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Abstract—The effect redox treatment has on the stability of supported heteropoly compounds with Keggin
structure in the K Hg _ , [SiWNiOy9] + PtCl,/ZrO,—Al, 05, K H¢ _ ,[SiW;;NiO39] + PtCl;/AL, O3, and
K Hg _ [SiW;;C0044] + H,PtCls/ZrO,—Al,O; hybrid catalysts is studied via DRIFTS using CO as a probe
molecule. It is found that the electronic state of nickel and cobalt remains unchanged during the redox treat-
ment under the static conditions at 300°C. The Ni-HPC and Co-HPC complexes are stable during redox

treatment. Platinum is in three electronic states in the calcined Ni-HPC + PtCl,/ZrO,—Al,0; sample: Pt*",
Pt2*, and Pt". Redox treatment reduces platinum to Pt* cations. Platinum is in two electronic states in the
calcined Ni-HPC+PtCl,/Al,O5 sample: Pt>" and Pt*. Redox treatment reduces platinum to Pt* cations and
small metal particles. A comparison of two Ni-HPC + PtCl, samples supported on different carriers indicates
that ZrO, in the carriers prevents the reduction of platinum to metal. Platinum is in two electronic states in
the Co-HPC + H,PtCl¢/Zr0O,—Al,O; calcined sample: Pt** and Pt". Redox treatment reduced platinum to
form Pt*.

Keywords: supported heteropoly compounds, Keggin structure, nickel, cobalt, platinum, redox cycle, ther-
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INTRODUCTION

Individual and supported catalysts based on het-
eropoly compounds (HPCs) with Group VIII metals
in the internal coordination sphere have been studied
since the 1950s. They are effective catalysts of acid and
redox reactions [1—11]. The salts of heteropoly acids
are mainly used in acid catalysis. HPCs attributed to
the 12th series of a Keggin structure are the ones most
common and important for catalysis. These structures
remain unchanged upon the substitution of heteroat-
oms in the outer sphere, hydration-dehydration, dis-
solution, and under mild redox conditions. The syn-
thesis of supported catalytic systems in which mixed
heteropoly complexes containing Co, Ni, Pt, and any
other transition metals in the inner coordination
sphere (partially replacing W or Mo in the conven-
tional Keggin structure) are used as active compo-
nents, is a fundamentally new approach to obtaining
highly dispersed metal particles on a support’s surface.
High dispersion of Pt and Pd in HPA/AL,O; supported
systems (or preparations of atomically dispersed metal
centers) was observed in [12, 13].

Supported systems with active highly dispersed
metal centers can be used in a number of processes.
The isomerization of r-paraffins in particular pro-
ceeds on bifunctional catalysts containing acid and
metal sites on the surface. The process occurs in the
presence of hydrogen; i.e., the catalyst is in a reductive
environment. At the same time, the catalytic after-
burning (e.g., of exhaust gases from automobiles or
industrial objects on highly dispersed metal catalysts
of the applied type) proceeds under inherent oxidative
conditions.

The aim of this work was to study supported Ni-
HPC and Co-HPC systems and the state of Pt in
hybrid catalysts, and to determine the resistance of
metal centers to sintering during prolonged operation
under oxidative and reductive conditions.

EXPERIMENTAL

Diffuse reflectance IR (DRIFTS) spectra were
obtained at room temperature in the range of 6000—
400 cm~! with a step of 4 cm~! on a NICOLET Protege
460 spectrometer equipped with a diffuse reflection

1560



STUDYING THE STABILITY OF SUPPORTED HETEROPOLY COMPOUNDS

accessory [14]. Five hundred spectra were collected to
obtain a satisfactory signal-to-noise ratio. CaF, pow-
der was used as a standard. The catalyst samples
(0.25 mm fraction) were placed into tubes before IR
measurements and subjected to vacuum treatment for
2 h at 400°C (heating rate, 5°C/min) to remove phys-
ically adsorbed water. The tubes with the samples were
then cooled to room temperature, CO was adsorbed at
an equilibrium pressure of 15 Torr, and the spectra
were recorded. CO was subsequently desorbed in vac-
uum. The spectra were recorded after each desorption
temperature. Adsorption—desorption procedures were
performed in the same way after each successive treat-
ment of a sample in the same tube. The samples were
reduced with H, for 1 h at 20 Torr and 300°C. Hydro-
gen was replaced by evacuation several times during
this treatment to remove the adsorbed water formed
during reduction.

The intensity of absorption bands was expressed in
Kubelka—Munk units. The data were obtained and
processed using the OMNIC software. The spectra of
adsorbed CO were taken as the difference between
those recorded before and after the adsorption of test
molecules.

Mixed heteropoly compounds (HPCs) with Keg-
gin structure containing Ni and Co heteroatoms,
which occupied the position of a tungsten atom in a
W;0,; fragment [9], were prepared according to the
standard procedure [1, 13]. Our samples were pre-
pared by impregnating ZrO,—Al,O; double oxide or
Al,O; with aqueous solutions of the corresponding
HPCs[12, 13]. IK-GO-1 Al,O4 (230 m?/g) and ZrO,—
ALO; (85 m?/g) containing Al,O; in amounts of
~15 wt % were used as carriers. The amounts of Ni and
Co in the supported HPC samples were ~0.5 wt %.
HPCs were dried and calcined at 400°C in an air flow.

Three deposited HPC samples were studied in this
work: K, H¢_,[SiW,;NiO5] + PtCl,/ZrO,—Al,O; was
a hybrid sample containing two salts (HP C with nickel
in the inner coordination sphere of HPA and platinum
chloride). K H¢ ,[SiW;NiO;y] + PtCl,/Al,O; was
the same as the other hybrid sample, but it was depos-
ited on aluminum oxide. K Hg  [SiW;,CoO5] +
H,PtCly/ZrO,—Al,05 is a hybrid sample containing
two salts (HPC with cobalt in the inner coordination
sphere of HPA and chloroplatinic acid). Platinum
chloride supported on a double carrier (PtCl,/ZrO,—
Al,O;) was also studied for comparison. The amount
of Pt in all the samples was ~0.5 wt %.

RESULTS AND DISCUSSION

Figure 1 shows the IR spectra obtained during the
adsorption—desorption of CO on a PtCl,/ZrO,—Al,0,
sample that underwent subsequent redox treatment.
Two bands of adsorbed CO were observed in the spec-
trum of this sample after calcination at 400°C
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(Fig. 1a): a narrow one at 2187 cm™! and an asymmet-
ric one that has a center at 2126 cm ™! and a shoulder at
lower frequencies. Reduction in H, (Fig. 1b) at 300°C

caused the low-frequency tail of the band at 2126 cm™!
to disappear. Two new bands appeared in the spec-
trum (Fig. 1c) at 2090 and 1851 cm™! after subsequent
reoxidation at 300°C. These two bands then disap-
peared after the next regeneration (Fig. 1d). The final
reoxidation did not produce any changes in the spec-
trum (Fig. le). The band at 2187 cm™! was in the same
position after all treatments.

The band at 2187 cm™! is probably a superposition
of those from linear carbonyls at the Lewis acid sites
(LASes) of the carrier [15, 16], [Pt**(CO)Cls]~ ionic
carbonyl after the decomposition of platinum chloride
[17], and linear carbonyl on Pt** cations [16, 18—23].
The band at 2126 cm ™! can be attributed to the valence
vibrations of C=0 bonds in carbon monoxide mole-
cules adsorbed linearly on Pt*" cations; the band at
2090 cm™!, to ones adsorbed on platinum metal parti-
cles. The band at 1851 cm™! can be attributed to a
bridging adsorption form of CO on Pt° [18—23].

The bands of linear carbonyls on coordination
unsaturated carrier cations (LASes), including plati-
num cations, were the first to disappear from the IR-
CO spectra of the PtCl,/ZrO,—Al,O; sample during
CO desorption in vacuum, regardless of preliminary
redox treatments. The desorption of CO in vacuum at
room temperature led to the disappearance of the car-
bonyl band on LASes in the spectrum of initial cal-
cined sample (Fig. 1a). The band of Pt**—CO car-
bonyl at 2177 cm~! and that of Pt>*—CO at 2126 cm™!
with the shoulder at 2079 cm™! of carbonyl on plati-
num metal remained in the spectrum. Raising the
temperature of desorption to 150°C changed the spec-
trum: the bands at 2177 cm™! disappeared, the inten-
sity of the band at 2126 cm™! was reduced, the shoulder
at 2108 cm™! of a Pt"™—CO carbonyl became clear, and
the band at 2066 cm ™! attributed to linear carbonyl on
platinum metal appeared. Raising the temperature of
desorption to 300°C resulted in two bands with similar
intensities at 2093 and 2057 cm™! remaining in the
spectrum. Both bands can be attributed to linear
monocarbonyls on Pt metal particles of different dis-
persities. Reduction of the initial calcined sample pro-
duced a similar spectral pattern (Fig. 1b). The posi-
tions of singletons on particles of metallic platinum
remained almost unchanged (2092 and 2051 cm™').
Subsequent oxidation resulted in bands of linear and
bridging adsorption forms on metallic platinum being
observed in the spectrum at 2090, 2051, and 1851 cm™!
in the presence of CO (Fig. 1c). Further reduction did
not produce a band of bridging carbonyls in the spec-
trum (Fig. 1d), and the singletons on metallic plati-
num retained their positions at 2093 and 2053 cm™!.
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Fig. 1. DRIFT-spectra of CO adsorption—desorption on PtCl,/ZrO,—Al,05 sample after different treatments (o is absorption
and k is the wavenumber) in (a) air at 400°C, (b) air at 400°C and H, at 300°C, (c) air at 400°C, H, at 300°C, and air at 300°C,
(d) air at 400°C, H, at 300°C, air at 300°C, and H, at 300°C, and (e) air at 400°C, H, at 300°C, air at 300°C, H, at 300°C, and

air at 300°C.
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Final oxidation produced the same spectral pattern
observed in the presence of CO on the calcined sample
(Fig. 1le). Thermal desorption at 300°C resulted in the
broad band at around 2093 cm™! in the spectrum.

Figure 2 shows IR spectra recorded during
the adsorption—desorption of CO on the
K. H¢  [SiWNiO;¢] + PtCl,/ZrO,—Al,O; sample
subjected to successive redox treatment. Three intense
bands are clearly seen at 2199, 2150, and 2098 cm™!,
along with the one weak band at 2364 cm™! from
adsorbed CO in the spectrum of this sample after cal-
cination at 400°C (Fig. 2a). The reduction of H, at
300°C, subsequent reoxidation, subsequent re-reduc-
tion, and final reoxidation at the same temperature did
not change the positions of these lines in the spectrum
(Figs. 2b—2¢). Only the ratio of their intensities
changed.

The band at 2364 cm™! can be attributed to valence
vibrations of C=0 bonds in CO, molecules that form
during the oxidation of CO on Ni?* cations [15, 16].
The band at 2199 cm™!' was probably due to linear
complexes of CO with the LASes of the carrier [15,
16], [Pt**(CO)Cls]~ ionic carbonyl remaining after
the decomposition of platinum chloride [17], and lin-
ear carbonyl on Pt*" cations [16, 18—23]. The band at
2150 cm ™! can be attributed to the valence vibrations of
C=0 bonds in carbon monoxide molecules adsorbed
linearly on Pt?>* cations; the band at 2098 cm™!, to
ones adsorbed on Pt* cations and/or large clusters of
metallic platinum [15—23].

The bands of adsorbed CO, and linear carbonyls on
coordination unsaturated carrier cations (LASes) were
the first to disappear from the IR-CO spectra of the
K, Hg_,[SiW;;NiOs] + PtCl,/ZrO,—Al,O; sample
during desorption in vacuum, irrespective of prelimi-
nary treatments. The desorption of CO in vacuum at
20 and 150°C (Fig. 2a) reduced the intensity of the
2199 cm ™! band and shifted it 5 cm™! toward lower fre-
quencies. It also reduced the intensity of the band at
2150 cm™!, and shifted the one at 2098 cm™! to 2089
cm™!. Raising the temperature of desorption to 300°C
resulted in one band remaining in the spectrum at
2150 cm™! with a clear tail at lower frequencies. This
band can be attributed to linear monocarbonyl on Pt>*
cations, while the tail indicates there were more
reduced cations and Pt metal particles with different
dispersions. Reduction of the initial calcined sample
and the subsequent oxidation—reduction—oxidation
cycle produced a similar spectral pattern (Figs. 2b—
2d). A slight shift of the band at 2104—2098 cm™!
during the desorption of CO in vacuum indicated it
can be attributed to Pt*—CO linear carbonyls.

The next sample contained just another carrier
than in the previous one, but the spectral pattern for
these two samples differed considerably. Figure 3
shows the IR spectra recorded during the adsorption—
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desorption of CO on the K ,Hg ,[SiW;NiO;] +
PtCl,/Al,O5 sample that underwent subsequent redox
treatment. Two bands of adsorbed CO were observed
in the spectrum of this sample after calcination at
400°C (Fig. 3a): a wide one at 2089 cm™! with a shoul-
der at 2126 cm™! and a narrow one at 2202 cm™'.
Reduction in H, at 300°C led to splitting of the broad

band into two with maxima at 2126 and 2104 cm™'
(Fig. 3b). These three bands were observed in the
spectrum after subsequent reoxidation, but the band at
2104 cm ™! appeared as a shoulder (Fig. 3¢). The inten-
sity of the band at 2126 cm™' fell, while the other
shifted to 2089 cm™' after subsequent regeneration
(Fig. 3d). Final reoxidation had the opposite effect
(Fig. 3e). The band at 2202 cm™! did not change its
position after any treatment.

The bands at 2126 and 2104 cm™! can be attributed
to the valence vibration of C=0 bonds in carbon mon-
oxide molecules linearly adsorbed on Pt*" and Pt* cat-
ions, respectively, while the band at 2098 cm™! can be
ascribed to metallic platinum particles [15—23]. The
band at 2202 cm™~' seems to be attributable to the linear
complexes of CO with LASes of the carrier [15, 16],
the [Pt*"(CO)Cls]~ ionic carbonyl that remains after
the decomposition of platinum chloride [17], and lin-
ear carbonyl on Pt*" cations [15, 16, 18—23].

The bands of linear carbonyls on coordination
unsaturated carrier cations (LASes), including those
on platinum cations, were the first to disappear from
the IR-CO spectra of the K, Hg_ , [SiW;NiOs] +
PtCl,/Al,O; sample during the CO desorption in vac-
uum, irrespective of preliminary treatments. The
bands at 2086 and 2076 cm~! remained in the spec-
trum of the calcined sample (Fig. 3a) after desorption
at 20 and 150°C, respectively. Raising the temperature
of desorption to 300°C leads to two bands at 2097 and
2057 cm~! with similar intensities. Both bands can be
attributed to linear monocarbonyls on Pt metal parti-
cles with different dispersities. Subsequent reduction
at 300°C generally reduced the intensity of lines in the
spectrum, due probably to the destruction of the HPC
structure. The relative intensity of the band at
2126 cm™! grew, and the shoulder at 2108 cm™'
becomes clear. The bands at 2096 and 2079 cm™!
remained in the spectrum of the reduced sample after
desorption at 20 and 150°C, respectively (Fig. 3b).
Subsequent oxidation produced a spectral pattern
similar to the one observed for the previous treatment
(Fig. 3¢).

The bands at 2094 and 2076 cm™~! remained in the
spectrum of the oxidized sample after desorption at 20
and 150°C. Raising the temperature of desorption to
300°C produced a symmetric band at 2117 cm~'. Fur-
ther reduction resulted in the band of carbonyl on
LASes ofthe carrier disappearing and a change in ratio
of the intensities of the bands at 2122 and 2089 cm™!
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Fig. 2. DRIFT spectra of CO adsorption—desorption on K,Hg_, [SiW{;NiO39] + PtCl4/ZrO,—Al,O5 sample after different
treatments. Denotations are the same as in Fig. 1.
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Fig. 3. DRIFT spectra of CO adsorption—desorption on K, Hg_, [SiW{NiO3¢] + PtCl,/Al,O5 sample after different treatments.
Denotations are the same as in Fig. 1.

(Fig. 3d). The bands at 2083 and 2068 cm~' remained the band of carbonyl on the LASes of the carrier at
in the spectrum of the re-reduced sample after the 2204 cm™! appearing in the spectrum. The bands at
desorption at 20 and 150°C. Final oxidation resultedin 2094 and 2076 cm™! remained in the spectrum of the
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Fig. 4. DRIFT-spectra of CO adsorption—desorption on K,Hg_,[SiW;;CoO3¢] + H,PtCls/ZrO,—Al,05 sample after different
treatments. Denotations are the same as in Fig. 1.

reoxidized sample after desorption at 20 and 150°C Figure 4 shows IR spectra recorded during the
(Fig. 3e). Raising the temperature of desorption to  adsorption—desorption of CO on the
300°C leads to emergence of a band at 2116 cm~! with K H¢_,[SiW;,C0o0;,] + H,PtCls/ZrO,—Al,0; sample
a shoulder at 2061 cm™!. that underwent subsequent redox treatments. Three
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narrow bands of adsorbed CO are clearly seen in the
spectrum of this sample after calcination at 400°C
(Fig. 4a): at 2358, 2204, and 2103 cm™~'. Reduction in
H, at 300°C (Fig. 4b) raised the intensity of the band
at 2358 cm™!. Further reoxidation at 300°C, re-reduc-
tion, and final reoxidation at the same temperature did
not produce any changes in the positions of the lines
(Figs. 4c—4e).

The band at 2358 cm™! can be attributed to the
valence vibrations of a C=0 bond in CO, molecules

that form during the oxidation of CO on the Co?" cat-
ions [15, 16]. The band at 2204 cm ™! was probably due
to linear complexes of CO with the LASes of the car-
rier [15, 16], [Pt*"(CO)Cl;]~ ionic carbonyl remaining
after the decomposition of platinum chloride [17], and
linear carbonyl on Pt*" cations [15, 16, 18—23]. The
band at 2103 cm~! can be ascribed to the valence vibra-
tions of C=0 bonds in carbon monoxide molecules
linearly adsorbed on either Pt* cations or fairly large
particles of metallic platinum [15—23]. The weak band
at 1882 cm™! observed only in the spectrum of the ini-
tial calcined sample can be attributed to the bridging
form of CO adsorption on metallic platinum.

The bands of adsorbed CO, and linear carbonyls on
coordination unsaturated carrier cations (LASes),
including platinum cations and bridging carbonyls on
platinum metal particles, were the first to disappear
from the IR-CO spectra of the K H _ ,[SiW;;C00O;¢] +
H,PtCl;/ZrO,—Al, 05 sample during CO desorption
in vacuum, irrespective of preliminary treatments.
The spectrum of the calcined sample (Fig. 4a) dis-
played bands at 2357 cm™! (weak), 2204 cm™!, a shoul-
der at 2156 cm™!, an intense band at 2103 cm™!, and a
weak band at 1882 cm™'. The bands at 2101 and
2091 cm™! remained in the spectrum after desorption
at 20 and 150°C, respectively. Raising the temperature
of desorption to 300°C resulted in all bands disappear-
ing. Further reduction at 300°C led to a general
increase in the intensity of lines in the spectrum. The
bands at 2099 and 2091 cm™! remained in the spec-
trum of the reduced sample due to desorption at 20
and 150°C, respectively (Fig. 4b). Raising the tem-
perature of desorption to 300°C caused all bands to
disappear. Further oxidation produced a spectral pat-
tern similar to the one observed for the previous treat-
ment (Fig. 4c). The bands at 2099 and 2089 cm™!
remained in the spectrum of the reoxidized sample
after desorption at 20 and 150°C. Raising the tempera-
ture of desorption to 300°C resulted in all bands disap-
pearing. Further reduction produced a spectral pat-
tern similar to the one obtained for the previous treat-
ment (Fig. 4d). The bands at 2098 and 2089 cm™!
remained in the spectrum of the re-reduced sample
after desorption at 20 and 150°C. Final oxidation pro-
duced a spectral pattern similar to the one recorded for
the previous treatment (Fig. 4¢). The bands at 2100
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and 2089 cm™! remained in the spectrum of the reoxi-
dized sample after desorption at 20 and 150°C. Raising
the temperature of desorption to 300°C resulted in all
bands disappearing. A slight shift of the band at 2105—

2089 cm™! during CO desorption in vacuum indicated
it can be attributed to Pt*—CO linear carbonyls.

CONCLUSIONS

We studied heteropolyacid catalysts containing Ni
and Co heteroatoms that partially replace the W in
Keggin structures of the 12th row with PtCl, or H,Pt-
Cl¢ as additives and supported on ZrO,—Al,O; or
Al,O;. Our findings are given below.

1. Platinum was in two electronic states in the ini-
tial calcined PtCl,/ZrO,—Al,O; sample: Pt** and
Pt>*. Multiple treatments of the calcined sample in H,
and in air at 300°C led to the reduction of platinum to
form Pt* cations and small metal particles.

2. Platinum was in three electronic states in the ini-
tial calcined K, Hg_,[SiW;NiO;3] + PtCl,/ZrO,—
AL O5sample: Pt**, Pt>*, and Pt*. Multiple treatments
of the calcined sample in H, and in air at 300°C led to
the reduction of platinum to form Pt* cations.

3. Platinum was in two electronic states in the ini-
tial calcined K Hg_ [SiW; NiOy] + PtCl,/Al,O4
sample: Pt** and Pt*. Multiple treatments of the cal-
cined sample in H, and in air at 300°C led to the
reduction of platinum to Pt* cations and small metal
particles.

4. Platinum was in two electronic states in the ini-
tial calcined K Hy_ ,[SiW,,C0o0O;,] + H,PtCly/ZrO,—
Al, Oy sample: Pt** and Pt*. Multiple treatments of the
calcined sample in H, and in air at 300°C led to the
reduction of platinum to Pt* cations.

5. The electronic state of nickel and cobalt during
redox treatments and under static conditions at 300°C
remained unchanged. Ni-HPC and Co-HPC com-
plexes were resistant to redox treatments.

6. A comparison of two K ,Hy_ [SiWNiOsy| +
PtCl,/ZrO,—Al,0; and K Hg_,[SiW;;NiOs] +
PtCl,/Al,O; samples supported on different carriers
showed that ZrO, in the carrier prevents the reduction
of platinum to metal, so the degree of platinum reduc-
tion depends on the acidic properties of the carrier.
This result agrees with data obtained earlier for Pt-

containing catalysts supported on carriers with differ-
ent acidic properties (ZrO,, ZrO,—Al,0;, and Al,O5).
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