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Abstract The catalytic activity of Ce;_,Ni, O, samples
(x = 0.05; 0.10; 0.20) prepared by combustion synthesis
have been evaluated in the Oxidative Steam Reforming of
C;Hg. The high activity and stability of Ceg 9sNig 05O, and
Ce.00Nig 100, samples was ascribed to the co-existence of
different Ni species: metallic, NiO highly dispersed and
Ni?* jons incorporated into CeO,.

Keywords Propane oxidative steam reforming -
Hydrogen production - Ceria-supported nickel catalysts

1 Introduction

Autothermal reforming (ATR) of hydrocarbons offers an
advantageous route to produce H; for fuel cells systems. The
process, combining steam reforming (SR) and catalytic
partial oxidation (POX) reactions, to achieve an overall net
heat balance, can be considered free from the disadvantages
of the other methods, like slow start-up, considerable heat
input or output, higher catalyst loadings, larger reactors and
mass transfer limitations [1, 2]. Besides, temperature, pres-
sure, O,/fuel and H,O/fuel ratios, can be selected as
independent parameters to optimize the performance of the
ATR process in terms of H, yield, to avoid coke deposition
on catalyst or to minimize the by-products formation [3, 4].

Noble metal such as Pt, Rh, Ru [5, 6] have shown to be
high active catalysts for the reforming reactions and
excellent resistant to carbon formation but their low
availability and high cost make them unsuitable for
industrial size operations.
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Nickel has emerged as a possible alternative catalyst due
to its low cost but tends to deactivate by coke formation.
The use of CeO, as support or as additive in the traditional
Ni/Al,Oj5 catalysts can contribute to enhance the catalytic
activity and reduce the coke formation [7]; the important
role of ceria played in catalytic reactions, is suggested to be
the generation and participation of surface oxygen species
and anionic vacancies [8, 9]. Recent studies have shown
that these redox properties can be significantly enhanced if
additional elements are introduced into lattice by forming a
solid solution [10-12].

Previous investigations on Pt/CeO, catalysts have
shown that strong metal-ceria interactions, by formation of
solid solution in the mixed oxides catalysts, can be
achieved by combustion synthesis of samples [13, 14]. The
strong metal-to-support interaction appeared as one of the
reasons of the observed high catalytic activity and stability
during the hydrocarbons’ partial oxidation and oxidative
steam reforming (OSR).

In this paper, we report the performance allowed by
Ce,_,Ni, O, catalysts, prepared by combustion synthesis,
for the reaction of Cs;Hg with O, in presence of steam,
referred as OSR. The structure and properties of the cata-
lysts were investigated by X-Ray Diffraction (XRD),
Temperature Programmed Reduction (TPR), X-Ray Pho-
toelectron Spectroscopy (XPS) and Transmission Electron
Microscopy (TEM).

2 Experimental
2.1 Catalysts Preparation

The Ce;_,Ni,O, (x = 0.05; 0.10; 0.20) catalysts were
prepared by the combustion synthesis, the notation x in the
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samples means the atomic ratio. Stoichiometric amounts of
(NH4)2CC(NO3)6, NI(NO3)2 . 6H20 and C2H6N402 (OXa-
lyldihydrazide, as fuel) in aqueous solution were mixed in
a borosilicate dish and heated at 350 °C to give a flaming
combustion [15, 16]. The chemical reactions occurring in
the combustion process can be written as follows:

5(NH4)2C6(NO3)6 + 12C,HgN4 O,
. 5Ce0, + 24CO, + 56H,0 + 44N, (1)

Ni(NO3), 4+ C2HgN40, — NiO + 2CO, + 3H,0 + 3N,.
(2)
5(1 — x) (NHy),Ce(NO3)s 4 5xNi(NO3), + 5C;HgN, 0,
+7(1 — x)C3HgN4O, — 5Ce;_,Ni, O, + 10CO,
+ 14(1 — x)CO, + 15H,0 + 41(1 — x)H,0
+ 15N, 4+ 29(1 — x)N,

(3)

CeposNigosO, sample was prepared by taking
(NH4)2CC(NO3)6, NI(N03)2 . 6H20 and C2H(,N402 in the
molar ratio of 0.95:0.05:2.32. In a typical preparation 5 g
of (NH4),Ce(NOj)s, 0.138 g of Ni(NO;), - 6H,O and
2.64 g of oxalyldihydrazide, dissolved in a minimum
amount of water, were taken in a borosilicate dish and
heated at 350 °C. After water evaporation, the mixture
ignited with a cold flame leaving a sponge-like solid.
Similary, samples with 0.10 and 0.20 atom% of Ni were
also prepared. The catalysts, pellettized, calcined in air at
800 °C, crushed and sieved to 200-600 um was tested
without pre-reduction [15].

2.2 Catalysts Characterization

Powder XRD patterns were done with a Philips X-Pert
3710 diffractometer, using CuKo radiation at 40 kV and
20 mA. Continuous scans were collected with scan rates of
0.6°/min in the 20 ranges 25°-80°. Peaks’ positions, widths
and lattice parameter were resolved by fitting profile using
the Marquardt-Levenberg algorithm. The particle size of
ceria and nickel phases was determined by Scherrer’s
equation, assuming a Gaussian shape of the peaks.

Temperature programmed reduction measurements were
carried out by using 5% hydrogen in an argon mixture
(3O°cm3/min, STP), as reducing gas, in a TPR reactor. The
investigated temperature range was 0-1,000 °C, with a
heating rate of 20 °C/min; the sample weight was set to
keep the Ni load costant (111.5-28.1 mg). Hydrogen con-
sumption was monitored by a thermoconductivity detector
(TCD) connected to a PC for data storage and processing.
The TCD response was quantitatively calibrated by moni-
toring the reduction of know amount of CuO, according to
the procedure elsewhere described [17].
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X-ray photoelectron spectra of the sample powders were
recorded on a PHI Spectrometer (model 5800-01) equipped
with an electron flood gun neutralizer and a monochro-
matic AlKa-source operating at 350 W. The X-ray
photoelectron spectra were obtained with constant pass
energy of 11.75 eV. Before spectral acquisition, samples
were out-gassed overnight in the preparation chamber of
the spectrometer. The characteristic photoemission peaks
from Ce(3d), Ni(2p), O(1s) and C(1s) core levels were
recorded for each sample. Binding energy were referenced
to Cls of adventitious carbon at 284.6 eV. Peak fitting
involved a deconvolution with the use of mixed Gaussian-
Lorentzian functions. Both peak fitting and chemical
analysis, as chemical composition, were carried out by
using the PHI Multipak v.6 software.

Elemental analysis to detect the carbon deposition on
the worked catalysts was carried out with a Carlo Erba
CHNS analyzer (mod. EA 1108).

A Philips-CM12 transmission electron microscope
(TEM), operated at 200 kV, was used for catalyst exami-
nation. Catalyst powder in isopropyl alcohol was supported
on a holey 400 mesh copper grid.

2.3 Catalytic Activity Measurements

Catalytic activity tests on the OSR of C3Hg were conducted in
a fixed-bed quartz reactor with inner diameter of 6 mm at
atmospheric pressure. The catalyst sample was placed
between two quartz wool plugs in the centre of a quartz tube,
inserted into a furnace heated to the reaction temperature and
controlled through a temperature controller. The reaction
temperature was measured and controlled by two chromel-
alumel thermocouples. One of the thermocouples was inserted
into a thermowell and centred within the catalyst bed, while
the other one was kept just at the outlet of the catalytic bed.
The activity tests were carried out at 650 °C with gas hourly
space velocity (GHSV, defined as volume per h of the gaseous
feed at 0 °C and 1 bar of pressure per volume of the catalytic
bed) of 5,000 h™"!. The feed and reaction products were ana-
lysed using an Agilent 6890 Plus gas chromatograph equipped
with thermal conductivity and flame ionization detectors
(FID). The CHy, revealed to the TCD detector, was used as
reference compound in FID analyses. The catalytic tests were
initiated by heating the reactor, from ambient temperature to
the 650 °C, under N, flow. Subsequently, N, flow was stopped
and the reaction mixture (CsHg, O,, steam, N,) was allowed to
flow through the reactor; a rapid temperature increase that
stabilizes within some minutes to the set up value (650 °C)
was observed.

On-line chromatographic analysis of the reaction prod-
ucts was carried out every 20 min during each test; the
typical duration of each catalytic test was 6 h.
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The reactants’ conversion and products’ selectivity were
calculated according to the following equations:

F carbon—containing product

Scarbon—containing product = )

(Feyugin — Foypgout) - 1
where Fi in or owr Was the molar flow rate of species i
measured at inlet or at outlet of the reactor and n was the
stoichiometric factor between the carbon-containing prod-
ucts and the C;Hg. The Nitrogen peak was used for
calibration of mass balance.

3 Results and Discussion
3.1 Structure of the Catalysts

Figure 1 shows the XRD patterns of the Ce;_,NiO,
(x = 0.05; 0.10; 0.20) mixed oxides. For the Ce( 95Nig 050,
sample the only presence of crystalline ceria with fluorite
structure can be clearly observed, suggesting the presence
of Ni as amorphous or highly dispersed and not revelable
by diffraction. Weak diffraction peaks of metallic nickel,
with such peaks intensity that increase with the Ni load,
were detected for the remaining samples (x = 0.10 and
0.20); whereas, a scarcely visible broadening, due to the
NiO phase can be envisaged with the sample at higher
nickel content (Ceg goNig200-).

A careful examination of the patterns shows that the
addition of nickel in the samples, determines a shift in the
CeO, reflections to higher degree, as summarized in
Table 1 for the three reticular planes (111), (200) and

(220), that corresponds to a decrease in the ceria lattice
parameter («) compared with pure Ceria cell (5.4113 1&).
However, the A20 shift and the negative expansion in the
ceria cell, increases with the addition of Ni from 0.05 to
0.10, whereas, intermediate values can be derived for the
Ce.goNip 200, sample. These evidences can be related to
the formation of an oxide solid solution in agreement with
the observations previous reported by Lamonier et al. [18,
19].

The existence of a solid solution by replacement of Ce**
with Ni?* in the ceria lattice, can determine the shrinkage
of the lattice which accounts for the evidence that the
cation radius of Ni>* (0.83 A) are lower than that of Ce**
(0.97 A). The observed evolution of the shift in the ceria
based samples indicates that the substitution of Ce** by
Ni** increases up to 10at% of Ni, for higher amount
(20at%) the solid solution decreases, in agreement with the
observed segregation of NiO phase.

Finally, the CeO, particle size, derived by application of
the Scherrer equation, ranges between 192 and 197 A
appearing as scarcely dependent from the nickel load;
whereas the Ni particle size, undetected for the sample at
lower metal content, increases from 174 to 209 A with
increasing the metal from 0.10 to 0.20 at%, as reported in
Table 1. No quantification can be derived for the NiO
phase.

In Fig. 2 the TPR profile of bulk NiO and Ce,_,Ni, O,
samples are depicted. Pure NiO shows a sharp reduction
peak (f3) at about 420 °C followed by a small hump (y) due
to the big crystalline size, that retard the diffusion so its
reduction proceeding as: NiO—Ni ®*—Ni° , where f and y
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Table 1 Physical properties of Ce,_,Ni, O, catalysts
Sample Particle size (,&)a CeO, Lattice parameter o (10\)b CeO, A20 shift (degree)®

CeO, Ni (111) (200) (220)
Ce.95Nig 050, 194 - 5.3992 0.063 0.083 0.116
Ce.9oNig.100> 192 174 5.3936 0.093 0.108 0.135
Ce(.g0Nig200> 197 209 5.3959 0.081 0.092 0.136

? Determined from CeO, and Ni (111) reflections according to the Scherrer equation
" Calculated from ceria (111) reflection from the equation o = /A2 + k2 + I2(/,/2 sin 0)
¢ Measured by comparison with JCPDS files for the (111), (200) and (220) reticular planes (A20 = peak position of the CeO, like phase in the

mixed oxide — peak position of the reference CeO,)

Fig. 2 TPR profile of NiO and
Ce;_,Ni,O, catalysts. a NiO; b
Ceg.80Nig2002; €
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peaks represent the first and the second reduction step,
respectively. For Ce;_,Ni, O, catalysts the f and y peaks
where shifted to lower temperature with the occurrence of
new signals (o, and o) located at the temperatures’ range
included between 150 and 270 °C; whereas, the last signal
() observed at higher temperature (>650 °C) corresponds
to the reduction of bulk ceria. The observed rearrangement
of low temperature region suggests that are a lot of NiO,
sites which are strongly interacted with ceria, but different
in the degree of this interaction.

The o; and o, peaks can be due to the reduction of
adsorbed oxygen species; it was generally accepted that,
the formation of solid solution by the incorporation of Ni**
ions into the ceria lattice would results in the generation of
oxygen vacancies, leading to the formation of active oxy-
gen species, easy reducible by H, at low temperature [20].
Besides the f§ peak was generally assigned to the reduction
of relatively free NiO that weakly interacts with surface of
CeO, whereas, the y peak is attributable to complex NiO
strongly interacting with ceria.

@ Springer

Temperature (°C)

XRD analysis showed the presence of Ni as solid
solution in all the prepared samples, that results consistent
with the occurrence of o and o, reduction peaks. While,
the absence of any reflection due to NiO in the sample at
low metal amount (x = 0.05, 0.10) suggests that the par-
ticles can be very small or amorphous and nevertheless the
reduction process was completed in two steps, as derived
from the occurrence of f§ and y peaks. This behaviour can
suggests the presence of another NiO phase, probably NiO
dispersed on CeO, or as solid solution more difficult to
reduce. A quantitative estimation of the reduction peaks
reveals that the H, uptake, exceeding that required for the
NiO reduction in the Ce( 9sNig 5O, sample, decreases with
increasing the Ni content, as reported in Table 2.

This observation indicates that most of the H, consumed
in the low temperature region can be associated to the
removal of the readily available surface oxygen adjacent to
the metal through a spillover mechanism. Increasing the Ni
load (x = 0.10; 0.20) the H, uptake in both f and y peaks
decreases, while y peak result enhanced much more than 8
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Table 2 Elemental analysis results and H, uptake (ml) during the TRP experiments of the Ce;_,Ni, O, catalysts

Sample Bulk composition (wt%)* H, uptake (ml) H, (ml) needed to the Reduction degree
- NiO reduction® of NiO (%)
Ni Ce oy o B Y
Ceg.95Nig 0502 1.67 (1.75) 79.20 (79.21) 0.09 0.09 0.36 0.31 0.71 >100
Ceg.90Nig.1002 2.97 (3.58) 78.93 (76.90) 0.02 0.14 0.22 0.25 0.64 99.8
Ceg.80Nig 200> 8.19 (7.53) 74.12 (71.93) 0.01 0.06 0.17 0.27 0.88 57.8

? Number in parentheses are the calculated values

® Calculated by assuming the total reduction of NiO to Ni°

peaks, this can suggest the occurrence of a more pro-
nounced interaction Me-support or the growth of larger
crystallites of NiO, as evidenced from XRD analysis. The
derived reduction degree of NiO, decreases with the
increase of the Ni content due to the strong interaction
between Ce and Ni in solid solution formed in lower Ni
content sample; whereas in the CeggoNig200, the occur-
rence of large NiO particles can be responsible of the
observed low reduction degree of NiO, as reported in
Table 2.

The present results indicate that three types of NiO
phases can be envisaged, Ni** species diffuse into the
fluorite lattice to form a solid solution with ceria, NiO
phase highly dispersed on CeO, and crystallized nickel
oxide.

The X-ray photoelectron spectra of ceria are rather
complex due to the hybridization between the 4f levels and
the O2p states. As widely reported in literature [21-23],
both Ce 3ds,; and Ce 3ds,, levels present five component
Vos Vo VI, V', V" and ug, u, ', u”, u"”, respectively (see
Fig. 3). Because the insertion of nickel in the ceria lattice
can increase the formation of Ce** species, XPS spectra of
the present catalysts were studied in order to estimate the
contribution of Ce** and Ce®*. Generally, the high binding
energy peak u" is the best distinguished characteristic peak
to differentiate Ce** from Ce>"; the higher v’ and 1"’ peaks
are not observed for purely trivalent ionic cerium com-
pound (i.e. Ce,03) [24]. The progressive reduction of CeO,
into Ce,03 determines a decrease of v/ and u”" peaks and
an increase in v'and u peaks at expense of v" and u”. Romeo
et al. [25] found that no direct correlation between the
decrease in v intensity and the increase of v/ exists, which
was explained by a hybridization effect in the different
structures. The spectral features due to Ce®* are not clearly
visible in the complex spectral envelope of the 3d region, a
fitting procedure with the different Ce** and Ce™* states was
applied to the current experimental spectrum. The position
of the well-resolved u”’ peak was first obtained and then
fixed the other peaks position, according to as reported by
Zhang et al. [26]. Since the features characteristic of the
Ce>* states derives from the contribution of u,, v,, v’ and i/,

the following equation was used to estimate the cerium
oxide stoichiometry:

7u0+v0+vl+u/
Ylutv)

referred to all states [27]; using this method, the fitted peak
areas in the XPS spectra are used to estimate the contri-
bution of Ce** and Ce* in the Ce,_,Ni,O, catalysts.
Experimental XPS spectra with the results of peak fitting
are shown in Fig. 3. The observed Ce®* amount is

ce™t, (%)

(a)

(b)

(V]

930 920 910 900 890 880
Binding Energy (eV)
Fig. 3 Photoemission spectra of the Ce 3d region obtained from

Ce0.95Nig.0502 (a), Ceg.90Nip.1002 (b) and Ceg goNip.200; (¢) catalysts
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Table 3 Binding energy (eV) of various species as obtained from Ni 2ps;, X- ray photoelectron spectra, surface atomic ratios and Ce**

concentration of Ce;_,Ni,O, catalysts

Sample Ni/Cef . (at%) Ni/Cel ;... (at%) Ce®* concentration (at%) Species Binding energy (eV)*
Ce sNio.0505 0.05 0.12 1532 Ni 852.06 (14.1%)

Ni** 854.12 (40.6%)

Ni** satellite 859.59 (45.2%)
Ceo00Nio 1005 0.090 0.25 15.36 Ni® 853.34 (15.7%)

NiZ* 855.51 (38.9%)

Ni2* satellite 860.80 (45.2%)
Ceo50Nio 2005 0.26 032 10.13 Ni® 852.18 (2.97%)

NiZ 854.74 (54.7%)

Ni** satellite 860.47 (42.2%)

# Derived from X-ray fluorescence;
® From XPS data;

¢ Numbers in parentheses are the peak percentage

summarized in Table 3; a similar amount of Ce** species is
observed with the increase of nickel load from 5 at% to 10
at%; further increase in the content of supported nickel (20
at%) induces a decrease of Ce>* content. The incorporation
of Ni in the CeO, lattice can lead to the reduction of some
Ce** ions and to the creation of anionic vacancies [28, 29],
yet this is particular observed for Ni content up to 10 at%;
this evidence results consistent with previous observation
derived from XRD analysis.

Figure 4 shows the XPS spectra in the Ni 2p;/, region
for the catalysts with different Ni content. The increase of
intensity of the Ni 2p signals clearly appears with the
increase of the Ni loading. As widely reported in literature
[30], the most intense Ni 2pz, peak, located at about
854.0 eV, is characteristic of Ni ** ions in an oxygen
environment. This peak is accompanied by a broader one
due to shake-up processes, located at about 861.0 eV; this
peak is the fingerprint of Ni** species and can be used to
discriminate Ni** from Ni° species. A careful study of the
current spectra permits detecting a low-intensity shoulder
at about 852.0 eV, which is characteristic of metallic
nickel. To obtain a further information about the surface
structure of the catalysts, the Ni 2p;/, energy regions were
fitted into three components: shake-up satellite line of
unreduced Ni** ions at ca. 860 eV, Ni 2ps, principal peak
of unreduced Ni** jons at about 854 eV and Ni 2p3» line of
metallic nickel at ca. 852 eV. The results of peak fitting are
summarized in Table 3. As clearly evidenced in Fig. 4 and
Table 3, both Ni and NiO species were present in the
samples. The binding energy associated with metallic
nickel and Ni** species in the Ce(9s5Nig 50, sample is
significantly higher than the previously reported binding
energy as related to unsupported species (Ni°, 852 eV;
NiO, 854 eV) [31]. Similar shift to larger energies was
reported by Davison et al. [32] with 2.3 wt.% of NiO
supported on ceria; it was suggested that this behaviour is
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Fig. 4 Photoelectron spectra in the Ni 2ps, energy region of the
ceria catalysts with different nickel loading : a Ce(95NigosO,; b
Ce0.90Nip.1002 5 € Cep 8oNip.2002

due to an electronic interaction between nickel species and
ceria, similar to the strong oxide-support interaction which
has been proposed with PtO/CeO, materials [33].
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Increasing the Nickel load (10at%) a more pronounced
shift can be observed, while with the 20at% of Ni content
both peaks result in intermediate position between the ones
previously given for 5 and 10 at% Ni, respectively, in good
accordance with XRD results.

3.2 Catalytic Activity

The stoichiometry of C3Hg ATR, where the combined
heats of reaction of exothermic partial oxidation with air
(POX) and endothermic steam reforming (SR) are bal-
anced, can be schematized as:

C3Hg + 8(02 +3.76 Nz) + (6 — 28)H20 — 3CO,
+ (10 — 2¢) Hy +3.76 ¢ N,. (4)
AHaog = 152.59 — (136.64¢) kcal mol !

Exothermic total oxidation (CsHg + 50, — 3CO, + 4
H,0) followed by steam (C3;Hg + 3H,O — 3CO + 7H,)
and CO,; reforming (C;Hg + 3CO, — 6CO + 4H,) reac-
tions, followed by the establishment of water gas shift
(CO + H,O - CO;, + H,) and methanation (CO + 3
H, —» CH, + H;0) equilibria, generally play a role that
depends on reactants composition, temperature, gas hourly
space velocity and catalytic system involved.

The catalytic activity of the current Ce;_,Ni, O, samples
has been evaluated under an exothermic regime (O/
C =133, ¢ = 2; AHyos = —120.7 kcal mol™"), defined
as OSR, by decreasing the excess of steam (in order to
minimize the coke formation, S/C = 1.20) to the stoichi-
ometric value (S/C = 0.66). However, the selected O/C
ratio has been derived from preliminary partial oxidation
experiments and in accordance with literature value [34,
35] that suggest an optimum O/C ratio of 1.25 to produce

synthesis gas. Increasing the O/C ratio, the H, selectivity
and propane conversion increase, while the associated total
olefins’ production decreases. The steam addition (S/
C = 0.66-1.20) in the present OSR experiments deter-
mines a further increase in the O/C ratio (including O, and
H,O oxygen) ranging between 2.0 and 2.5, respectively
that can contribute to minimize both by-products formation
and carbon deposition.

Table 4 gives the detailed reaction results in OSR. Total
0O, and CsHg conversion was observed with Ceg 95Nig 9505
sample, H,, CO, CO, and CH, are the main products. The H,
concentration increases with the increase of the S/C, while
the derived H,/CO, ratio, ranging between 1.4 and 1.5 results
close to the partial oxidation value (H,/CO = 1.3).

Concerning partial oxidation, a number of recent studies
have indicated that the process is a combination of catalytic
combustion where all the O, is consumed, followed by
steam reforming of un-reacted propane [36, 38]. In accor-
dance with this mechanism, with O/C = 1.33 a fraction
(40%) of the fed C3Hg can be totally oxidized; secondly
steam reforming of un-reacted propane with the produced
steam and WGS reactions produces H,, CO and CO,. The
remaining C;Hg, not involved in the combustion reaction,
in presence of the introduced steam can be involved at the
same time in a secondary steam reforming reaction
(CsHg + 6H,O — 3CO, + 10 H,) which occurs in excess
of steam. The produced CO, determines the high H,/CO
ratio observed; increasing the S/C ratio in the feed, the
contribution of secondary steam and water gas shift reac-
tions, increases, as revealed by the increase in H,/CO ratio
(from 3.28 to 4.0) and by the decrease in the CO selec-
tivity. However, the CH,; appearance in the system
decreases with increasing the steam content; this evidence
can be related to reforming of formed CH,4 to CO, CO, and
H, by the excess of steam or to a decrease in the

Table 4 OSR activity of Ce,_,Ni,O; catalyst at 650 °C with GHSV = 5000 h™"' and O/C = 1.33

Sample S/C Cs3Hg conversion O, conversion H, concentration H,/  H,/ Selectivity
(%) (%) (%) Co CO,
CcO CO, CH; GCHg¢ CoH; C3Hg
(%) () () (%) (%) (%)
Cep.95Nig 5O, 1.20 100 100 24.4 (25.0) 400 152 3693 6022 2385 - - -
1.00 100 100 24.4 (25.0) 370 144 3765 59.15 320 - - -
0.66 100 100 23.8 (24.8) 328 141 4142 5476 382 - - -
Cep.goNig200, 1.20 100 100 25.00 4.07 157 37.80 59.66 254 - - -
1.00 100 100 25.00 360 152 4120 56.00 280 - - -
0.66 100 100 24.54 300 142 4565 50.62 374 - - -
Cep.ooNig.100, 1.20  99.48 97.70 19.26 2778 135 41.73 4386 4.06 048 7.98 1.89
1.00 99.44 97.35 19.16 242 126 4454 40.88 4.41 0.47 7.86 1.85
0.66 99.40 97.04 19.13 226 124 46.60 38.35 487 042 7.80 1.96

? Numbers in parenthesis are the thermodynamic predicted values
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exothermicity of the reaction that can minimize the C5;Hg
thermal craking (C;Hg — C,H; + CHy).

The present results can be related to the different fea-
tures of the catalysts envisaged from the as reported
characterizations: high dispersion of NiO on catalysts,
undetected by XRD diffraction, presence of metallic Ni
(from XPS and XRD investigations) and the high reduction
degree of NiO, evidenced by TPR study.

Partial oxidation and steam reforming proceed via the
dissociative adsorption of C3Hg and/or O, on metallic sites,
whereas the support provides sites for water activation into
hydroxyl group [39, 40]. NiO highly dispersed on the support
and Ni** incorporated into the ceria lattice becomes addi-
tional sites for the adsorption of C3Hg and O,, more favoured
than H,O adsorption. The surface defect of ceria, related to
the presence of Ce®", are preferential sites for oxygen
adsorption, as a consequence local reducing environment
can be generated able to make the direct interaction of C3Hg
with lattice oxygen over NiO, represented as:

C3Hg + 8Ni*™ + 80%~ — 2CO, + 4H,0 + 8Ni® + 8V**,
(5)

where, V** denotes the oxygen anion vacancies.

Ni?* incorporated into the ceria lattice to form a solid
solution, makes CeO, form oxygen vacancies which can
adsorb gas oxygen, enhancing the C3Hg combustion [20].

A light decrease in the catalyst performance, with the
occurrence of by-products (C,Hg, CoHy and CsHg), was
revealed with CeggoNig200, sample; a substantial lower
H, content, related to the incomplete reagents’ conversion
was observed, along all the investigated S/C ratios. This
evidence can be mainly ascribed to the lower presence of
metallic nickel sites on the catalyst surface, as evidenced
from XPS; while the presence of solid solution can pro-
mote the Cs;Hg total oxidation, in accordance with the
derived H,/CO and H,/CO, ratios.

Very exiguous carbon deposition can be derived with
Ce.95Nig 0502 and Ceg 9oNig 10O, samples at low S/C ratio
in the feed, as emerged from CHNS elemental analysis on
spent catalyst compared with the C amount derived by
calculation of carbon balance and from the observed
invariant pressure drop in the catalytic bed (reported in
Table 5). Whereas, low carbon accumulation (0.154 mmol
for gram of catalyst) was detected with CegggNig 00>
sample that result consistent with the appearance of pres-
sure drop and with the noticeable value (13.5 mmol/g
catalyst) derived from the carbon balance.

Boudard reaction and decomposition of hydrocarbons
are the main pathways for carbon deposition [41, 42], with
the increase of the S/C ratio the equilibrium of water gas
shift reaction moves forward and produces more CO,
rather than CO, as evidenced in Table 4. In presence of
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Table 5 Carbon deposition during the OSR with the Ce;_,Ni,O,
catalysts (GHSV= 5000 h~!, O/C = 1.33, S/C = 0.66)

Sample AP C (mmoli/g C (mmoli/g
(atm)® catalyst) catalyst)”
Ceo.95Nig.0502 0 0.05 0.002
Ceo.80Nig.2002 0 2.00 0.012
Ceo.00Nio 1002 0.05 13.50 0.154

4 Pressure drop measured along the catalytic bed
® From CHNS analysis

solid solution on the catalytic system, the high mobility of
lattice oxygen can contribute to the removal of carbon
species on the surface by the gas-solid reaction between
hydrocarbons with lattice oxygen, forming H, and CO,.
Parallel reactions of the support near the metal-oxide inter-
face, where an oxygen deficient composition was expected,
can favour CO, and H,O conversion (Ce,_,0, + H,O —
CeO, + Hy; Cey_xOp + CO, — CeO, + CO), according
to [43, 44].

3.3 Stability Test of Ceg95Nig 950, Sample

The stability of the catalysts was performed on
Ce.95Nig 050, sample at 650 °C, with O/C = 1.33 and S/
C = 1.20 at a GHSV of 5,000 h™, as shown in Fig. 5. Aim
of the test, carried out with sequential start-up and shut-down
cycles after about 6 h of reaction, was to highlight the phe-
nomena related to the catalyst decay, such as metal sintering
and/or carbon deposition. Total propane and oxygen con-
version was observed along the run with a constant H,
concentration of about 25%, no visible deactivation of the
catalysts was observed throughout the 100 h of reaction.

Transmission electron microscopy investigation, carried
out on spent catalyst confirm, as shown in Fig. 6, the
absence of carbon deposition.

The reported results suggest that excess steam in a tra-
ditional steam reforming process to avoid coke formation,
can be replaced by oxygen over the proposed catalyst,
reducing additional steam cost. Furthermore, OSR could be
carried out in an adiabatic reactor without external heat
supply, achieving the combination of exothermic partial
oxidation and endothermic steam reforming.

The present findings may provide new opportunities for
the rational design of new advanced mixed oxide catalyst
systems for more efficient H, production. The combustion
synthesis method suggests the possibility of producing in a
single stage the oxide precursor of a supported catalyst.
Key aspects, like the preparation of samples with repro-
ducible phases’ composition and catalytic properties,
require further investigations.
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Fig. 6 TEM image of spent Ce( 9sNig 5O, sample after the stability
test

4 Conclusions

We describe the synthesis of Ce;_,Ni, O, (x = 0.05; 0.10;
0.20) catalyst by combustion method. These materials
showed promising catalytic activity in the OSR to generate
synthesis gas. Combined XRD, TPR, XPS demonstrate the
co-existence of three kinds of Ni phase: metallic nickel,
highly dispersed NiO on the surface of CeO, and Ni
incorporated into the ceria lattice. Ceg95Nig 050, sample
showed good stability in absence of carbon deposition
along 100 h of reaction.
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