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Catalytic Partial Oxidation of Methane (CPOM) to synthesis gas was studied over supported NiCu-based
catalysts prepared by wet impregnation procedure. The samples were characterized by means of
X-ray diffraction (XRD), N, physisorption, CO chemisorption experiments, temperature-programmed
reduction (TPR), near edge (XANES) and extended (EXAFS) X-ray absorption spectroscopy. The catalyst
stability was evaluated under severe reaction conditions.

Reduced/preactivated Ni(10%)/Al,03 shows complete CH4 conversion above 700 °C, leading to a H,/CO
ratio of about 2 in the temperature range 850-900 °C. Vice versa, the catalytic activity of the calcined/
oxidized sample is appreciably shifted towards higher temperature. Both calcined and reduced Cu(10%)/
Al,05 present very poor CPOM activity. Noteworthy, the performance of reduced Ni(5%)Cu(5%)/Al;05 is
significantly improved with respect to reduced Ni(10%)/Al,03: the activity of bimetallic system is shifted
by ~150°C towards lower temperatures. Furthermore, temperature-programmed oxidation (TPO)
experiments on CPOM-aged samples showed that carbon deposition on Ni(5%)Cu(5%)/Al,03 is negligible
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1. Introduction

The development of new energy strategy that could be
economically and environmentally sustainable and be able to
meet the demands for a broad range of services (household,
commerce, industry and transportation needs) is an imperative
challenge. In this context, hydrogen is considered one of the key
energy carriers in terms of energy source, as fuel for transporta-
tion and intermediate in the conversion of renewable energy
sources [1].

Its production represents the first step towards the transition to
the hydrogen economy. In the near- and mid-term, hydrogen
production from hydrocarbons seems to be the best choice to
achieve a gradual transition, given that the present infrastructure
can be used and a certain reduction degree of greenhouse gas
emissions can be achieved.

Today hydrogen is mainly produced via Steam Reforming of
Methane (SRM), a process highly endothermic and very expensive,
due to the high heat demand [2]. A promising alternative reaction
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route, which has recently received great attention, is the Catalytic
Partial Oxidation of Methane (CPOM):

CHy + 10, —CO +2H,,  AH°35.c = —35.7kmol .

This process offers many advantages with respect to the
conventional steam reforming: it is a weakly exothermic reaction
requiring lower energy than SRM and it can operate at low contact
times, allowing the use of small reactors [3].

The CPOM reaction was studied over a wide range of
heterogeneous catalysts. Noble metal catalysts [4-12] and non-
noble metal catalysts [13-23] have been reported to be active.
Although noble metal-based systems, particularly Rh-based
catalysts, show higher activity/selectivity and good long term
stability, their high cost and limited availability make more
practical, from industrial standpoint, the development of non-
precious metal-based catalysts. Ni-based systems are very
attractive in this respect. However, one major problem for these
catalysts is the deactivation with time as a result of carbon
deposition, nickel sintering and phase transformation.

Depending on the operation conditions and the type of catalyst
employed (e.g. metal and support nature), two mechanistic schemes
for CPOM were proposed. The first reaction pathway is the Direct
Partial Oxidation (DPO)[24-27],in which CH4 and O, decompose on
the surface of the catalyst followed by recombination of adsorbed
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species to produce CO and Hj as primary products. In this case, CO,
and H,O0 are secondary products, obtained by successive reaction of
the primary products with adsorbed oxygen. The second pathway is
designed as Combustion and Reforming Reactions (CRR) [15,28],
which involves the total oxidation of part of the methane, followed
by reforming of the remaining CH, with the CO, and H,O produced
by the combustion reaction. The water gas shift reaction is also
involved. The CRR pathway is characterized by temperature
gradients along the catalytic bed, since the highly exothermic
combustion reaction takes place at its front, while the other
reactions occur in the second part of the catalytic bed.

Ni-Cu bimetallic catalysts were intensively studied for ethanol
steam reforming [29-34], methane decomposition [35-38],
methane steam reforming [39], methane dry reforming [40],
methanol partial oxidation [41], methanol decomposition [42],
CO and CO, hydrogenation [43,44] and nitrogen oxides reduction
[45]. It was observed that the addition of copper to nickel can
significantly affect the activity, selectivity and stability of the
catalysts. However, up to now, the mechanism of nickel
promotion with copper is still not completely understood and
the correlation between catalytic activity and composition or
nanostructure of NiCu bimetallic systems has not been fully
clarified. In the present study we contributed to the investigation
of NiCu-based catalysts exploiting the possibility to use them for
the CPOM process.

2. Experimental
2.1. Catalyst preparation

Ni/Cu metals were supported on a commercial Al,O3 (Sasol HP
14-150 calc. 900°C x 24 h) by impregnation method using
Ni(NO3),-6H,0 (Puriss. Fluka) and Cu(NOs),-3H,0 (Puriss. Fluka)
as metal precursors.

Briefly, appropriate amounts of Ni(NO3), or/and Cu(NOs3), were
dissolved in ethanol. Aluminium oxide was added to the metal
solution under continuous stirring. The obtained slurry was dried
under vacuum at room temperature and the solid residue was
further dried overnight at 120 °C in air. The material was calcined
in a static oven at 600 °C in air for 5h (heating/cooling rates
3 °Cmin~!). Finally, the resulting powder was pelletized, crushed
and sieved to collect the fraction smaller than 250 pm.

All the catalysts have a total nominal metal loading of 10 wt.%.

2.2. Characterization

BET surface area measurements were conducted using a
Micromeritics ASAP 2020 analyser. N, physisorption isotherms
were collected at —196 °C on 0.1 g of sample, after evacuation at
350 °C overnight.

CO chemisorption experiments were performed on a Micro-
meritics ASAP 2020 after cleaning pre-treatment at 500 °C for 1 h
under O,(5%) in an Ar flow followed by reduction at 750 °C in
H,(5%)/Ar for 2 h and evacuation at 400 °C for 4 h. Typically, 0.5 g
of samples were used and an equilibration time of 10 min was
employed. Adsorbed volumes were determined by extrapolation to
zero pressure of the linear part of the adsorption isotherm (100-
400 Torr) after elimination of the so-called reversible adsorption. A
chemisorption stoichiometry CO:M = 1:1 and a spherical geometry
were assumed.

Powder X-ray diffraction (XRD) patterns of the samples after
calcination and activation/reduction at 750°C for 2h were
recorded with a computer-controlled Philips X'Pert diffractometer
using Cu Ko radiation (A = 0.154 nm). The data were collected at
0.02° in the (26) range from 10° to 100°.

Temperature-programmed reduction (TPR) experiments were
performed on ~30 mg of the calcined materials. The samples were
pre-treated at 500 °C for 1 h by pulsing of O, in an Ar flow every
75 s, then cooled to room temperature (r.t.). The O, pulses were
stopped when the sample temperature was lower than 150 °C.
H,(5%)/Ar was admitted into the reactor and the flow allowed to
stabilise for 30 min before increasing the temperature to 900 °C at
10°Cmin~'. H, uptake was monitored using a Thermal Con-
ductivity Detector (TCD).

Near edge (XANES) and extended (EXAFS) X-ray absorption
spectra were collected at the XAFS beamline at the Elettra
synchrotron facility in Trieste operating at 2.0 GeV and 100-
300 mA. All spectra were recorded at r.t. in transmission mode
with a Si(111) double crystal monochromator and using
ionization chambers as detectors. The resolving power was E/
AE x 10%, and the photon flux at the sample was 10'° photons s~'.
Angle/energy calibration was checked by simultaneously measur-
ing a Ni and Cu metal foil absorption spectrum between the second
and the third ionization chamber. The gas mixtures in the
ionization chamber were chosen in order to optimize signal over
Ni-Cu edges.

XANES spectra were recorded with an energy-sampling step
from 0.1 to 1 eV and an integration time of 2 s per point over the
range 8000-9500 eV for the Ni K edge and 8600-10,200 eV for the
Cu K edge. The spectra at the edge jump were fitted by a linear
combination of the reference materials for the d and the reduced
state of Ni and Cu to estimate the molar fraction of reduced and
oxidized metals [46]. EXAFS spectra were recorded with an energy-
sampling step from 2 to 5 eV, and an integration time of 2 s per
point over the range 8000-9500 eV for the Ni K edge and 8600-
10,200 eV for the Cu K edge. Each EXAFS spectrum was acquired
three times to increase statistics and for the signal-to-noise ratio
optimization. XANES and EXAFS data analysis were performed
with Athena and Artemis programs included in the Ifeffit packages.
In order to obtain the coordination numbers and subsequently an
estimation of particles size accordingly to Ref. [47], EXAFS first
shell analysis was performed on calcined and reduced samples at
Ni and Cu edges. A spherical shape geometry for metal particles
was assumed.

2.3. Catalytic tests

Catalytic experiments were conducted at atmospheric pressure
in a conventional fixed bed reactor (U-shaped quartz microreactor
with internal diameter of 4 mm). Typically, 0.1 g of calcined
sample were used. The temperature of the catalyst was measured
with a K-type thermocouple. Gas flow rates were ~83 mL min~' to
ensure GHSV values of ~50,000 mLg ' h~'. The CPOM feed was
composed of 2.0vol.% CH; and 1.0 vol.% O, diluted in Ar. The
products and reactants were quantified using a HPR20 Hyden mass
spectrometer as detector.

Before testing the catalytic activity, the calcined materials were
pre-treated under 0,(5%)/Ar at 500 °C for 1 h (40 mL min ! and
10 °C min~') and activated by reduction in H,(5%)/Ar at 750 °C for
2h (40 mLmin~! and 10°Cmin~!). The gaseous mixture was
introduced in the reactor at r.t. for 30 min, before ramping the
furnace temperature to 900 °C at 5°Cmin~'. After 20 min at
900 °C, the furnace was cooled to r.t.

3. Results and discussion
3.1. Characterization

Table 1 summarises the main textural properties of the calcined
materials. All samples present Type IV isotherms with hysteresis
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Table 1
Results of N, physisorption at —196 °C on the samples after calcination in air at
600 °C for 5 h after metal impregnation and after aging under CPOM conditions

Sample SBET” @yt Cumulative pore
(m?g™") (nm) volume (mLg™!)
Al 03¢ - 97 47 0.93
Ni(10%)/AL,05 Fresh 84 53 0.73
Aged? 78 55 0.68
Cu(10%)/Al,04 Fresh 80 56 0.77
Aged? 77 57 0.75
Ni(5%)Cu(5%)/Al,03 Fresh 82 55 0.71
Aged? 79 55 0.70

¢ BET surface area.

> Pore diameter: maximum of the pore distribution.

¢ Pre-calcined at 900 °C for 24 h.

4 Aged under CPOM condition in a run-up experiment + 65 h at 900 °C.

loops, typical of mesoporous materials [48]. The t-plot analysis
indicates that the microporous volume is always negligible, while
the BJH analysis reveals that the materials have a pore distribution
centred approximately at 55 nm. All the supported metal catalysts
have a specific surface area of ~80 m? g~. The lower surface area
and pore volume of the impregnated samples with respect to bare
Al,03 is consistent with the relative high metal loading (10 wt.%).
Notably, the pre-calcination treatment of the Al,O3 support at
900 °C for 24 h leads to a significant decrease of surface area from
156 to 95 m? g~ '. However, after this sintering, minor changes are
observed under CPOM conditions. Certainly, the use of diluted
reactants significantly minimizes possible local overheat con-
tributing to the prevention of sintering. Nevertheless, we cannot
completely role out some support sintering due to the fact that the
presence of porous carbonaceous deposits could in theory
compensate an eventual loss of support surface area. However,
the differences are small and we prefer to avoid speculating on
these aspects.

Powder XRD patterns of the samples after calcination and after
activation in H, are presented in Fig. 1. Overlapping of the XRD
peaks of the transitional aluminas complicates phase attribution,
as does the low crystallinity of the support. However, the presence
of y-Al,05 and 6-Al,05 is evident, consistently with the medium
calcination temperature [49]. Notably, a-Al,03 is absent, in
accordance with the relative high surface area of the samples [49].

The XRD patterns of the calcined Ni(10%)/Al,03 and Cu(10%)/
Al,03 show the characteristic peaks of NiO (JCPDS 14-0481) and
CuO (JCPDS 80-1268), respectively, in addition to those of the
support. Average crystallite diameters of 7-8 nm for NiO and
25 nm for CuO were calculated applying the Scherrer’s equation to
the main reflections of the two oxides. Notably, partial overlapping
of the aluminas peaks with those of the metal oxides can lead to
partial overestimation of the crystallite size. Other phases related
to Ni and Cu were not identified. In the case of the bimetallic
sample, the XRD pattern indicates the formation of a solid solution
with cubic structure (as for NiO). In fact, the addition of Cu leads to
a shift towards higher angles of all the NiO diffraction peaks
(Fig. 1).

After activation in H, at 750 °C, the XRD patterns of Ni(10%)/
Al,O3 and Cu(10%)/Al,03 exhibit the presence of the metallic
phases with cubic structure (JCPDS 04-0850 and JCPDS 04-0836,
respectively). The reflection broadening suggests an average
crystallite diameter of 9-10 nm for Ni and 44 nm for Cu. In the
case of Ni(5%)Cu(5%)/Al,05 sample, the reduction leads to the
formation of an alloy that maintains the cubic structure: in fact, the
XRD pattern shows diffraction peaks in an intermediate position
between that attributable to metallic Ni and Cu (see Fig. 2A). No
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Fig. 1. XRD powder diffraction profiles of Ni(10%)/Al,05 (a), Ni(5%)Cu(5%)/Al»03 (b)
and Cu(10%)/Al;03 (c) after calcination at 600 °C for 5 h (A) and reduction at 750 °C
for 2 h (B). The XRD profile of the starting Al,Os is reported for comparison. (O) NiO,
() NiCuOy, (O) CuO, (@) Ni, (W) NiyCuy_,, and (M) Cu.

other Ni or Cu species were detected in the XRD patterns of the
reduced samples, although the presence of other phase (such as
oxides or aluminates) with a high dispersion or below the
detection limit cannot be excluded. Fig. 2B presents the
comparison between the calculated cell parameter a of the
metallic phases (obtained from the position of the (220)
reflection) and the tabulated values for Ni and Cu and the
theoretical value calculated using the Vegard’'s law for an alloy
with composition Nigs,Cugsg (calculated from the nominal
loading of the two metals). For Cu, there is a good agreement
between the two values, in accordance with the large crystallite
size observed. Otherwise, the cell parameter of Ni and Nig 5,Cug 45
is larger than their theoretical values. For Ni and Cu nanoparticles
obtained by evaporation, a significant nearest-neighbour distance
contraction was reported by Apai et al. [50]. On the other hand,
Duan and Li [51] observed an expansion of the cell volume for Ni
nanoparticles, as a result of the distortion of the surface atoms
induced by the nanometric dimension of the particles. In this case,
they attributed this result to the passivation/surface oxidation of
the nanoparticles by atmospheric oxygen. A similar situation could
be present also in our samples. Moreover, in the case of the reduced
Cu(10%)/Al,03, the presence of the passivating layer should not be
observable due to larger dimensions of the crystallites.

EXAFS and XANES spectra provides useful information regard-
ing the properties of the investigated samples. Normalised X-ray
absorption coefficient of photoabsorber in a sample can be
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Fig. 2. (A) Detail of the range 26 = 70-80° of the XRD patterns of the reduced samples, showing the shift of the (2 2 0) reflection with the composition; (B) trend of the
calculated cell parameter a with the composition of the metal phase, in comparison with the theoretical value.

described as linear combination of all possible different chemical
species (standard). In fact, by linear combination of the normalised
XANES spectra of the standards, it was possible to reconstruct the
normalised spectra of the samples and to find out weighted
fraction of every component in both the calcined and reduced
materials. It must be pointed out that the reduced samples were
left exposed to air prior to the XAFS measurements for a few
months. This leads to a significant difference between the
information from the ex situ XRD, obtained immediately after
the reduction treatment, and those from XAFS. Notably, the
reduced samples show catalytic activity only above 400 °C. This
means that the exposure of the reduced catalyst to the reaction
mixture containing oxygen from r.t. significantly modify the
oxidation state of the metal phase before the reaction (see below).

Fig. 3A shows XANES linear combination results of calcined
Ni(10%)/Al,03, with metal foil and NiO as standard, indicating that
the sample is composed almost exclusively by NiO (supported on
Al,03). The reduced system after prolonged exposure to air
(Fig. 3B) appears to be composed mainly by metal Ni(65%) and
NiO(35%). This result indicates an easy surface oxidation/passiva-

tion of the Ni nanoparticles. EXAFS analysis of the calcined sample
reveals a very low C.N. for the first Ni-O shell, indicating a very
high dispersion of the oxide nanoparticles. This is partially in
contradiction with the crystallite size obtained from XRD. This
difference can be interpreted on the bases of the intrinsic
characteristics/limitations of the two techniques: in fact, while
EXAFS technique can average over all particles, the XRD data
overestimates the contribution of the bigger and more crystalline
particles with respect to the small and amorphous particles [52].

Fig. 4A reports XANES linear combination results of calcined
Cu(10%)/Al,03 indicating that Cu is mainly present as CuO. EXAFS
first shell analysis gives a coordination number typical of bulk CuO
(Table 2). The comparison of the Fourier transform of the outer shell
with that of standard CuO evidences only a weak decrease in module
intensity. These results are consistent with the XRD outcomes and
indicates the presence of bulk CuO particles more likely with some
anisotropy in the shape. After reduction, the Cu(10%)/Al,03 system
(Fig. 4B) contains both metal Cu(37%) and CuO(63%). The first
coordination shell clearly shows the contribution of both the Cu-O
shell of CuO and of the first Cu-Cu shell of metal Cu. The EXAFS fitting
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Fig. 3. Ni K-edge for Ni(10%)/Al,05: experimental and fit of the XANES spectra for the calcined (A) and reduced at 750 °C for 2 h (B) samples and experimental and fit of the

imaginary part of the EXFAS signal for the calcined (C) and reduced (D) samples.
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Fig. 4. Cu K-edge for Cu(10%)/Al,03: experimental and fit of the XANES spectra for the calcined (A) and reduced at 750 °C for 2 h (B) samples and experimental and fit of the

imaginary part of the EXFAS signal for the calcined (C) and reduced (D) samples.

Table 2
Structural parameters derived from the EXAFS analysis

Fig. 5 reports the results of XANES linear combination fitting at
Ni and Cu edge of the calcined and reduced Ni(5%)Cu(5%)/Al,03

Sample Calcined Reduced? sample. Notably, these XANES features could not be fully fitted by a

M-O(nm) CN. M-M(nm) CN. M-O(nm) CN. linear combination of the XANES spectra of the standards. The fact

that the XANES features are not completely reconstructed suggests

?1((11%7;))//';“\112%3 gfgg gg gggi ;; 8?32 }‘g the presence of at least another phase, which cannot be fitted by
ul % 203 L o b B b d . . .

Ni(5%)Cu(5%)/ALOS>  0.195 R S0 mime e means of a combination of the pure standards. Consistently, XRD

2 After treatment in flowing Hp(5%)/Ar at 750 °C for 2 h and exposure to air for a
few months.
b Results for the analysis of the Cu edge (see text).

of this first coordination shell gives a low coordination number
(Table 2), suggesting the presence of highly dispersed small Cu-CuO
core-shell nanoparticles. Consistently XANES analysis indicates that
the major part of Cu is oxidized.

analysis points out the formation of a solid solution between NiO
and CuO in the calcined system and of an alloy in the reduced one.
In the calcined sample (Fig. 5A and C), the experimental data were
fitted using a combination of the XANES spectra of NiO and CuO.
The present data do not disagree with the formation of a solid
solution between the two oxides. However, the fitting limitations
(see above) do not allow further indications. In the case of reduced
system (Fig. 5B and D), the best linear fitting at both edges shows a
mixed composition dominated by the oxidized metals (~70% in
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Fig. 5. Ni/Cu K-edges for Ni(5%)Cu(5%)/Al,05: experimental and fit of the XANES spectra of the Ni XANES for the calcined (A) and reduced at 750 °C for 2 h (B) samples,
experimental and fit of the XANES spectra of the Cu XANES for the calcined (C) and reduced (D) samples and experimental and fit of the imaginary part of the Cu EXFAS signal
for the calcined (E) and reduced (F) samples.
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Table 3
Metal dispersion, metallic surface area and particle size obtained from CO
chemisorption

Sample Metal Metal surface Particle
dispersion (%) area (m?g ') size (nm)?
Ni(10%)/A,05 44 2.87 23
Cu(10%)/Al,05 24 1.55 43
Ni(5%)Cu(5%)/Al,05 41 2.67 25

2 Assuming a spherical geometry and CO:M = 1:1 stoichiometry.

both cases). This fact suggests that the surface oxidation/
passivation is not selective and presumably a mixed oxide is
formed as a shell around a residual core of the NiCu alloy. Notably,
only the Cu EXAFS signal of the bimetallic system can be analysed
because of the adjacent position of Ni and Cu edges, which limits
the extension of the Ni edge to only 600 eV. A low coordination
number for Cu-Cu is obtained in the reduced sample further
suggesting the formation of a small metallic core, in agreement
with the high amount of oxide species revealed by XANES.

In order to further investigate the accessibility of the metal
nanoparticles, CO chemisorption experiments were performed.
The data reported in Table 3 indicates that Ni and NiCu systems
present comparable exposed metal surface area, while the Cu
system has a very low metal dispersion. The average metal particle,
estimated by assuming a spherical geometry and a CO:M ratio of
1:1, is significantly higher with respect to the crystallite size
obtained from the XRD. This can be interpreted considering that
the particles are composed by more crystallites and by the fact that
part of the particles are in contact with the support. The trend
confirms that the Cu particles are significantly bigger than those of
the other two samples.

The TPR spectra of the investigated samples are shown in Fig. 6.
Even though the position of the reduction peak strongly depends
on many important parameters, such as the particle dimensions or
the interaction strength between metal particles and the support,
the TPR patterns of pure NiO, CuO, Cu,0O and NiO/CuO physical
mixture are also reported for qualitative comparison.

Calcined Ni(10%)/Al;03 displays a broad multipeak reduction
profile in the temperature range 400-800 °C. This suggests the
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Fig. 6. TPR profiles of calcined Ni(10%)/Al,05, Cu(10%)/Al,05 and Ni(5%)Cu(5%)/
Al,O5 after standard cleaning procedure. In the inset, the TPR profile for the
reference materials are reported for comparison.

presence of a mixture of NiO, species originated by the different
interaction of NiO particles with the Al,03 support. Furthermore,
the different reduction temperature could be partially ascribed to a
different dimension of NiO particles. Generally, on Ni-based
catalysts the low temperature H, uptakes are attributed to the
reduction of the NiO particles weakly interacting with the support,
while the high temperature ones are assigned to the reduction of
NiO species in intimate contact with the support and/or forming
new species such as NiAl,04 [53-55]. Calcined Cu(10%)/Al;03
shows two reduction peaks at 130 and 180°C. These two
components are shifted towards lower temperature with respect
to pure bulk CuO, which exhibits two reduction peaks at
significantly higher temperature (in our case at 240 and 315 °C).
Also pure bulk Cu,0 presents a single reduction peak at higher
temperatures, in our case at 350 °C. Consistently with the XRD
data, the TPR profile of the calcined Cu(10%)/Al,05 suggests the
absence of Cu,0. Even though the selection of adequate baseline is
not straightforward, H, uptake supports the presence of CuO. The
comparison of the TPR profile of Ni(5%)Cu(5%)/Al,03 with that of
Ni(10%)/Al,03 clearly indicates that the addition of Cu strongly
promotes Ni reduction. In fact, even a physical mixture of bulk NiO
and CuO shows a significant promotion of the NiO reduction.
Consistently, the supported bimetallic system presents a sharp
reduction peak at about 160 °C, which can be associated with the
reduction of Cu in well-dispersed mixed oxide species. Further-
more a broad peak at intermediate temperature (about 350 °C) is
observed. This latter process can be associated with the reduction
of Ni-based species promoted by the presence of metallic Cu [40].
Finally, a minority reduction contribution is observed at high
temperature, which could be either related to the presence of
traces of Ni oxides species strongly interacting with the Al,O3 or to
some kind of buoyancy effect.

3.2. Catalytic activity

The contribution of Al,03 to CPOM is marginal under our
experimental conditions. In fact, on bare Al,0O3 (data not reported)
the conversion of CH4 and O, starts only above 650 °C leading to
maximum CH,; and O, conversions of about 30% and 85%,
respectively (at 900 °C).

Fig. 7 reports the activity profile of calcined (A) and reduced (B)
Ni(10%)/Al,03 under CPOM conditions. In the case of Ni(10%)/Al,03
after activation in H, at 750 °C, O, is consumed between 200 and
300 °C while this does not occur for CH4. No products are detected
in this temperature range indicating the oxidation of reduced Ni
particles to NiO, species as previously reported [56]. At about
340 °C, CH4 and O, start to be simultaneously converted. Up to
620 °C, temperature at which O, conversion reaches 100% and CH,4
conversion is approximately 25%, CO, and H,O are the only
observed products. This is consistent with the occurrence of total
combustion of CH4. At the “critical temperature” of 710°C, a
transient process takes place: a steep increase in CH,4 conversion is
detected. This is accompanied by the formation of additional CO,
and H,0, and simultaneously, H, and CO sharply increases. Above
710 °C, H, and CO yields rapid increase until they reach their
maximum theoretical value, while CO, and H,O0 yields decrease to
zero. The transient phenomenon described above is also detected
in the case of calcined Ni(10%)/Al,03. However, consistently with
the fact that the Ni is already oxidized, the low temperature O,
consumption is not observed and the reactivity is shifted to higher
temperatures (~100 °C). The conversions of both CH4 and O, start
only above 450 °C, increasing with the rise of temperature up to
775 °C when they become complete. No modification of the
catalytic activity was observed during the second run-up experi-
ment up to 900 °C on both the systems.



L. De Rogatis et al./Catalysis Today 145 (2009) 176-185

182
kl||||||Il||||||lll|||||ll||||||\J||||||l|||||}1|||Il||ll||||IJ||||||||||||||Il||||||l
(A) (B)
" H
N H2 ] 2
H T T H
' g :
. g .
= : § :
£ : H :
.
: | E |
£ . o '
= : 100 200 300 400 '
g : Temperature (°C) :
o . e : o~ a—
'a% cH, :’co|CH, i CO
@ . .
2 ¢
=
02
coO
2 <0 co21
- __,....-:::\Wéil_ —— S PRy, AT Y Y S—
p b b b b b b b e
200 400 600 800 200 400 600 800

Temperature (°C)

Fig. 7. Catalytic Partial Oxidation of Methane over reduced (A) and calcined (B) Ni(10%)/Al,05. Conditions: CH4(2.0%) + 05(1.0%) in Ar and GHSV = 50,000 mLg ' h~".

Calcined and reduced Cu(10%)/Al,03 show very poor CPOM
activity as depicted in Fig. 8. The CH4 and O, conversions begin
around 350 °C, being CO, and H,0 the only detected products up to
700 °C. Above this temperature, H, and CO formation is also
observed. Notably, the complete conversion of CH4 is never
achieved (~60% at 900 °C), while O, conversion reaches 100%
at 600 °C. During the second run-up experiment, H, and CO
yields decrease significantly suggesting catalyst deactivation. The
observed deactivation could be reasonable related to metal
sintering since Cu has a low coking tendency [40,57].

The catalytic performance of Ni(5%)Cu(5%)/Al,03 catalyst
(Fig. 9) is very promising. On the reduced sample, O, consumption
is observed at considerably lower temperature (~45°C) with
respect to the Ni-only system. This consumption continues up to
about 270 °C and it can be related to the partial oxidation of NiCu
alloy particles. The concomitant conversions of CH, and O, start
above 320 °C. Up to 540 °C, only CO, and H,O0 are detected. At this
temperature, complete conversion is achieved for O, and,
simultaneously, H, and CO sharply increases. It is interesting to
note that, in the case of Ni(10%)/Al,0s, the O, conversion reaches
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100% before the “critical temperature” but this does not occur for
bimetallic system. At 540 °C, CH4 conversion rapidly increases
reaching 75% and becomes complete only above 750 °C. Over non-
reduced Ni(5%)Cu(5%)/Al,03, the sharp syngas production kick-off
is shifted towards higher temperature of about 50 °C (~590 °C).

Stability tests on Ni(10%)/Al,03 and Ni(5%)Cu(5%)/Al,03 were
conducted under reaction conditions at 900 °C for 65h. The
Cu(10%)/Al,03 was not investigated due to its poor activity. No
appreciable deactivation was observed for both systems, mainly
because of the diluted reaction conditions. However, performing a
temperature-programmed oxidation (TPO) of the aged samples,
CO, evolution was observed only for Ni(10%)/Al,05 indicating the
presence of carbonaceous deposits on the catalyst surface (Fig. 10).
This is consistent with the well-known ability of Ni to promote
coke formation, even in the form of long filaments [58].

Partial oxidation of methane over Ni/Al,03 was extensively
studied in literature [15,17,19,21,56,59-64]. Using the pulse
method, temperature-programmed surface reaction (TPSR) and
XRD techniques on Ni(8 wt.%)/a-Al, 05, it was proposed by Jin et al.
that the reaction follows a mechanism in which Ni° is first oxidized
to NiO [56]. Over NiO, the complete combustion of CH,4 takes place.
At a certain critical temperature, besides the complete oxidation of
methane, the reduction of NiO into Ni°® by CH,4 occurs, leading to
the formation of additional CO, and H,O. This nickel valence
change represents the driving force, which transforms the reaction
from the complete oxidation to the partial oxidation of methane.
Ni® species constitute the active sites for the CPOM.

Our experimental data for Ni(10%)/Al,03 catalyst are in
agreement with this scenario. XRD and XANES revealed that the
calcined Ni(10%)/Al,03 contains essentially NiO well dispersed on
the surface. On the other hand, the reduced sample contains Ni°
nanoparticles, which react with O, during CPOM experiments up to
350 °C, producing a system similar to that observed by XANES
(reduced sample exposed to air for a few months). The complete
combustion of CH4 takes place on NiO as previously reported [56,60],
while the reforming of CH, is promoted by Ni reduced in situ at high
temperature. In the case of the reduced Ni(10%)/Al,03, the catalyst is

active at lower temperature because of the presence of residual
reduced Ni, which could activate CH4 for the combustion.

In order to corroborate the reaction mechanism described
above, we performed additional experiments on the reduced
Ni(10%)/Al,03 sample (Fig. 11A and B). After the run-up experi-
ment (solid line in Fig. 11A analogous to Fig. 7B), the catalyst was
cooled down to 380 °C under the reactant mixture (dotted line in

TITT I T [T I T T[T T T[T T[T T T[T T[T [ TITTy

Mass Signal (arb. units)

ETI RN ANENIREENI FERRE ANENE ERRR RN E ARERE
200 400 600 800
Temperature (°C)

Fig. 10. Temperature-programmed oxidation (TPO) experiments on samples aged
under CPOM conditions (as reported for run-up experiments) at 900 °C for 65 h:
(bold line) Ni(10%)/Al,03 and (dotted line) Ni(5%)Cu(5%)/Al;03.
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Fig. 11A and B). Then, a second run-up experiment was carried out
(solid line in Fig. 11B). The data clearly indicate that the reactivity
is strongly different. Indeed, during the second run-up experiment,
the 710 °C “critical temperature”, which characterizes the first
run-up experiment, is not observed. It is reasonable to attribute
this behaviour to the absence of NiO species on the catalyst surface
after high temperature treatment (reducing conditions). The trend
of the H,0 and CO, signals could suggest a CRR mechanism. In the
380-450 °C temperature range, water is consumed via the steam
reforming reaction, while the CO, signal remains almost constant.
Only above 450 °C, the CO, signal starts to decrease due to the dry
reforming process, which becomes operative. Furthermore, if the
reduced Ni(10%)/Al,03 sample is heated under inert atmosphere
up to 655 (55 °C below the “critical temperature”) and exposed
to the reactant mixture, complete conversion of CH4 and O is
instantaneously achieved as shown in Fig. 12. This fact
further supports the idea that Ni° species on the catalyst surface
promote CPOM.

Several parameters have to be taken into account to fully
discuss the origin of the catalytic performance observed over the
bimetallic system. Generally, the different catalytic behaviour of
NiCu-based systems has been discussed in terms of two mechan-
isms: an electronic effect and a geometric effect [65-69]. The
former is related to the differences of electronic properties of Ni-
Cu alloy in comparison with individual metals. Instead, the latter
effect is related to the fact that reactions such as CH, activation are
structure-sensitive and there is a dependence on the catalyst
particle size. Particles with different shapes or sizes expose
different surface planes to the reactant and each of them can show
a peculiar catalytic activity due to different active sites involved.
These aspects require further investigation.

The run-up experiments on NiCu-based catalyst suggest that
the reaction pathway is similar to that observed for Ni(10%)/Al,05
implying, also in this case, a change in the oxidation state of the
metals. Noteworthy, the maximum H,/CO ratio of about 2 is
achieved at ~750 °C, while on Ni(10%)/Al,03 temperatures higher
than 850 °C are required. The major advantage of Cu addition into
the formulation of the catalyst is the strongly reduced deposition of
coke. It was previously reported that coke deposition is strongly
influenced by the particle size of Ni, being strongly favoured on
particles larger than 7 nm [70]. This fact indicates that coke
deposition requires a sufficient number of adjacent sites for carbon

growth. Moreover, Chin et al. [71] reported that the addition of Au
to Ni-based catalyst for hydrocarbon steam reforming prevents the
catalyst deactivation, presumably by adsorption of Au on steps and
edges of the Ni surfaces, sites that also represent the nucleation
sites for coke deposition. Similar could be the situation in our NiCu-
based system, suggesting that the effect of Cu could be mainly
geometric. In fact, the formation of a Ni-Cu alloy could be
responsible for the blocking or decrease of the sites involved in the
carbon growth, as previously discussed by Reshetenko et al. for
high temperature methane decomposition [38]. Therefore, Cu in
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the Ni/Al,O3; system should act as a stabilizing agent due its
structure-forming properties.

4. Conclusions

The present study highlights the promising performance of
supported NiCu/Al,03 systems for hydrogen production through
CPOM. In particular the main findings can be summarized as
follows:

e The impregnation of alumina with Ni or/and Cu nitrates,
followed by calcinations, leads to the formation of metal oxides.
XRD, CO chemisorption and XAFS data indicate higher metal
dispersion in the case of Ni and NiCu systems, while relatively
lower dispersion is observed for the Cu(10%)/Al,03 system.

e The interaction with the support and the concomitant presence
of the two metals strongly promotes the reducibility of the
material.

o Easy passivation/reoxidation of the reduced supported metals
was observed.

e The activity results for Ni(10%)/Al,03 and Ni(5%)Cu(5%)/Al,03
are consistent with a reaction scheme which involves first the
oxidation of metallic species at low temperature (<300 °C)
followed by a second step in which the metal oxide particles are
reduced at a “critical temperature”. Total combustion of CH,
occurs on the oxidized particles, while partial oxidation, with H,
and CO production in a ratio 2 to 1, is operative on reduced
particles.

e A significant lowering of the light-off temperature (temperature
corresponding to 50% conversion) is observed for the bimetallic
system. This improvement is associated with the formation of an
alloy between Ni and Cu. The formation of the alloy strongly
reduces the coke deposition under CPOM conditions, increasing
the life-time of the catalyst.
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