obtain the XPS spectra. Before the experi-
ments, the binding energy scale of the spectrometer
was calibrated using the following signal positions of
gold and copper metals: Au4f; , (84.0 ¢V) and Cu 2p; ),
(932.6 eV). The treatment of the photoemission spec-
tra (the deconvolution into individual components,
the measurement of XPS peak areas, and the determi-
nation of binding energies) of the test samples was per-
formed after Shirley background subtraction.

The samples of a model NSR catalyst were pre-
pared as a thin film on the surface of tantalum foil. To
exclude the interaction of catalyst components with
tantalum, the foil was coated with an aluminum oxide
film ~100 A in thickness by evaporation aluminum
metal in an atmosphere of oxygen at 1.3 X 1073 Pa
before supporting the catalyst components. Barium
carbonate and cerium dioxide were supported onto the
surface of the alumina film from a suspension of
BaCO; and CeO, (in a molar ratio of 1 : 1) in ethanol
followed by drying in air and calcination in a vacuum
at 600°C. The BaCO; and CeO, film thickness was suf-
ficient for the complete shielding of signals from the
Al,O;/Ta substrate in the measurements of XPS spec-
tra. Then, platinum was supported by thermal evapo-
ration in a vacuum. Previously, an analogous method
was used for the preparation of model catalysts for
XPS analysis [24].

The resulting model catalyst samples were treated
with SO, in a mixture of SO, (260 Pa), O, (2600 Pa),
and H,O (525 Pa) at 150 and 300°C with the subse-
quent regeneration in a mixture of CO (2100 Pa) and
H,0O (525 Pa) at 500, 600, and 700°C in the prepara-
tion chamber of the spectrometer. The samples were
heated by passing an alternating current through the
tantalum foil. The temperature was measured using a
Chromel—Alumel thermocouple welded to the reverse
side of the foil. After each treatment in a reaction mix-
ture, the sample was transferred to the analyzer cham-
ber away from contact with the atmosphere for mea-
suring the spectra.
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Table 1. Binding energies in the XPS spectrum of the initial Pt/(BaCO; + CeO,) sample obtained directly from the spectra

and corrected for differential charging

Corrected values of E, eV
Signal Measured :3lues of £y, Assignment
Ap=6.7¢eV Ac=49eV
Cls 291.5 284.8 (+) - C/Pt/BaCO;
295.9 289.2 (+) - CO> /BaCoO;
Ols 535.2 528.5(?) 530.3 02—/(;602
538.0 531.3 (+) - CO> /BaCO;
Ba3ds, 783.7 777.0 (?) 778.8 Ba2*/Ce0,
785.6 778.9 (+) - Ba’*/BaCO,
Badds), 95.7 89.0 (+) — Ba2*/BaCOs;
Ce3d, u™ 921.6 914.9 (?) 916.7 Ce**/Ce0,
Cedd, A 114.2 107.5 (?) 109.3 Ce4+/CeOz
Pt4f; 76.8 70.1(?) 71.9 Pt/CeO,
78.7 72.0(+) - Pt/BaCO;

RESULTS AND DISCUSSION

Analysis of the XPS Spectra of the Pt/(BaCO; + CeO,)
Catalyst in the Initial State

As mentioned above, during the recording of the
XPS spectra of multicomponent systems, each of the
test sample components acquires a stationary positive
potential in the process of electron photoemission; in
this case, as a rule, its values are different for different
components. As a result, the photoemission signals of
an element, which is the constituent of a certain com-
ponent, is shifted from the true position by a value cor-
responding to the potential acquired by the given com-
ponent. The internal standard method is the simplest
method for the quantitative evaluation of potential
and the determination of the true positions of binding
energies of photoemission signals under conditions of
the differential charging of the test sample [24, 25—27].
The C 1s signal from amorphous carbon, which is
accumulated on the sample surface upon exposure to
residual gases in the spectrometer chamber, is com-
monly used as an internal standard. The binding
energy of this C 1s signal is taken to be 284.8 eV. Figure 1
shows the spectrum in the C 1s region of a sample of
the Pt/(BaCO; + CeO,) model catalyst in the initial
state. The spectrum is the superposition of two signals
with binding energies of 291.5 and 295.9 eV. Based on
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the conditions of sample preparation, one of these sig-
nals with the greatest binding energy belongs to carbon
as the constituent of carbonate ions in BaCQO;, whereas
it is obvious that the other signal belongs to amorphous
carbon.

By analogy with our previous work [24], we ana-
lyzed the binding energies (£,) of signals in the XPS
spectrum of an initial catalyst sample, which were
obtained taking into account their shifts as a result of
differential charging. Under the assumption that the
C l1s signal with a binding energy of 291.5 eV belongs
to amorphous carbon with the tabulated value of £, =
of 284.8 eV, the shift is Ay = 6.7 eV. Table 1 summarizes
the values of E, obtained directly from the spectra
(column 2) and after correction for the differential
charging Ag (column 3). The plausible values of bind-
ing energy are marked by a plus sign. The values that
cannot be ascribed to a particular chemical compound
are indicated by a question mark. Let us consider consec-
utively all of the E, values given in Table 1 (column 3).

As mentioned above, two signals are observed in the
spectrum of the C 1s region (Fig. 1); the most intense
of these signals is attributed to amorphous carbon, and
its binding energy of 284.8 eV specifies a charging
value of 6.7 eV. The other signal after correction for
charging acquires the value of E, = 289.2 eV, which is
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Fig. 2. XPS spectra of the Pt/(BaCOj3 + CeO,) model cat-
alyst measured in the Pt 4fregion (/) in the initial state and
(2) after its reaction with SO, (260 Pa SO, + 2600 Pa O, +
525 Pa H,0) at 300°C and the subsequent regeneration in a
mixture of 2100 Pa CO + 525 Pa H,O at (3) 500 or (4) 700°C.

characteristic of inorganic carbonates, in particular,
BaCO; [24, 28—30]. In the Olsregion, the spectrum is
also the superposition of two signals with an intensity
ratio of ~1 : 1 (Table 1). After correction for charging,
the binding energy of one of the signals becomes
531.3 eV, which is close to the values published for bar-
ium carbonate (530.7—531.2 eV) [24, 28—30]. In this
case, the second signal becomes 528.5 eV, which is
substantially lower than the value expected for both
BaCOj3; and CeO, (530.4 eV) [31]. In the Ba 3d and
Ba4d spectral regions, which characterize barium,
signals are observed the binding energies Ey(Ba 3ds),)
and E,(Ba4ds,) of which after correction for Ag
acquire the values of 778.9 and 89.0 eV respectively,
which will agree well with those published for barium
carbonate [24, 28—30]. Thus, the use of the correction
Ag = 6.7 €V, which was obtained from the position of
the C 1s signal of amorphous carbon, for determining
true binding energies gives reasonable values for the
C1s(289.2¢eV), O 15 (531.3 eV), Ba 3ds, (778.9 V),
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and Ba 4d;,, (89.0 V) signals, which can be related to
one of the components in the model catalyst— BaCOs.

At the same time, the correction for Ay gives too
low values of binding energies for the signals that char-
acterize cerium. Thus, according to published data for
CeO,, the signal " in the Ce 3d region has £, = 916.7 eV
[32—34] and the signal 4 in the Ce 4d region, ~109.3 eV
[31]. For the second signal in the Ols region, the use of
Ag as a correction also gives a binding energy 2 eV
lower that that expected for CeO, [31]. A low-intensity
signal detected in the Ba 3d region should also be
noted. For this signal, the binding energy corrected for
Ag is E(Ba 3ds,) = 777.0 eV, this anomalously low
value was observed in none of barium compounds
[35, 36]. All the above suggests that, indeed, the
potential of CeQ, differed from the potential of BaCO,
in the course of XPS measurements; that is, differen-
tial charging occurred, and the C 1s signal of amor-
phous carbon cannot be used as an internal standard
for CeQ,. A possible reason consists in an insignificant
accumulation of amorphous carbon on the surface of
CeO, because of a significant oxidizing power of the
latter. For example, published survey spectra [37] indi-
cate that carbon deposits were almost absent on the
surface of a Ce-containing oxide. Thus, another signal
suitable to serve as an internal standard should be
found in the spectrum. It is most convenient to use the
u™ signal for this purpose; in the complex Ce 3d spec-
trum, this signal is located separately from other sig-
nals and has a stable binding energy value of 917.6 eV
[32, 34, 37, 38]. Taking into account this binding
energy F,(u"), we obtain the correction A =4.9 eV for
the CeO, component. Taking into account this correc-
tion, we calculated binding energies for all “strange”
photoemission signals (the corresponding values are
given in Table 1, column 4). It is evident that, after the
correction for Ag, the signals occupy the expected
positions. Moreover, a weak doublet signal observed as
a shoulder in the Ba 3d spectrum acquires a value of
E,=778.8 eV after correction for Ag; this value is typ-
ical of barium in the oxidation state Ba?*. On this
basis, this signal can be ascribed to barium cations in
contact with CeQ,. A similar state of barium was found
earlier in the Pt/BaCO;/Al,0; model catalyst and
referred to Ba?* cations located at the BaCO;—Al,O;
interface [24].

After the establishment of the fact that two compo-
nents (BaCO; and CeO,) that acquire different positive
potentials in the course of XPS measurements occur in
the test model catalyst, let us discuss the spectra that
characterize platinum supported onto the surface of
these components. Figure 2 (curve /) shows the Pt 4f
spectrum of the initial catalyst. It is difficult to sepa-
rate the individual signals that belong to platinum sup-
ported onto BaCO; and CeO, from the overall outline
of the Pt 4f spectrum. Nevertheless, it is evident that
the shape of the Pt 4f spectrum cannot be described by
one Pt 4f; ,—Pt 4f; , doublet. We attempted to decom-
pose this spectrum into two doublets (Figure 2, spec-
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trum /), one of which (more intense with a smaller
binding energy) can be related to platinum supported
on CeO, and the other, which is less intense with a
larger binding energy, to platinum on BaCO;. In this
approach, the intensity ratio between the Pt 4f'signals
that characterize platinum on CeO, and BaCO; is
2.53, which practically coincides with the Ce : Ba
atomic ratio (2.57) determined from Ce 3d and Ba 3d
signal intensities. In Fig. 2, the spectra are shifted by
the CeO, charging A along the axis of E; therefore,
the Pt 4f'signal position of platinum supported on CeO,
corresponds to the true binding energy E,(Pt 4f;,),
which is 71.9 eV for the initial sample (Table 1). Taking
into account the charging A for the second signal, we
obtained a similar value of E (Pt 4f;,) = 72.0 eV.
Although the occurrence of platinum particles in a
metal state is expected based on a vacuum evaporation
procedure, the found binding energy E,(Pt 4f;,) is
higher than the corresponding value for bulk plati-
num—71.2 eV [35, 36]. The observed difference can
be explained by the manifestation of the final state
effect in the process of electron photoemission from
the small (about several nanometers) particles of the
supported metal [39—41]. Similar values of E,(Pt 4f; )
we obtained earlier upon platinum evaporation onto
the surfaces of Al,O; [42] and BaCO;/Al,O; [24].

Table 1 (the last column) summarizes the assign-
ment of all of the observed signals based on the cor-
rected values of binding energies. From the standpoint
of XPS, the model catalyst sample, which is schemat-
ically depicted in Fig. 3, consist of two subsystems:
Pt/BaCO; (subsystem B (based on BaCO,)) and
Pt/CeO, (subsystem C (based on CeO,)). Based on the
intensities of photoemission signals with consider-
ation for atomic sensitivity factors [35], we estimated
the chemical composition of both of the subsystems:

Pt/BaCOj5 (subsystem B)
Pt/CeO, (subsystem C)

Ba:C:0=1:2.1:7.0,
Ce:0=1:25.

The O : Ce ratio in CeO, higher than the stoichio-
metric ratio can be explained by the partial hydroxyla-
tion of the oxide surface. As judged from the atomic
ratio between the elements in subsystem B, it is most
likely that its surface layer consists of barium bicar-
bonate, Ba(HCO,),. The platinum contents of sub-
systems B and C evaluated from the intensities of the
corresponding Pt 4f, Ce 3d, and Ba 3d;,, signals and
expressed in terms of atomic ratios are the following:

Pt:Ba=06:1,
Pt:Ce=0.7:1.

subsystem B
subsystem C

Interaction of Pt/(BaCO;+ CeO,) with SO,

Figure 4 shows the S 2p spectra of the Pt/(BaCO;+
Ce0,) catalyst recorded (/) before and after its treat-
ment in a mixture of SO, at (2) 150 and (3) 300°C. The
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Fig. 3. Schematic diagram of the Pt/(BaCO; + CeO,)
model catalyst; Ag and A are positive charges acquired by
the Pt/BaCOj; and Pt/CeO, subsystems, respectively, as a
result of electron photoemission in the course of XPS mea-
surements.
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Fig. 4. XPS spectra of the Pt/(BaCOj3 + CeO,) model cat-
alyst measured in the S2p region (/) in the initial state and after
its reaction with SO, (260 Pa SO, + 2600 Pa O, + 525 Pa
H,0) at (2) 150 or (3) 300°C.

Ba 4p; ), signal, which is also shown in the spectra in
Fig. 4, was located closely to the S 2p signals. The posi-
tion of this signal remains almost unchanged after
treatment in SO,; therefore, the accuracy of the deter-
mination of the binding energy of S 2p signals can be
additionally controlled with respect to E,(Ba 4p;),).
After the interaction of the catalyst with SO, at 150°C,
a signal appeared in the S 2p region; this signal exhib-
ited noticeable asymmetry because it is the S 2p;,—
S 2p,/, doublet with a spin—orbital splitting of 1.2 eV
and an intensity ratio of 2 : 1 [35]. After correction for
Ag, the binding energy E, (S 2p) acquires a value of
168.5 eV or, taking into account decomposition into
spin—orbital components, E,(S 2p;,) = 169.1 €V, which
is typical of sulfur in inorganic sulfates. In particular,
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Fig. 5. XPS spectra of the Pt/(BaCOj3 + CeO,) model cat-
alyst measured in the Ce 3d region (/) in the initial state
and after its reaction with SO, (260 Pa SO, + 2600 Pa O, +
525 Pa H,0) at (2) 150 or (3) 300°C.

Christie et al. [28] published the value of E (S 2p) =
168.4 eV for BaSO,. If we determine Ey(S 2p;/,) cor-
rected for A¢ in subsystem C (Pt/Ce0O,), we obtain a
value of 171.1 eV, which is too high to be ascribed to an
oxygen compound of sulfur. Thus, the treatment of the
model catalyst in SO, at 150°C leads to the predomi-
nant formation of barium sulfate.

As the interaction temperature was increased to
300°C, the intensity of the S 2p signal increased. The
simultaneous signal broadening and the appearance of
a shoulder on the side of smaller £ values indicate the
formation of at least two S-containing compounds.
After decomposing spectrum 3in Fig. 4 into two com-
ponents and shifting it by the differential charging Ay
along the axis of binding energies, we can see that one
of the components should be attributed to barium sul-
fate. The S 2p signal intensity of BaSO, substantially
increases in comparison with the signal intensity after
treatment in SO, at 150°C. The binding energy
E(S 2p; ) of the second component acquires a value of
167.9 or 169.1 eV with the chosen correction Ag or Ac,
respectively. The former value can correspond to
sulfite ions in the composition of the Ba-containing
component (subsystem B), whereas the latter value
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can correspond to sulfate ions as the constituents of
the Ce-containing component (subsystem C).

The Ce 3d spectra recorded in the course of treat-
ment of the model catalyst in SO, (Fig. 5) suggest that
the discussed S 2p signal belongs to particles of the sul-
fate nature. Spectrum [/ of the catalyst in the initial
state has a shape characteristic of cerium dioxide. The
spectrum has a complex structure formed by the
superposition of three Ce 3ds,—Ce 3d;,, doublet sig-
nals [32, 38, 43] inherent to Ce*" cations, which
appear because of the fact that cerium cations can
relax into different final states after electron photoe-
mission from the Ce 3d level [44]. In the spectrum of
the initial catalyst in Fig. 5, these signals are desig-
nated by the symbols v, v", and v" for Ce 3d;, oru, u",
and u" for Ce 3d;), respectively, in accordance with
the designations proposed by Burroughs et al. [43].
The doublet marked by the symbols v' and u' was
related to electron photoemission from the Ce3* cat-
ion [32—34, 37, 38]. The Ce3* content of the initial
catalyst was 15%, as determined from the intensity
ratio between signals that form the Ce 3d spectrum;
this value is consistent with estimations published for
cerium oxides [45]. The detection Ce** in an amount
of 10—20% in the XPS spectra of CeO, was usually
related to the partial reduction of the CeO, under the
action of X-radiation or as a result of the reaction with
residual gases (CO and H,) [34, 46]. After the interac-
tion with SO, at 150°C, the structure of the Ce 3d spec-
trum did not crucially change; the contribution of
Ce** remained at almost the same level (~18%). After
the interaction at 300°C, the spectrum changed dra-
matically to acquire a shape typical of Ce(1II) com-
pounds [31, 34]. The change in the structure of the
Ce 3d spectrum, which suggests the reduction of
Ce(1V) to Ce(Ill) in parallel with the appearance of
the S 2p signal with a binding energy characteristic of
sulfates in the Pt/CeQO, subsystem, is a convincing argu-
ment in favor of the formation of Ce(IIl) sulfate at
300°C. Previously, we obtained cerium sulfate by the
interaction of the CeO, [38] and Pt/CeO, [47] model
systems with SO, and a mixture of SO, + O, in the tem-
perature range of 200—400°C.

In Fig. 2, spectrum 2 in the Pt 4f region was
obtained after the interaction of the catalyst with SO,
at 300°C. A considerable broadening of signals was
observed, as compared with the spectra of samples in
the initial state. For this reason, it becomes impossible
to separate two doublets that characterize platinum
supported separately onto BaCO; and CeO,. Never-
theless, we can reliably state that F£,(Pt 4f;,) did not
strongly change after treatment in SO,; that is, plati-
num remained in a metal state. Indeed, the oxidation
of supported platinum particles upon the interaction
of the Pt/BaCO;/Al,0, model catalysts with NO,
resulted in a shift of the Pt 4fspectrum to the region of
higher binding energies by 1—1.5 eV [24, 42], which
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Fig. 6. XPS spectra of the Pt/(BaCOj3; + CeO,) model cat-
alyst measured in the S 2p region (/) after its reaction with
SO, (260 Pa SO, + 2600 Pa O, + 525 Pa H,0) at 300°C
and the subsequent regeneration in a mixture of 2100 Pa
CO + 525 Pa H,0 at (2) 500, (3) 600, or (4) 700°C.

was not the case in the spectra depicted in Fig. 2. It
should be noted that changes in E,(Pt 4f;,) were also
not observed in a study of the interaction of platinum
supported on Al,O; or CeO, with SO, (SO, + O,) in the
temperature range of 30—400°C [47].

Regeneration of the Pt/(BaCO; + CeO,) Catalyst
after Sulfatization

Figure 6 shows the S 2p spectra recorded (/) after
the interaction of the Pt/(BaCO;+ CeQ,) catalyst with
SO, at 300°C and in the course of the subsequent
regeneration in a mixture of CO and H,O at (2) 500,
(3) 600, and (4) 700°C. As demonstrated in the previ-
ous section, barium and cerium sulfates were present
on the catalyst surface after sulfatization. Two S 2p sig-
nals spaced at ~2 eV on the binding energy scale in
spectrum 2 correspond to the above sulfates because of
the different charging of the Pt/BaCO; and Pt/CeO,
subsystems. After the treatment of the sulfated catalyst
in a mixture of CO and H,O at 500°C, the major por-
tion of cerium sulfate disappeared, whereas the
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Fig. 7. XPS spectra of the Pt/(BaCO3 + CeO,) model cat-
alyst measured in the Ce 3d region (/) after its reaction
with SO, (260 Pa SO, + 2600 Pa O, + 525 Pa H,0) at
300°C and the subsequent regeneration in a mixture of
2100 Pa CO + 525 Pa H,O at (2) 500, (3) 600, or (4) 700°C.

decomposition of barium sulfate occurred to an insig-
nificant degree. The decomposition of cerium sulfate
was accompanied by the appearance of signals charac-
teristic of the state Ce(IV) in the Ce 3d spectrum and a
decrease in the intensity of signals due to Ce(III) (Fig. 7,
spectrum 2). Table 2 summarizes the S : Baand S : Ce
atomic ratios calculated for sulfate ions bound in Ba
and Ce sulfates, respectively, and the contribution (on
a percentage basis) of the Ce(III) state to the Ce-con-
taining component. The conversion of Ce(Ill) into
Ce(IV) under the action of a reducing atmosphere
(CO) seems unusual; nevertheless, this observation
can be explained taking into account the fact that the

2— . .
SO, anions can serve as an oxidant for both Ce** and
carbon monoxide:

Ce,(SO,); + 2CO — 2CeO0, + 35S0, + 2CO.,.

The possibility in principle for the occurrence of this
reaction at elevated temperatures follows from the
estimated isobaric-isothermal potential of the reaction
determined from thermodynamic parameters [48, 49]
with no regard for the temperature dependence of heat

capacities. At room temperature (298 K), AGggg =~
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Table 2. S: Baand S : Ce atomic ratios and the percentage concentration of Ce(III) as a constituent of a catalyst sulfated
at 300°C in the course of its regeneration in a mixture of CO and H,O at different temperatures

Sample SO. /Ba SO.™ /Ce Ce(111), %
Initial catalyst — — 15.5
After interaction with SO, at 300°C 0.97 0.80 (Cey03)
After interaction with CO + H,O
at 500°C 0.79 0.12 34
at 600°C 0.41 — 11
at 700 °C 0.11 — 10

154 kJ/mol, whereas this value becomes negative at
500°C (773 K): AG;)73 ~ —87 kJ/mol.

An increase in the reaction temperature to 600 and
then to 700°C led to the complete decomposition of
cerium sulfate (Fig. 6, Table 2) and, as judged from the
Ce 3d spectrum (Fig. 7), the regeneration of cerium in
the Ce(IV) state. Barium sulfate is more stable: a con-
siderable decrease in the intensity of its S 2p signal
occurs in the course of interaction over the tempera-
tures range of 600—700°C (Fig. 6, Table 2). Starting
with a temperature of 600°C, an additional signal in
the region of smaller binding energies appeared in the
S 2p spectrum. With consideration for the correction
Ay for charging, F (S 2p) was 162.0 eV for the interac-
tion temperature of 600°C or 160.8 eV for 700°C. With
consideration for the correction Ac, Ey(S 2p) became
163.1 eV for 600 or 162.2 eV for 700°C. All of the
obtained values of binding energy fall within the range
characteristic of bulk metal sulfides. In particular, the
values of 161.5—162.0 and 163.6 eV were reported for
BaS [50, 51] and PtS [52], respectively. The value of
FE(S 2p) in the range of 162.2—162.5 eV was obtained
for surface platinum sulfide, which was formed upon
the interaction of supported platinum catalysts with
SO, or H,S [47, 53]. Thus, we can convincingly state
that sulfides are formed in the process of the reducing
regeneration of the sulfated catalyst. However, at the
same time, it is very difficult to unambiguously iden-
tify the resulting sulfides (BaS, PtS) based on only the
binding energies E,(S 2p) even taking into account dif-
ferential charging.

Previously, it was reported that the conversion of
sulfates into barium sulfide occurs in the process of the
reducing regeneration of NSR catalysts [8, 10, 12, 13].
At the same time, in a number of cases, the formation
of platinum sulfide was also assumed [4, 10, 14, 15]. It
is well known that the conversion of platinum into the
PtS sulfide is accompanied by an increase in the bind-
ing energy E(Pt4f;,) by ~1.5 €V, as compared with
that of platinum metal [53]. As can be seen in Fig. 2

(spectra 3and 4), on the contrary, upon the interaction
of the catalyst with a mixture of CO + H,O at 500 and
700°C, the binding energy E,(Pt 4f;,) decreased by
~0.5 eV, as compared with that of the initial sample, to
acquire a value close to that of the state of bulk plati-
num metal. Thus, in the case under consideration, the
formation of platinum sulfide under the conditions of
reducing regeneration is not confirmed. When the
NSR catalyst contained CeO, and the treatment of the
catalyst in SO, led to the formation of cerium(IIT) sul-
fate, reducing procedures can lead to the formation of
Ce(IIT) oxo sulfide, Ce,O,S [54]. Spectra 3 and 4 in
Fig. 7 and data given in the last column of Table 2 indi-
cate that, in the case under consideration, regenera-
tion almost completely converted cerium into the
Ce(IV) state; therefore, the conversion of cerium sul-
fate into sulfide did not occur. Thus, based on the
above facts, being it is most reasonable to ascribe the
S 2p signal with a binding energy of 161—162 eV, which
appeared after the reducing regeneration of the catalyst
sample at high temperatures, to the barium sulfide BaS.

Thus, using the Pt/(BaCO; + CeO,) model NSR
catalyst as an example, we demonstrated the applica-
bility of the differential charging effect in the measure-
ment of X-ray photoelectron spectra to the identifica-
tion of compounds formed on the surface of a multi-
component catalyst upon its interaction with a
reaction atmosphere. We found that barium sulfate
was predominantly formed in the reaction of the cata-
lyst with SO, (SO, + O, + H,0) at 150°C. An increase
in the reaction temperature to 300°C resulted in the
additional formation of cerium sulfate, which was
accompanied by the reduction of Ce(IV) to Ce(III).
Supported platinum particles retained their metal
state in the course of reaction with SO,. The regenera-
tion of the catalyst sulfated at 300°C in a mixture of
CO and H,0 caused the decomposition of cerium(I1I)
sulfate at temperatures of <500°C. In spite of the pres-
ence of a strong reducing agent (CO) in the reaction
atmosphere, the decomposition of cerium sulfate was
accompanied by the oxidation of surface Ce(III) cat-
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ions to CeO,. At treatment temperatures of <500°C,
the major portion of barium sulfate was retained. The
decomposition of BaSO, was observed in the tempera-
tures range of 600—700°C, and it was accompanied by
the formation of an amount of the sulfide BaS.
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