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Abstract

POSS (polyhedral oligomeric silsesquioxanes) nanotechnology was applied for
preparation of efficient Ni catalysts for hydrogen production through autothermal
reforming of methane (ATR of CH,). The novel metal-POSS precursor [Nickel (II)
— HeptaisobutylPOSS (C,;H,);Si,04(OH)O,Ni] of Ni nanoparticles was introduced
into Ce(sZrys0, support with following calcination and reduction stages of
activation. The peculiarity of the genesis of Ni/Si0,/Ce, sZr,50, nanomaterials and
their characteristics versus deposition mode were studied by X-ray fluorescence
spectroscopy, thermal analysis, N, adsorption, X-ray diffraction, high-resolution
transmission electron microscopy and H, temperature-programmed reduction. The
two kinds of supported Ni-containing particles were observed: highly dispersed
Ni forms (1-2 nm) and large Ni-containing particles (up to 50-100 nm in size). It
was demonstrated that the textural, structural, red-ox and, consequently, catalytic
properties of ex-Ni-POSS catalysts depend on the deposition mode. The increase of
a portion of difficultly reduced Ni?** species is found upon application of intermediate
calcination during Ni-POSS deposition that has detrimental effect on the activity
of catalyst in ATR of CH,. The Ni/Si0,/CesZr1,50, catalyst prepared by one-step

Ni-POSS deposition exhibits the highest H, yield — 80% at T = 800 °C.

1. Introduction

Development of efficient and low cost hydro-
gen production technologies is an urgent task due
to the increased demand of clean energy genera-
tion [1-15]. At present more than 50 million tons
of hydrogen are produced annually worldwide and
much of this hydrogen is used in the chemical and
refinery industries [15]. In the future, it is expected
that H, could be widely used for power generation
and in transport by fueling gas turbines, fuel cells
and combustion engines [1-11]. The H, consump-
tion rate steadily growths in the world and the 30%
increase of global H, production is predicted in the
next 5 years [15]. There are different technologies
of hydrogen production using nonrenewable (nat-
ural gas reforming, coal gasification) as well as re-
newable (biomass processes, biological production
etc.) resources, nuclear energy (high-temperature
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water splitting) and electricity (electrolysis of wa-
ter) [3—9]. Although the "green" or carbon-neutral
path from current fossil-based to future hydrogen
economy is preferable and provides sustainable
development [1-4], to date H, is usually produced
from fossil fuels without CO, capture and storage
[16, 10, 13]. Natural gas remains main feedstock for
hydrogen production [8, 13, 14, 16, 17]. The typi-
cal technologies for production of hydrogen from
natural gas are steam methane reforming (SMR),
partial oxidation (POX) and autothermal reform-
ing (ATR). ATR of CH, is actually the combined
process of POX and SMR in one reactor. The gen-
erated heat from POX is used for an endothermic
SMR reaction, thus providing advantages of ATR
technology for hydrogen production. Ni-based cat-
alysts have been used and widely studied in meth-
ane reforming because of their high catalytic activ-
ity and low price [16—24]. But under long exposure
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to ATR reaction conditions Ni-based catalysts
suffer from deactivation through the sintering of
active component, the phase transformations and
the formation of carbonaceous deposits [25-27].
The stabilization of small Ni nanoparticles in the
support matrix is one of the approaches to over-
come these obstacles. To achieve this effect, the
modification of support [28, 29], the improving of
preparation method [30], the selection of appropri-
ate metal precursor [31-34] and the optimization
of catalyst activation conditions [35-38] are wide-
ly employed. Introduction of structural promoter
(such as B [23] or Sn [39]) also helps to increase
the Ni particle dispersion. It is demonstrated that
B-promoted 30 wt.%Ni/MgAl,O, catalyst has av-
erage Ni particle size of 6.4 nm while un-promoted
Ni catalyst — 10.3 nm. It improves the catalyst re-
sistance toward carbon deposition.

Selection of appropriate support is an important
stage at the elaboration of effective catalyst. It was
shown that the average Ni particle size rose from
6.7 to 17.5 nm in the following order of supports:
La,0,/A1,05 < La,04/CesZr,s0,/ALO; < Al,O <
Ce5Z1,50,/Al,0; < Ce0,/Al,0; <ZrO,/Al,0; [29].
The fixing of small Ni nanoparticles over La-mod-
ified support provides more stable performance
of 10 wt.%Ni/La,0,/Ce,sZr,s0,/Al,0O; catalyst in
comparison with 10 wt.%Ni/Ce,sZr,50,/Al,O; cat-
alyst in ATR of CH, [40]. The analogous positive
effect of 5-10 wt.% Y,O; additive on the stability
of Ni/AlL,O; catalyst in ATR of CH, was observed
[41]. It is noted that Y,0O; hinders Ni sintering. In
addition to the effect of support composition on the
crystal size, reducibility and electron structure of
active Ni species, support can take part in the inter-
mediate steps of CH, conversion. Particularly, the
investigation of a series of 5 wt.%Ni1/xCeO,-(1-x)
Zr0,-Al,0; catalysts (x =0.2, 0.4, 0.6, 0.8) in SMR
shows that the highest methane conversion rate as
well as the lowest carbon deposition is realized on
the catalyst with the highest Ce content (x = 0.8)
[42]. Authors noted that better results attained with
5 wt.%Ni/0.8Ce0,-0.2Zr0,-Al,0; catalyst are re-
lated with a smaller size of Ni particles and also
with higher C gasification due to H,O adsorption
on segregated CeO, particles.

Mode of preparation has a pronounced effect on
the catalyst performance in ATR of CH, through
regulation of the nature of Ni species, Ni particle
size and Ni reducibility [40, 43]. So for tuning the
properties of Ni nanoparticles the various meth-
ods were applied for synthesis of the supported
Ni catalysts: the incipient wetness impregnation

[44], co-precipitation [45], deposition-precipita-
tion [46], combustion [47, 48], sol-gel [49], sur-
factant assisted and polyol [50] methods. The
use of methods which provide the realization of a
strong metal-support interaction has positive effect
on the long-term stability of catalysts in hydrocar-
bon reforming processes [51, 52]. In particular,
it was shown that homogeneous deposition pre-
cipitation (HDP) method as compared with pore
volume impregnation (PVI) method provides 20
wt.%Ni1/MgAl,O, catalyst with smaller Ni particle
size [23]. The average Ni particle size is equal to
4.5 and 8.1 nm for the ex-HDP and ex-PVI cata-
lysts, respectively. In this case, the reaction rate
of catalysts in SMR increases linearly with the Ni
dispersion, while the content of carbonaceous de-
posits decreases. Similar conclusion was made at
comparative study of Ni catalysts synthesized by
the polyol and surfactant-assisted methods [50]. In
dry reforming of methane the polyol catalysts dis-
played the highest activity and selectivity, which
can be connected with improved Ni dispersion and
presence of stronger metal-support interaction in
these catalysts.

As the precursors of the Ni active component,
as a rule, inorganic salts of this metal are used. It
is established that for higher Ni dispersion using
nickel nitrate or nickel acetate as a nickel metal
precursor is preferred as against the use of nickel
chloride or nickel formate [53]. In order to obtain
a high dispersion state for Ni active components,
the addition of organic agents such as poly(N-vi-
nyl-2-pyrrolidone) (PVP) [54], citric acid [55],
sorbitol or glucose [56] into impregnation solution
is made. For example, the application of glucose
additive allows decreasing of the average Ni par-
ticle size from 7.2 to 3.5 nm in 10 wt.%Ni/AL,O,
samples [56], while the use of poly(N-vinyl-2-pyr-
rolidone) leads to reduction of the average Ni par-
ticle size from 13.0 to 4.3 nm in 5 wt.%Ni/SBA-15
samples [54]. Catalysts prepared with PVP showed
better stability in methane reforming. The presence
of organic compounds controls the re-distribution
of Ni species across the support and their sintering
during the activation procedures, thus providing
the stabilization of Ni nanoparticles of high disper-
sion and, consequently, high catalytic properties of
materials.

Exploitation of the so-called “POSS nanotech-
nology” (POSS = polyhedral oligomeric silses-
quioxanes) in which metal-containing silsesqui-
oxanes are used as precursors for the preparation
of nanomaterials has attracted attention as a tool
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for synthesis of catalysts with novel properties and
functionalities. This method of nanosized catalysts
preparation has distinct advantage over tradition-
al methods because the metal atoms remain highly
dispersed throughout support [57-59]. The study
of the Fe-, Cr-, Mg- and Al-containing silicas de-
rived through controlled calcination of appropriate
metallsilsesquioxanes showed that nearly homoge-
nous metal dispersion could be achieved [60—62].
In the case of Cr- and Fe-containing silicas the
small amount of oxide particles was additionally
observed.

In this work we have expanded the POSS nano-
technology method for the preparation of Ni/SiO,/
CesZr1, 50, catalysts. The peculiarity of the gene-
sis of Ni/Si0,/Ce, sZr,s0, nanomaterials and their
performance in the ATR of CH, were thoroughly
studied. Using X-ray fluorescence spectroscopy,
thermal analysis, N, adsorption, X-ray diffraction,
high-resolution transmission electron microscopy
and H, temperature-programmed reduction meth-
ods the textural, structural and redox properties of
the prepared nanomaterials were examined in de-
tail. The results were analyzed in comparison with
those for Ni/SiO, and Ni/Ce, sZr, 5O, catalysts pre-
pared by conventional method.

2. Experimental
2.1. Support and catalyst preparation

Ce,sZr, 5O, support was prepared by polymeriz-
able complex method [44, 63]. Aqueous solutions
of cerium nitrate Ce(NO); - 6H,O and zirconium
oxychloride ZrOCl, - 8H,O taken in the equimo-
lar ratio were added to the solution of citric acid
(CA) in ethylene glycol (EG) at 70 °C. Then eth-
ylene diamine (ED) was mixed with this solution at
50 °C, and the mixture was kept at 70 °C until a
highly viscous polymeric gel was formed. The mo-
lar ratio of the reagents (Ce + Zr):CA:EG:ED was
1:4:11:4. The obtained product was subjected to
two-step calcination in air: at 300 °C for 4 h and at
600 °C for 4 h.

Ni/Si0,/Ce, 571,50, catalysts were prepared by
deposition of Ni-POSS [(C,H,),Si;0o(OH)O,Ni]
on the Ce;sZr,sO, support. Different modes of
deposition were applied: (1) single step deposi-
tion of Ni-POSS, (2) three steps deposition of Ni-
POSS and (3) three steps deposition of Ni-POSS
with intermediate calcination. The Ni/SiO, and
Ni/Ce,sZr,s0, samples were prepared by incipi-
ent wetness impregnation of support with aqueous

solutions of nickel nitrate Ni(NOs), - 6H,O. All the
prepared catalysts were calcined in air at 600 °C
for 6 h.

2.2. Characterization of catalysts

Elemental composition of the catalysts was de-
termined by X-ray fluorescence analysis in a spec-
trometer ARL PERFORM’X (Thermo Techno Sci-
entific) with a Rh anode of the X-ray tube.

XRD analysis of the catalysts was carried out in
an HZG-4C diffractometer (Freiberger Prazision-
mechanik) with CoK,, radiation The phase compo-
sition was determined by X-ray diffraction (XRD)
in the 2Theta angle range of 10-80 degrees. The
phase identification was carried out using JCPDS
database.

The BET specific surface area and porosity
texture of support and catalyst samples were de-
termined by nitrogen adsorption measurements
at liquid nitrogen temperature with an automatic
Micromeritics ASAP 2400 instrument. Before the
measurements the samples were degassed at 150 °C
for 4 h.

The Brunauer—-Emmett-Teller (BET) and Bar-
ret-Joyner—Halenda (BJH) methods were applied
for calculation of the specific surface area, pore
volume and pore size distribution.

The thermal analysis (TA) (thermogravimetric
(TG), differential thermogravimetric (DTG) and
differential thermal analysis (DTA)) was carried
out in a Netzsch STA 449C apparatus. Catalysts
were tested over the temperature range from room
temperature up to 900 °C at the heating rate of
10 °C/min in air.

The transmission electron microscopy (TEM)
images of the catalysts were obtained in a JEM
2010 microscope (JEOL) operated at 200 kV.
The structural resolution was 0.14 nm. The sam-
ples were deposited on a copper grid supporting
a perforated carbon film. Local Energy Dispersive
X-ray (EDX) microanalysis was made in an EDAX
analyzer equipped with a Si (Li) detector with a
resolution of 130 eV.

Hydrogen TPR studies were carried out in a
flow quartz reactor with an i.d. of 5 mm. Samples
of ca. 50 mg were loaded into the reactor, pre-treat-
ed in oxygen flow at 500 °C for 0.5 h and cooled
down to room temperature. Then the gas stream
was switched to 10%H,/Ar. The reactor was heated
at a rate of 10 °C/min to 800 °C. Hydrogen con-
sumption was determined quantitatively by a ther-
mal conductivity detector.
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2.3. Catalytic activity tests

ATR experiments were carried out in a quartz
flow reactor (i.d. = 14 mm) at ambient pressure,
temperatures from 650 to 950 °C and a flow rate
200 mIN/min. The feed gas composition was CH, :
H,O0:0,:He=1:1:0.75: 2. In experiments pure
gases were used: 99.95% CH,, 99.995% O, and
99.995% He. Water vapor was fed by dosing dis-
tilled water into an evaporator with a pump. Prior
to each ATR experiment, the catalysts pretreated in
30%H,/He flow (100 mIN/min) at 800 °C for 2 h.

To minimize local catalysts overheating, the
loaded catalyst sample (0.5 g, fraction 0.25-0.50
mm) was diluted by an inert material having high-
er heat conductivity — 1.5 g of B-SiC of the same
fraction. Analysis of the initial gas mixture and the
reaction products was performed in a QMS 300
mass-spectrometric gas analyzer (Stanford Re-
search Systems) using peak intensity calibrations
obtained with model gas mixtures.

Yields of H, and CO were determined as per-
cent of the amounts of products produced by the
reaction from maximally possible amounts, using
the following equations:

Yy, = 100% V120l (2V cpain + Vizom), where

Yy, is a yield of H,, %;

Vibow 18 @ molar rate of H, at the reactor outlet,
mol/min;

Ve 1 @ molar rate of CH, introduced into the
reactor, mol/min;

Vinow 18 @ molar rate of H,O fed into the reactor,
mol/min; and

Yo = 100% Veooud Ve, Where

Yeo 1s a yield of CO, %

Veoow 18 @ molar rate of CO at the reactor outlet,
mol/min;

Ve 1 @ molar rate of CH, introduced into the
reactor, mol/min.

The relative experimental error in the determi-
nation of methane conversion and product yields
did not exceed 10%.

3. Results and discussion
3.1 Characterization of the catalysts

Table 1 shows the sample formula and chemical
composition of prepared catalysts. It can be not-
ed that according to actual chemical composition
of samples, the Si/Ni atomic ratio in the Ni/SiO,/
Ce, 571, 50O, catalysts differ from Si/Ni atomic ratio
in Ni-POSS (namely, 3 vs. 7). Theoretically the Ni
content should be lower (ca. 4%) while the Si con-
tent should be higher (ca. 13%). The deviation of
the obtained values from nominal specified values
can be connected with loss of Si-organic fragments
during thermal treatment because of its high vola-
tility [64].

To study the peculiarity of Ni catalyst genesis,
the samples dried at 120 °C were characterized by
the thermal analysis. The typical TG, DTG and
DTA curves of dried samples are shown in Fig.
1. When the dried Ni/Si0,/Ce,sZr,5;0,-1 sam-
ple was heated from the room temperature up to
900 °C (Fig. 1, upper left quarter), there were three
pronounced exo-effects at 200, 300 and 445 °C on
the DTA curve. Meanwhile, it has lost 6.5 wt.%
at 150-250 °C, 6.5 wt.% at 250-400 °C and 1.6
wt.% at 400-500 °C. The origin of the weight loss
is the decomposition of supported Ni-POSS. The
results of TA suggest that it is a multi-stage pro-
cess, which is accompanied by organic group ox-
idation with release of carbon oxides and water.
The thermal degradation of supported Ni-POSS is
completed at 600 °C, and this value of temperature
was applied for the calcination of dried Ni/SiO,/
Ce 521,50, samples.

Table 1
Sample formula and chemical composition of Ni-based catalysts

Sample formula Description Chemical composition, wt.%
Ni ‘ Si ‘ Ce Zr
Ni precursor: Nickel (II) - HeptaisobutylPOSS [(C,H,);Si;0,(OH)O,Ni]
Ni/Si0,/Cey sZry50,-1 single step deposition of Ni-POSS 5.9 8.7 333 22.0
Ni/S10,/Cey 521y s0,-2 three steps deposition of Ni-POSS 6.0 8.5 32.3 22.0
Ni/S10,/CesZ1y50,-3 three steps deposition of Ni-POSS 6.2 9.1 33.1 21.6

with intermediate calcination

Ni precursor: Nickel (II) nitrate hexahydrate [Ni(NO;),"6H,0]

Ni/Si0O,

6.1 43.0 - -

Ni/CeysZ1y50,

6.1 47.6 28.9
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Fig. 1. Thermal degradation of Ni precursors: DTA/TGA of catalysts dried at 120 °C.

It can be also noted that the Ni-POSS ther-
mal degradation behavior in supported Ni/SiO,/
CesZr, 50, and bulk samples is quite similar (Fig.
1, upper and lower left quarters). For both sam-
ples three exo-effects accompanied by weight loss
are observed. However, for supported Ni-POSS
the peak distribution is inverted with a consider-
able increase of peak 2 in relation to peak 1. This
indicates that the thermooxidative degradation of
supported Ni-POSS has a more intensive mode in
the second stage (ca. 300 °C) while that for bulk
Ni-POSS is more pronounced at the first stage (ca.
235 °C).

In addition, the supported Ni-POSS differs by
shifting of observed exo-effects in the low-tem-
perature region (200 vs. 235 °C, 300 vs. 360 °C
and 445 °C vs. 535 °C). The decrease of tempera-
ture of Ni-POSS decomposition in the supported
state is probably related to variable valence of ce-
rium (Ce**/Ce*") in Ce(sZr,sO, support that pro-
motes the reaction of oxidation of organic com-
pounds [65].

In contrast to the degradation of supported and

bulk Ni-POSS that goes with the exo-effects, the
decomposition of supported Ni nitrate is accom-
panied by endo-effects (Fig. 1, upper and lower
right quarters). The DTA peaks (for example, for
Ni/Ce 571,50, — at 60 °C, 205 °C and 295 °C) are
closely corresponding to the weight changes ob-
served on the TGA curve. The weight loss event
in the temperature range 50-250 °C is character-
ized by the endothermic peaks and can be attribut-
ed to: (i) desorption of physically bonded water;
(i1) dehydration process of the salt precursors of
Ni metallic components with formation of the
Ni(NOs), anhydrous material. The next weight loss
event is in the temperature range 250-350 °C and
corresponds to the Ni anhydrous material decom-
position into nitrogen oxides and NiO, that is in
the good accordance with published data for bulk
Ni nitrate hydrates [66—-68]. The degradation of
supported Ni nitrate salt is completed at 450 and
550 °C for CesZr,s0, and SiO, supports, respec-
tively. In addition, for the Ni/SiO, sample, forma-
tion of the Ni,Si0O, cannot be excluded after rising
the temperature up to 900 °C [69].
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Fig. 2. N, sorption isotherms (a, lower volume adsorbed range is shown at larger scale on the inset) and BJH pore
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Table 2
Textural properties of Ni-based catalysts
Sample formula Textural data

SBET: Vporea Dporea

m*/g cm’/g nm
Ni/Si0,/CeysZr,50,-1 140 0.13 3.9
Ni/Si0,/Cey 521, 50,-2 165 0.15 3.7
Ni/Si0,/Ce5Z150,-3 65 0.09 5.5
Ni/SiO, 300 1.04 13.7
Ni/Cey 57150, 50 0.10 8.1

The N, adsorption-desorption isotherms, pore
size distributions and the textural properties of the
samples are given in Fig. 2 and Table 2, respective-
ly. It is shown (Table 2) that introduction of the Ni-
POSS into the Ce,sZr, 50, support (Sggr = 65 m?/g)
and further high-temperature calcination of the sam-
ples lead to an increase of Sgpr by ~ 2-2.5 times
in the case of Ni/SiO,/Ce,sZr,s0,-1 and Ni/SiO,/
Ce(sZ1,50,-2 samples. In the case of three steps
deposition of Ni-POSS with intermediate calcina-
tion, the Sggy of support and catalyst are equal. The
average pore diameter decreases during Ni-POSS
deposition on the mixed oxide support (D, = 8.0
nm) and becomes in the range of ~ 3.7-5.5 nm. Im-
pregnation of the Ce,sZr,50, and SiO, (Sger = 325

m?%/g) supports with the aqueous solutions of Ni pre-
cursor and further calcination leads to a decrease of
Sger by ~ 20% and ~ 5%, respectively. The average
pore diameter practically does not change during Ni
nitrate salt deposition on the supports.

The N, adsorption-desorption isotherms, pore
size distributions and the textural properties of
the samples are given in Fig. 2 and Table 2, re-
spectively. It is shown (Table 2) that introduc-

tion of the Ni-POSS into the Ce,sZr,s0, support
(Sger = 65 m?/g) and further high-temperature calci-
nation of the samples lead to an increase of Sgg by
~ 2-2.5 times in the case of Ni/SiO,/Ce sZr,50,-1
and Ni/Si0,/CesZ1,50,-2 samples. In the case of
three steps deposition of Ni-POSS with intermedi-
ate calcination, the Sggr of support and catalyst are
equal. The average pore diameter decreases during
Ni-POSS deposition on the mixed oxide support
(Dpore = 8.0 nm) and becomes in the range of ~
3.7-5.5 nm. Impregnation of the Ce,sZr,50, and
Si0, (Sger = 325 m?/g) supports with the aqueous
solutions of Ni precursor and further calcination
leads to a decrease of Sggy by ~ 20% and ~ 5%, re-
spectively. The average pore diameter practically
does not change during Ni nitrate salt deposition
on the supports.
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Fig. 3. X-ray diffraction patterns of fresh (F) and reduced
(R) Ni-based catalysts.
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The N, adsorption on Ni/Si0,/Ce,sZr,s0O, and
Ni/Ce, sZr1, 50, catalysts shows a type IV isotherm
(Fig. 2), H3-type hysteresis loop according to the
IUPAC classification and capillary condensation
step at relative pressure above 0.4, which are char-
acteristic for mesoporous materials [70]. The Ni/
Si0, catalyst is characterized by a type IV isotherm
with HI-type hysteresis loop at relative pressure
above 0.8, that indicates the existence of mainly
textural mesoporosity [71].

The BJH analysis of desorption isotherms re-
vealed that the Ni/Si0,/Ce,sZr,sO, catalysts ex-
hibited narrow pore size distributions with a mean
pore size of 3.7-5.5 nm. The Ni/Ce,sZr,sO, and,
especially, Ni/SiO, samples showed a broader pore
size distributions with larger average pore diame-
ters (Fig. 2, Table 2).

The surface area of the Ni/Si0,/Ce, sZr, sO, cat-
alysts which have different deposition strategy de-
creased from 140 m%g in Ni/SiO,/Ce,sZr,50,-1 to
65 m%g in Ni/Si0,/Ce, sZr,50,-3 as a consequence
of the increasing of number of deposition-calcina-
tion steps. In overall, the value of Sgg; increases in
the order: Ni/Ce,sZr, 0, < Ni/Si0,/Ce, 71,0, <
Ni/Si0,, that may have effect on the active compo-
nent dispersion in the support matrix. The higher
Sger value of Ni/SiO,/Ce, sZr, 0, samples in com-
parison with those of Ni/Ce,sZr, 5O, is likely con-
nected with the presence of amorphous SiO, (~20
wt.%) in the catalyst composition, which is charac-
terized by higher value of Sggr. This tendency is typ-
ical for Ce(sZr,50,-Si0, composite materials [72].

According to the XRD data (Fig. 3), the ce-
ria-based cubic solid solution (JCPDS 34-0394)
and NiO (JCPDS 44-1159) are main phases in the
fresh Ni/Si0,/Ce, sZr, 50, and NiCe,sZr,s0, cata-
lysts after calcination at 600 °C. The characteri-
zation by XRD of fresh catalysts prepared using
different modes of Ni-POSS deposition does not
allow to find differences among them. In the Ni/
Si0, catalyst the NiO phase and SiO, amorphous
phase are observed. The reduction of samples in the
hydrogen at 800 °C as a typical stage of catalyst ac-
tivation for ATR of CH, leads to an expected trans-
formation of NiO into metallic Ni phase (Fig. 3).

The average crystallite sizes of active compo-
nent phases were estimated by the Debye-Scherrer
equation and are presented in Table 3. The obtained
values of NiO and Ni average particle size lie in the
typical range of such values for Ni supported on
Si0,, Ce0,-Zr0O, or Si0,-Ce0,-Zr0O, [72-74]. For
the fresh samples, data show that the NiO particles
of equal mean size form in all Ni/Si0,/Ce, sZr1, 50O,

catalysts regardless of the deposition mode used in
their synthesis. The results also demonstrate that
for fresh samples average size of NiO particles in-
creases from 18 to 30 nm in the following order
of catalysts: Ni/Si0, < Ni/Ce 571,50, < Ni/SiO,/
CegsZrysO, (Table 3). It is noted that there is no
straightforward correlation between the value of
Sger and the average NiO (or Ni) particle size for
the studied samples.

In the catalysts after reduction the average size
of Ni particles is equal ~ 25 nm in all studied sam-
ples with the exception of Ni/SiO,/Ce,sZr,s0,-3
(Table 3). The average size of Ni-containing par-
ticles in reduced Ni/Si0,/Ce,sZr,s0O, samples is
comparable with or lower than those obtained for
fresh catalysts. So, according to the XRD data, the
nanoparticles were stable against sintering during
high-temperature activation at 800 °C in the reduc-
ing medium. It is known that the strong interaction
between metal and support increases the dispersion
of Ni-containing species and decreases their parti-
cle size, that can be realized in the reduced Ni/SiO,/
Ce,sZr1,50,-3 catalyst. On the other hand, some ag-
glomeration of Ni-containing particles is observed
in the reduced Ni/Ce, sZ1, 50, and Ni/Si0, catalysts
compared to their fresh states.

Table 3
XRD data: average size of Ni-containing particles
for fresh (F) and reduced (R) Ni-based catalysts

Sample formula Average particle size, nm
NiO (F) Ni (R)
Ni/Si0,/Ce 521y 50,-1 30 24
Ni/Si0,/Ce 5Z1y50,-2 30 24
Ni/Si0,/Ce 521y 50,-3 30 15
Ni/SiO, 18 23
Ni/Ce, 571,50, 21 26

TEM data illustrate that support of the fresh and
reduced Ni/Si0,/Ce,sZr,50, catalysts consists of
Si0, particles about 500 nm in size and agglom-
erates of Ce,sZr,sO, crystallites within 5-10 nm
in size (Figs. 4a, d). There are intimate contacts
between SiO, and Ce,sZr,sO,: the CeZeO, parti-
cles (2-10 nm) were found on the surface of SiO,
particles (up to 500 nm), while Ce, sZr, 5O, crystal-
lites are partly covered by SiO, (Fig. 4b). The NiO
particles of 1-2 nm in size in the fresh catalysts
(Fig. 4c) and Ni particles of 3—4 nm in size in the
reduced catalysts (Fig. 4f) are mainly found on
SiO,. According to the EDX data, highly dispersed
Ni species are present on/in the CesZr,s0O, re-
gion of support (Figs. 4b, e). In addition, the large
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Ni-containing particles (up to 50-100 nm in size)
are also observed.

Further, using TEM for the comparison of nano-
structure of Ni/SiO, and Ni/Ce, sZr, s0O, shows that
for both fresh catalysts large NiO particles are ob-
served on the supports: the NiO particle sizes are
10-50 nm for SiO, (Figs. 5a, 4b) and 10-100 nm
for Ce(sZr,s0, (Fig. 5d). According to the EDX
data, in the Ni/CesZr,sO, catalyst the Ni-con-
taining species are also present on Ce;sZr,50, in

K at.%: 2.5N1/35.7Si/33.2Ce28.6Zr

Eg, at.%: B.6Nil46.4Ced5.0Zr

the highly dispersed form, or they are included in
the CesZr,sO, structure (Fig. 5e). In contrast to
Ni/Si0,/CesZr,sO, catalysts, in the case of Ni/
Si0, and Ni/Ce,sZr,sO, samples after reduction,
formation of the Ni agglomerated particles occurs
(Fig. 5¢). The particle sizes increase up to 100 nm
for Ni/Si0, and up to 500 nm for Ni/Ce,sZr,s0,.
Nevertheless, EDX data show that dispersed Ni
species are retained in the reduced Ni/Ce,sZr,sO,
catalyst (Fig. 5f).

EDX, at.%: 7.7Ni/40.4Ce51.92
20 ]

10 nm

Fig. 5. TEM images of: fresh (a, b) and reduced (c) Ni/SiO, catalysts; fresh (d, ¢) and reduced (f) Ni/Ce,sZr 50,

catalysts.
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Fig. 6. H,-TPR profiles of Ni-based catalysts.

The size of NiO and Ni particles detected on the
support by HRTEM (Figs. 4 and 5) does not exact-
ly correspond to the average particle size estimated
by XRD. A plausible reasons are that:

1) the portion of particles have dimensions be-
low the detection limit of XRD (ca. 3 nm);

ii) big Ni-containing particles is polycrystalline
solid;

ii1) wide Ni particle size distribution with a
maximum at 20-30 nm takes place.

The H,-TPR profiles associated with the studied
Ni-based catalysts are given in Fig. 6. In particu-
lar, it can be seen that all the Ni/SiO,/CesZr, 50,
catalysts present two hydrogen consumption peaks
with the temperature maxima T, in the range
350-380 °C and T, in the range 560-570 °C (Ta-
ble 4), which can be assigned to reduction of NiO
species with weak and intimate metal-support in-
teraction, respectively [75]. While the maximum
temperature of peaks is not very different for Ni/
Si0,/Ce sZr, 50O, catalysts, the peak distribution is
changed. As follows data in Table 4, some increase
of peak 2 in relation to peak 1 (from 0.6 to 1) is
observed in the following order of the samples:
Ni/S10,/Ce; sZ1,50,-1 < Ni/Si0,/CeysZr,s0,-2 <
Ni/SiO,/Ce, sZr,s0,-3. The increase of peak 2 in-
tensity suggests an increase of the fraction of spe-
cies with strong metal-support interaction. The
metal-support interaction becomes stronger at the
application of intermediate calcination during Ni-
POSS deposition.

NiO bulk sample is known to exhibit a single
reduction peak in H,-TPR curve, whose position

depends on the experimental conditions, for exam-
ple, ca. 330 °C [76],370 °C [77] or 530 °C [75]. In
contrast, the reduction of supported NiO led to the
appearance of several peaks in the H,-TPR profile.
Usually this is assigned to different forms of met-
al-support interaction [75, 78, 79]. It is suggested
[80] that higher NiO reduction temperature can be
due to the presence of particles with higher disper-
sion, interacting stronger with the support, while
the lower reduction temperature can be related to
larger particles with a lower strength of interaction
with the support (temperature of reduction closer
to the pure NiO sample). The highly dispersed Ni
species (1-2 nm) and large Ni-containing particles
(up to 50—-100 nm in size) were observed by HR-
TEM, which is consistent with two peaks in the
H,-TPR experiments and indicative of realization
of both weak and strong metal interaction with the
support.

The profile of H,-TPR curve similar to those
of Ni/Si0,/Ce( 571,50, samples is obtained for
the Ni/Ce,sZr,s0, catalyst (Fig. 6). However, in
this case the maxima of hydrogen consumption
peaks shift to the low-temperature region (Table
4), that can be assigned to the weakening of met-
al-support interaction and increase of NiO particle
size. H,-TPR profile associated with the Ni/SiO,
catalyst shows hydrogen consumption peak with
a maximum T, at 390 °C and feebly marked shoul-
der at 475 °C. Usually such peak was assigned to
the reduction of “free state” NiO bearing weak
interaction with the support [28]. It is noted that
value of H,/Ni molar ratio is over-stoichiometric
(higher than 1) for both Ni/Si0,/Ce,sZr,50, and
Ni/Ce,sZr, 50, catalysts, which can be associated
with the additional reduction of Ce,sZr, 50O, solid
solution [78, 81].

Hence, the reduction of Ni species in the sup-
ported nickel catalysts takes place in a broad tem-
perature range from 250 °C to 750 °C and the Ni**
reducibility is affected by support composition
and catalyst preparation technique. The presence
of H, consumption at temperatures above 500 °C
suggests the existence of Ni species with strong
metal-support interaction. As follows from the ra-
tio of area of peak 2 to that of peak 1 (Table 4),
the content of such type of Ni species increases in
the following order of catalysts: Ni/SiO, << Ni/
CeysZry,s0, < Ni/Si0,/CeysZr,s0O, and with the
application of intermediate calcination during Ni-
POSS deposition. Conclusions derived from the
H,-TPR profiles are in good agreement with those
proposed from the XRD and TEM results.
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Table 4
Data obtained from H,-TPR
Sample formula Temperature of H,/Ni
peak maximum, °C | molar
T, T, ratio
Ni/Si0,/Cey 571, s0,-1 355 570 1.5
Ni/Si0,/Ceq 571y s0,-2 355 565 1.5
Ni/Si0,/Cey 521, 50,-3 375 570 1.3
Ni/SiO, 390 480 1.1
Ni/Cey 521450, 330 475 1.8

3.2. Catalytic tests

The catalytic behavior of nickel catalysts in the
ATR of CH, was comparatively studied. Figure 7
demonstrates the characteristic temperature de-
pendences of methane conversion and hydrogen
yield: it is seen that generally these values increase
with temperature. This trend is most marked for
the Ni/Si0,/CesZr,s0,-1 catalyst. As seen from
Fig. 7, the catalyst efficiency is also substantial-
ly influenced by the Ni-POSS deposition mode.
The conversion of CH, and yields of H, and CO
are much higher in case of the single step depo-
sition: at 850 °C the H, yield of was ~ 75% for
the Ni/Si0,/Ce,sZr,50,-2, while the H, yield of
~95% was found for the Ni/SiO,/CeysZr,sO,-1.
The Ni/Si10,/Ce, 571, s0,-3 catalyst is not active in
temperature range lower than 900 °C (Fig. 7). So
the multiple deposition and intermediate calcina-
tion impair the catalyst performance. It is proba-
bly caused by encapsulation of Ni species in the
Si0, matrix, which is accompanied by the lower
Sger and V., but higher D, values (Table 2),
compared to the two preceding samples Ni/SiO,/
Ce, 571, 50,-1,2. Other differences in the structural
and redox properties of these series of catalysts
were revealed by XRD, TEM and H,-TPR, which
is discussed further in the text.

The summarized comparison of catalyst effi-
ciencies in the ATR of CH, is shown in Table 5
where CH, conversion, yields of H, and CO and
H,/CO ratio are given as a function of different cat-
alyst compositions. Analysis of these data shows
that use of the metal-POSS precursor can provide
formation of the active materials for ATR of CH,:
the ex-Ni-POSS catalysts have performance in
ATR of CH, which is comparable with or better
than those presented by the traditionally prepared
catalysts. The Ni/SiO,/Ce,sZr,s0,-1 catalyst pre-
pared by one-step Ni-POSS deposition gives the
highest H, yield of 80% at T = 800 °C.

As it was shown above (Fig. 3, Table 3), all the
Ni/Si10,/Ce, sZr, sO, samples after activation in the
reducing medium at 800 °C have similar XRD pat-
terns (CeO,-based solid solution and metallic Ni)
but different average Ni particle size: for the Ni/
Si0,/CesZ1,50,-1 and Ni/Si0,/CesZr,s0,-2 it
1s 25 nm, while for Ni/SiO,/Ce,sZr,50,-3 it is 15
nm. In addition, differences in the catalytic perfor-
mance can be correlated with H,-TPR behaviors of
Ni/Si0,/Ce, 5Z1, 50, samples (Fig. 6, Table 4). The
increase of a portion of difficultly reduced Ni**
species, as well as the increase of T, value corre-
sponding to the weak interaction of Ni** species
with support, are found for Ni/Si0,/Ce,sZr,s0,-3
catalyst, that are expected to have detrimental
effect on its activity in the ATR of CH,. It was
shown that the increase of both the reducibility of
NiO and the Ni°® surface dispersion resulted in a
rise of CH, conversion [79, 80, 82]. Conversely,
it was also concluded that NiO dispersed with-
out strong interaction with the support had a high
performance in methane partial oxidation, while
in case of NiO dispersed with strong interaction
between it and the support the catalyst had a high
stability in autothermal reforming in the upper
temperature range [83]. This seems to combine,
on the one hand, a high reducibility, which is key
factor of high activity and stability against active
component oxidation, and, on the other hand, a
strong metal-support interaction, that is assurance
of stability against sintering and coking, so the
modification of catalyst in which Ni have strong
interaction with support by noble metals is useful
strategy.

It can be proposed that multiple deposition-cal-
cination steps promote the realization of strong
metal-support interaction up to formation highly
dispersed nickel silicate species. After reduction
such species can remain in the state of Ni-Si-O,
which decreases the number of active sites, result-
ing in the lower activity of Ni/Si0,/CesZ1,50,-3
compared with other catalysts. This situation is
common with those for Ni- and Rh-based catalyst
supported on La,O; [44] which provides worse
performance in ATR of CH, in comparison with
catalyst supported on Ce,,Zr,O, and Ce,,Gd,O,.
The poorest or non-existent catalytic activity in
the temperature range up to 850-900 °C was con-
nected with formation of stable to reduction mixed
oxides (e.g. LaNiO; and LaRhO; species).

According to the published data [72, 84], Ni/
Si0O, catalyst had high initial activity but deacti-
vated rapidly, while the stability of Ni/CeO,-ZrO,/
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Table 5
Comparison of catalytic activity of different catalysts in ATR of CH, at 850 °C
Sample formula Conversion of CH,, % Yield of H,, % Yield of CO, % H,/CO ratio
Ni/Si0,/Cey 571, 50,-1 100 96 96 3.0
Ni/Si0,/Ceg 521y sO,-2 100 74 66 34
NI/SIOZ/C605Zr0502—3 14 0 15 0.
Ni/Si0, 100 87 73 3.5
Ni/Ce 571,50, 65 59 53 33
100 - 100 4
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3
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Fig. 7. Catalytic activity of Ni/Si0,/CeysZ1,50,-1 (@), Ni/Si0,/CesZ1,50,-2 (A) and Ni/Si0,/CeysZ1,50,-3 (V)
catalysts in ATR of CHy,: (a) conversion of CH, vs. temperature, (b) H, yield vs. temperature.

Si0, catalysts was enhanced greatly. The increase
in the reducibility and oxygen transfer ability of
the support were believed to be the main reasons
for the superior performance of Ni/Ce,sZr,s0,-
Si0, sample as compared to Ni/SiO, catalyst in
the ATR of CH, [84]. In our case the performance
of Ni/SiO,/CesZ1,50,-2 and Ni/SiO, catalysts in
ATR of CH, is close to each other. It is expected
that the additional differences in catalytic activi-
ty will become apparent during prolonged time on
stream, resulting from the differences in metal—
support interaction, which will be a topic of further
study.

Ni/Si0,/Ce,sZr,50, catalysts were prepared
by deposition of novel metal-POSS [Nickel (II)
- HeptaisobutylPOSS (C,Hy),Si,04(OH)O,Ni] on
CeysZr,sO, support with following calcination
and reduction stages of activation. As a result of
a multi-stage process of Ni-POSS decomposition
proceeding in a temperature range 200—600 °C the
NiO nanoparticles with mean size of 30 nm were
stabilized in the support matrix. The nanoparticles
were stable against sintering during high-tempera-
ture activation at 800 °C in reducing medium. The

structural, redox and, especially, textural properties
of Ni/Si0,/Ce, sZr, 50, catalysts were regulated by
deposition mode. Ni/Si0,/Ce, sZr, sO, catalyst pre-
pared by one-step Ni-POSS deposition gives the
higher H, yield in ATR of CH, than those prepared
by multiple deposition, which may be caused by
a decrease of a portion of difficultly reduced Ni**
species. The achieved value of H, yield 80% at
800 °C confirms that ex-Ni-POSS catalysts have
good potential for hydrogen production by the
ATR of CH,.
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