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Abstract

The partial oxidation of methane to syngas was studied in this work over Ni-containing ceria catalysts with nickel content
of 5, 10 and 20 at.% at atmospheric pressure. All catalysts, in the as prepared state, showed similar activity and CO selectivity
at7T > 550°C. Catalyst pre-reduction was not required. Reaction mixtures were dilute, containing 3 mgléhCH5 mol%

0. Methane conversion and CO selectivity approached their respective thermodynamic equilibrium values alghvEHs50

H,/CO ratio was equal to 2 §t > 600°C. In the range 0.54-0.04 g s/8fBTP), contact time effects were absent in partial
oxidation of methane over the 5 at.% Ni—Ce(La)talyst. The phase composition, nickel dispersion and carbon deposition

on the catalysts were investigated by various characterization techniques, including XRD, STEM/EDS, XPS and TPO analyses.
The 5 at.% Ni—Ce(La)Qcatalyst, comprising highly dispersed nickel oxide in ceria, showed excellent resistance to carbon
deposition and stable performance during 100 h-on-stream 4C6%In the other hand, high-content (>10 at.%) nickel in

ceria, comprising both dispersed nickel and bulk nickel oxide particles, was unstable even after a much shorter time-on-stream;
carbon deposition was clearly the cause of this performance instability. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction has been under intense study [1-9] as a potential al-
ternative to the highly endothermic steam reforming
Natural gas is the cleanest fossil fuel and the most process. Adoption of POM would result in energy sav-
desirable feedstock for chemicals production. Steam ings. The stoichiometry of reaction (1) with a product
reforming of natural gas is widely used to produce molarratio ib/CO = 2, is suitable for Fisher—Tropsch
synthesis gas for various chemicals. The catalytic par- and methanol synthesis. Of course, in conjunction with

tial oxidation of methane (POM) to synthesis gas: the water—gas-shift reaction, POM may be used to
produce H for fuel cell applications.
The first-row transition metals (Ni, Co and Fe)
CHy + 30, - CO+2H :
4T v 2 [2-5] and the noble metals (Ru, Rh, Pd, Pt, Ir) [1,6-9]
(AH = —22.2kJ/mol, 1000K) M) have been reported as active catalysts for the partial
oxidation of methane. Several problems, including
the pyrophoric nature and deactivation of these cata-
* Corresponding author. lysts remqin to be solved. The Ni—bgsed catalyst is the
E-mail addressmstephanopoulos@infonet.tufts.edu most studied one for POM due to its low cost. How-

(M. Flytzani-Stephanopoulos). ever, a rapid deactivation due to carbon deposition
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or metal loss at high temperature has been reportedtemperature-programmed oxidation, on-line NDIR—
for nickel catalysts. Carbon deposition mainly comes CO, analysis, and post-reaction surface analysis of
from methane decomposition: GH> Cs+2H>; and the catalysts. Selected samples were characterized by
CO disproportionation: 2CG> Cs+CO,, where G XRD, XPS and STEM/EDS.
refers to surface carbon. The former dominates at
high temperature, while the latter is a low-temperature
pathway to carbon. Claridge et al. [10] showed that 2. Experimental
methane decomposition is the principal route for
carbon formation over a supported nickel catalyst Bulk Ni—Ce(La)Q. catalysts were synthesized
at the typical methane partial oxidation temperature by the urea coprecipitation/gelation method using
of 1050 K. Both ‘whisker’ and ‘encapsulated’ forms metal nitrates and urea [30,38]. This method pro-
of carbon were present on a catalyst with a high Ni vides well-dispersed and homogeneous mixed metal
loading. Recent studies have focused on developing aoxides. Supported Ni/Ce(La)Ocatalysts were pre-
highly active and stable catalyst for partial oxidation. pared by impregnation of Ce(La)Qitself prepared
Different additives were studied for the Ni—-A)3 by the urea coprecipitation/gelation method, with
system [11-14]. Mixed metal oxides, NiO-MgO solid a solution of nickel nitrate of appropriate concen-
solutions [15-17], Ni-BaTi@[18], Ni-Mg—Cr—La—-O tration, corresponding in volume to the total pore
[19] and CagSro2Ti1oNip2 [20] mixed oxides, volume of the support (incipient wetness). For the
were reported to be highly active and selective cat- materials reported in this work, the pore volume was
alysts at high space velocity (301f mligh) and about 0.10 crivg. All catalysts were calcined in air at
high temperature (>70€) with improved carbon  650°C for 3h. The dopant level in all materials is ex-
resistance. pressed in atomic metal percent, e.g. for lanthanum,
Ceria, a stable fluorite-type oxide, has been studied as Lg/(La + Ce) x 100%.
for various reactions utilizing its redox properties, For bulk composition analysis, the catalyst pow-
which can be further enhanced in the presence of ader was dissolved in a 70% HNOacid solution
metal or metal oxide [21-27]. Ceria-based materials, (A.C.S. reagent) and diluted with deionized water.
such as CuO—Cef) have been mostly examined as The resulting solution was analyzed by inductively
active catalysts for total oxidation, such as CO oxida- coupled plasma (ICP) atomic emission spectrometry
tion [25,28-31] and Chl combustion [24,29,30,32].  (Perkin Elmer Plasma 40). The BET surface area of
Recently, Otsuka et al. [33-35] showed that ceria the sample was measured by single-poiatadsorp-
is able to directly convert methane to syngas with tion/desorption on a Micromeritics Pulse ChemiSorb
H>/CO = 2 at temperatures higher than 60 Ceria 2705 instrument. X-ray powder diffraction (XRD)
has also been examined as a promoter of both theanalysis was performed on a Rigaku 300 instrument.
activity and selectivity of supported Ni or Pt catalysts Copper kx1 radiation was used with a power setting
for partial oxidation of methane [11-12] or GQe- of 60 kV and 300 mA. The surface composition of the
forming of methane [36,37]. Ceria-supported Ni with catalysts was analyzed by X-ray photoelectron spec-
high Ni-loading (13 wt.%) was reported by Tang et al. troscopy (XPS) on a Perkin Elmer 5100C system. All

[17] to be an active catalyst for POM @&t = 750°C. measurements were carried out at room temperature
However, this catalyst rapidly deactivates due to without any sample pre-treatment. Binding energies
carbon deposition. were adjusted relative to Cls at 284.6eV. A magne-

In this paper, we report on the activity/selectivity sium X-ray source was primarily used in this work.
and stability of Ni-ceria catalysts, with Ni content The X-ray generator power was typically set at 15 kV
ranging from 5 to 20 at.% (corresponding to 2.5-10 and 20 mA. The catalyst microstructure was studied
wt.%), for the partial oxidation of Cldto syngas by a Vacuum Generators HB 603 scanning trans-
in the medium-high temperature range 550100  mission electron microscope (STEM) equipped with
at atmospheric pressure. Parametric studies in-a X-ray microprobe of 0.14nm optimum resolution
cluded the effect of contact time and catalyst for energy dispersive X-ray spectroscopy (EDS). The
pre-reduction. Carbon deposition was checked by catalyst powder was dispersed on a nickel or copper
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grid coated with a carbon film and elemental maps same stream to room temperature. The catalyst was
were obtained on a 128 128 data matrix. then flushed with He for 15 min and heated in a 2%
Reaction tests were conducted in a packed-bed CHs—He gas mixture at a heating rate 6{C3min to
qguartz microreactor tube .. 1cm) operated  750°C. The flow rate of the reducing gas was typi-
isothermally at atmospheric pressure. Typically, cally 50 cn#/min (STP). The effluent gas composition
300 mg of sample in fine powder form:(50pnm) was was followed by MS.
loaded on the quartz frit in the center of the reactor. = Temperature-programmed oxidation (TPO), carried
The reactor tube was heated inside a Lindberg electric out in the TGA, was used to check for carbon depo-
furnace. The temperature was measured by a quartzsition on the used catalysts. About 10 mg sample was
tube-sheathed K-type thermocouple placed at the top loaded in the quartz pan. The sample was pre-heated

of the packed bed, and was controlled by a Wizard
temperature controller. Feed gases with,08p = 2
were mixed and diluted with He upstream of the reac-
tor. Dilute gas mixtures were used (3% @+t a typ-
ical flow rate of 100 criymin (STP). The reactor was

operated isothermally. The reacting gases were all cer-

tified calibration gas mixtures with helium (99.999%,
Middlesex), used without any further purification.

to 400°C for 30 min in He, then cooled down to room
temperature. TPO began by heating up the sample in
5% O,—He (200 cri/min) at a heating rate of&/min.

The weight change of the catalyst was recorded up to
800°C. TPO was also runin the microreactor (20%0
He, 50cni/min, heating rate SC/min) with the
product gas monitored for GOby an on-line non-
dispersive infra-red (NDIR) analyzer (Beckman 864).

The feed and product gas streams were analyzed by a

HP 6890A gas chromatograph (GC) equipped with a

TCD detector. A packed column, Carbosphere 80/100 3. Results and discussion

(Alltech), was used to separate @HCO, CGQ and

O,. Occasionally, a molecular sieve 5A column (All-
tech), which separates,HO,, CH; and CO, was used
to check the H/CO ratio. A cold trap at the outlet of

3.1. Catalyst composition and activity

In this work, all catalysts were doped with4 at.%

the reactor was used to condense out any water fromlanthanum. La dopant was used to achieve high sur-
the product gas stream. Since very dilute gas mixtures face area and nanocrystalline ceria [24], which is

were used, the CO yield, Y-CO, was calculated from
the ratio of CO produced to methane inlet concentra-
tion without any volume correction. The selectivity
to CO, S-CO, is defined as Y-CO/X-GHwhere the
latter term is the methane conversion.
Temperature-programmed reduction (TPR) of the
as-prepared catalysts in a @HHe gas mixture was
carried out in a Cahn TG 121 thermogravimetric ana-
lyzer (TGA). Samples were preheated to 300n a
5% O,—He mixture (200 criymin) for 30 min. After
cooling down to room temperature in the,-He
mixture followed by flushing in He for 15min, TPR
in a 5% CH—He mixture began. A heating rate of
10°C/min was used. The catalyst weight change in
the TGA was continuously recorded up to 760
CHs—TPR was also conducted in the microreactor
with on-line mass spectrometry (MS) using a resid-
ual gas analyzer (MKS-model RS-1). For this study,
150 mg of catalyst was loaded into the quartz tube
reactor. The catalyst was pre-treated in 10%-Be
at 500C for 30min and then cooled down in the

denoted as Ce(La)Othroughout the paper. Table 1
lists the BET surface area of various catalyst compo-
sitions, and particle size determined by XRD. Also,
Table 1 shows the effect of La addition on the lattice
parameter of ceria. Oxide solid solution was formed
in La-doped Ce® with a dopant level of 4-20 at.%
[39]. For the 5at.% Ni—Ce(La)Q only the fluorite
oxide-type structure was identified on this sample, as
shown in Fig. 1. No separate NiO phases were dis-
cernible by XRD. However, STEM/EDS elemental
mapping of the as prepared 5 at.% Ni-Ce(La)Big.

2) identified nickel clusters well dispersed within the
CeO matrix. Therefore, at low Ni content, nickel
oxide was present in ceria, but, in nanoparticle form.
At higher metal contentx10at.% Ni), bulk NiO
particles (~20 nm) were also present, as identified by
both XRD and STEM/EDS (Figs. 1 and 2). The ceria
lattice parameters obtained from the XRD reflec-
tions of Ni-Ce(La)Q catalysts are shown in Table 1.
These values are close to the lattice parameter of
Ce(La)Q., within experimental error. Furthermore,
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Table 1
Physical properties of ceria-based catafysts
Sample BET surface area %Ig) Particle size (nn’i') based on Ce®(111) CeQ lattice
f

Fresh Usefl Fresh Usefl parametetr (A)
CeQP 75 10.2 n.a. 5.411
Ce(4at.% La)QP 90 24.9 8.8 n.a 5.421
5at.% Ni-Ce(La)QP 99 27.0 7.4 11.7 5.419
10at.% Ni/Ce(La)Q° 61 29.1 9.3 13.2 5.423
20at.% Ni/Ce(La)Q° 62 334 9.0 12.7 5.424

aCalcined in air at 650C for 3h.
b Prepared by the urea coprecipitation/gelation method.
¢Prepared by incipient wetness impregnation.

d Determined from Ce® (11 1) reflection according to the Scherrer equation [56].
€Unless otherwise specified, all samples were used up 676 16 h, CH,/O, = 2, contact time= 0.18 g s/crd.

f Calculated from ceria (111) reflection from the equatior:

"2+ k2 + 12(1/2 sing) [56].

9 After 100 h-on-stream at 65C, CHy/O» = 2, contact time= 0.18 g s/crd.

no obvious change in lattice parameter was detectedthe XRD analysis carried out in this work (Table 1,

in other Ni-CeQ samples, all prepared by the urea
coprecipitation/gelation technique with various nickel
loadings. Therefore, no oxide solid solution formation
of Ni with Ce(;, is indicated by the XRD analysis.
Table 2 shows the surface composition of Ni-contai-
ning ceria materials based on the XPS findings.
The surface content of Ni was found to be a little
less than the bulk in samples containing both 5 and
10at.% Ni. This is consistent with the XPS results
of Lamonier et al. [27]. However, these researchers
also reported that an oxide solid solution formed in
Ni—CeQ with substitution of N#t ions in the ceria
lattice. However, the shift of 2in their XRD mea-
surement was very smallA(20) < 0.07 for a mate-
rial with 15 at.% Ni-Ce®) and was not captured by
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Ni/Ce(La)Olx
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Fig. 1. XRD patterns of Ni modified Ce(La)Opeaks without lines
are due to the reflections of ceria; as-prepared catalysts (Table 1).

Fig. 1). For the 10at.% Ni/Ce(La)Oprepared by
impregnation, surface enrichment in Ni was observed
(Table 2). About four times more nickel was on the
surface than in the bulk, comparable to that reported
by Tang et al. for their 13 wt.% Ni/CeQsample [17].
Therefore, in the catalysts prepared by the urea co-
precipitation/gelation, nickel may be more uniformly
dispersed in ceria. Fig. 3 shows the Ni2p spectra of
10 at.% Ni/Ce(La)@ and 5at.% Ni—Ceg) the latter
after 10 h-long data acquisition in order to obtain a
good signal-to-noise ratio since the nickel signal was
very weak. The spectra show that nickel is in the
divalent state in ceria.

The catalyst activity for partial oxidation of
methane (POM) to syngas was tested in a dilute mix-
ture (3% CH-1.5% Q—He) in the temperature range
of 500—700C. A dilute reactant gas mixture was used
to avoid hot-spots in the packed catalyst bed and for
better temperature control. Ce(La)@ith La dopant
from 4 to 20at.% is active for total oxidation of
methane to C@and HO over this temperature range
[24]. Partial methane oxidation products, i.e. CO and
H>, were observed on Ce(La)@nly at temperatures
higher than 650C with about 5% CO vyield obtained
at 750C, as shown in Fig. 4.

On the other hand, addition of a small amount
of Ni into Ce(4at.% La)Q caused a dramatic im-
provement in POM activity. Fig. 4 shows the ¢H
conversion and selectivity to CO plotted versus tem-
perature for 5at.% Ni—Ce(La)Oat a contact time
of 0.18gs/cm (~40,0001 (STP)). The catalyst
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Image

Fig. 2. STEM/EDS of Ni-modified Ce(La)O(a) 5at.% Ni-Ce(La)®; (b) 10at.% Ni/Ce(La)Q; as-prepared (Table 1).
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Table 2
Bulk and surface composition of Ni—Ce(La)O
Ni,0; NiO
Sample Surface Bulk
- . Shake up
compositiofi compositiotd
Ni/Ce La/Ce Ni/Ce La/Ce h/\"’)\‘//—\—w
5at.% Ni-Ce(La)Q? 0.042 0.023 0.052 0.040 10at%Ni/Ce(La)Ox
10at.% Ni-Ce(La)@? 0.061 0.091 0.111 0.068
10at.% Ni/Ce(La)@®  0.403  0.024  0.116  0.052
20at.% Ni/Ce(La)QP n.a. n.a. 0.262 0.060 -
— - 5at%Ni-CeO, \N\—\.,\.,
aPrepared by the urea coprecipitation/gelation method [30,38];
calcined at 650C, 3h.
b Prepared by incipient wetness impregnation of Ce(La)O

calcined at 650C. 3h. 880 87‘0 8&0 850 840
¢Determined by XPS of the 65C-calcined samples. Binding Energy (eV)
d Analyzed by ICP.
Fig. 3. Ni2p XP spectra of (a) 5at.% Ni-CeO(b) 10at.%

. Ni/Ce(La)O,; as-prepared catalysts (Table 1).
was not pre-reduced and the reactant gas mixture

was directly introduced at 50C. Oxygen was com-

pletely converted at all temperatures tested. The POM the range 550-70C. The carbon balance was better
light-off temperature, where CO andt$tart to be than 95%. The H/CO ratio was 2+ 0.02 at high
formed over 5at.% Ni—Ce(La)QOis ~550°C, while methane conversions.

only complete oxidation products, GGand HO, Ni/Ce(La)O, catalysts, prepared by impregnation
were formed af” < 500°C. Methane conversion in-  with higher Ni loading, i.e. 10 and 20 at.% Ni/Ce(La)-
creased with temperature. At 658D, ~94% methane Oy, were also active for POM, as shown in Fig. 5.
conversion was achieved and the CO selectivity was Without pre-reduction, the light-off temperature of
~86%, close to the equilibrium values calculated by 20 at.% Ni/Ce(La)Q was~650°C and hysteresis was
the STANJAN program [40], as shown in Fig. 4. Com- observed in the fall-off mode. The light-off tempera-
plete oxidation products, i.e. GGand HO, as well ture of this material was lowered te550°C after the
as syngas can be formed through various reactionscatalyst was pre-reduced in 10%-+He at 500C for
[41] and were assumed to be present at equilibrium 1 h. The 20 at.% Ni/Ce(La)Omaterial showed lower
both in reference [41] and here using the STANJAN selectivity to CO than the 5 and 10 at.% Ni—Ce(L@)O
program. Equilibrium was attained at temperatures in The carbon balance with the former was about 88%,

1.0 1.0
equ.*
0.8 0.8
< 0.6 0.6
3 S
D ] ©n ]
* 04 0.4
0.2 0.2
0.0+ 0.0+t ]
500 550 600 650 700 - 750 500 550 600 650 700 750
Temperature (°C) Temperature (°C)

Fig. 4. CH, conversion and selectivity to CO in partial oxidation of methane ollr Ce(La)Q.; (@) 5at.% Ni-Ce(La)Q catalysts (3%
CHy4—1.5% Q-He, 0.18 gs/cth (STP)); &) equilibrium values calculated from the STANJAN program [40].
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Fig. 5. CH, conversion and CO selectivity curves in partial oxidation of methane di@i5@at.% Ni-Ce(La)Q; (@) 10 at.% Ni/Ce(La)Q;

(A) 20at.% Ni/Ce(La)Q catalysts (3% Ch-1.5% Q-He, 0.18gs/c

h (STP)).

indicating that carbon deposition may have taken place and pre-reduced catalyst showed similar activity

on this material during reaction.

It is generally accepted that the active component
in supported nickel catalysts for POM is metallic
nickel [5]. Therefore, catalysts usually have to be pre-
reduced. This is the case for the 20 at.%. Ni/Ce(La)O
catalyst, which had to be pre-reduced in order to
be active for POM at low temperatures (550 and
600°C), Fig. 5. The unreduced catalyst showed POM
activity only at T > 650°C in the light-off mode
and then showed activity at low temperatures in
the fall-off mode. On the other hand, as mentioned
above, pre-reduction had no effect on the POM ac-
tivity of 5at.% Ni—Ce(La)Q. Both the unreduced

1.0

0.2

0.0 .
450 50

e
0 550 600 650 7
Temperature (°C)

T

—
00 750

and selectivity for POM. However, even the 5at.%
Ni—Ce(La)Q. or the pre-reduced Ni—Ce(La)Ccat-
alysts showed activity aI' < 550°C only after use
in the reaction a” > 550°C. Choudhary et al. [42]
have observed similar behavior over their catalysts
and suggested that the creation of active sites respon-
sible for the low temperature activity/selectivity is
due to further catalyst reduction and/or formation of
surface carbon species. Adsorbed carbon has been
suggested by some researchers to be the intermediate
for the formation of CO [8,35].

Fig. 6 shows the effect of contact time on methane
conversion and CO vyield over 5at.% Ni-Ce(Lg)O

1.0

0.8

0.6

S-CO

0.4

0.2

0.0
450

LN BN LR B BLALLA |
500 550 600 650 700 750
Temperature ©o)

Fig. 6. Effect of contact time on CHconversion and CO selectivity over 5at.% Ni—Ce(La)() 0.54 gs/cr; (@) 0.18 gs/crf; (A)
0.12 gs/crf; (4) 0.06 gs/crd; (C1) 0.04gs/cr (3% CH—1.5% Q-He).
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Fig. 7. Catalytic activity and stability of 5at.% Ni—Ce(La)@t
T = 650°C (M) X-CHy; (@) Y-CO; (A) Y-CO, (3% CH—1.5%
0,—He, 0.18 g s/cth (STP)).

Fig. 8. Catalytic activity and stability of 5at.% Ni-Ce(La)Gt
T = 650°C in a feed gas with CijO, = 2.4 (ll) X-CHg; (@)
Y-CO (3.6% CH,, 0.18 gs/crd (STP)).

The contact time was varied in the range 0.54— The reducibility of ceria-based materials by methane
0.04 gs/cm (STP). Since the density of this material was thus studied by CHTPR, in both the TGA and
is ~2 g/cn®, this corresponds to a range of 270-20ms the reactor-MS system. Fig. 9a shows the4,CFPR
in space time. Neither the methane conversion nor the profile of Ce(La)Q obtained in the reactor-MS. The
syngas selectivity were affected by this wide change production of hydrogen and carbon monoxide was ob-
of contact time. Thus, even at20 ms space time, the served on Ce(La)Qat T > 650°C, coinciding with
equilibrium conversion is attained (Fig. 6). the temperature of syngas formation in POM over
The 5at.% Ni—Ce(La)Q catalyst showed a very Ce(La)Q, Fig. 4. At lower temperature, only GQs
stable performance at 650 with a stoichiometric ~ formed, beginning at-600°C, which coincides with
CH4/O, feed ratio of 2 at a contact time of 0.18gs/ the onset of decrease of the methane signal (followed
cm?, as shown in Fig. 7. No deactivation was observed by m/e = 15). Therefore, at low temperature, the in-
during 100 h-on-stream. Methane conversion and CO teraction of methane with the surface oxygen of ceria
yield were maintained at+90 and 82%, respectively. leads to complete oxidation of methane to £ahd
Since carbon deposition is expected to occur easily at H>O, as previously reported [24,44]. As the tempera-
higher methane to oxygen ratio [43], this material was ture is increased, ceria is reduced and CO apcid
also tested in a feed gas with GHD, = 2.4. Dur- formed [33-35].
ing 10 h-on-stream, no change in methane conversion The CH-TPR profile of 5at.% Ni—Ce(La)O
and CO yield was observed, as shown in Fig. 8. The shows that a significant amount of hydrogen and CO
CO selectivity was higher than 93%, while the/BO was produced at-525°C, coinciding with a sharp
ratio remained equal to 2 at these conditions. decrease of the methane signal (Fig. 9b). This can be
attributed to dissociation of methane on nickel metal.
3.2. Temperature-programmed reduction by methane In a CH,—TPR experiment with the same material car-
ried out in the TGA, a sharp weight change at 510
As shown in Fig. 4, syngas was produced on was observed. This was also observed with the 10 at.%
Ce(La)O. above 700C, consistent with the result Ni/Ce(La)OQ, material. The sharp weight decrease of
of Otsuka et al. [33-35]. In the presence of a small Ni-Ce(La)Q. observed in the TGA was attributed to
amount of nickel, as in 5at.% Ni—Ce(La)OFig. 4, reduction of NiO and the ceria support by hydrogen
the onset of syngas formation shifted to the much produced from the decomposition of methane on the
lower temperature of 55C. This may be correlated freshly formed nickel metal. NiO may also be reduced
with the different reducibility of the two materials. by CO, which is formed by subsequent reaction of
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Fig. 9. CH—TPR of Ce(La)Q and Ni—Ce(La)Q followed by MS (a) Ce(La)@; (b) 5at.% Ni—Ce(La)®; (c) 10at.% Ni/Ce(La)®; (d)
20at.% Ni/Ce(La)Q (2% CHy—He, 10C/min, 50 cni/min (STP)).

surface carbon species (from methane decomposition)Ni-Ce(La)Q. is more reducible than Ce(La)Qas

with oxygen species, and form GQOAt temperatures  shown by the reduction extent (after accounting for

higher than 600C, another peak starts to appear in complete nickel oxide reduction) given in Table 3.

CH4—TPR, as shown in Fig. 9b, due to the participation =~ The CH—TPR profiles of 10at.% Ni and 20 at.%

of ceria. A measure of the reduction extent by methane Ni/Ce(La)O, are similar to that of 5at.%

is given by the value ofin CeQ, in CH4—TPR carried Ni—-Ce(La)Q., as shown in Fig. 9c and d. However,

out in the TGA, as shown in Table 3. Above 58) more methane was consumed by these two samples
than by 5at.% Ni—Ce(La)Q as indicated by lower
CH4 and higher H values measured on these samples

Table 3 _ o at temperatures above 580 Especially with 20 at.%
Reduction extent of cerium oxide in GHTPR Ni/Ce(La)O,, methane was almost completely con-
Sample Temperaturé ¢) sumed at 650C, even when the inlet methane con-

200 300 400 530 600 650 centration was doubled.
e 500 199 199 198 196 195 On the basis of the TPR results, methane activation
5at.% Ni—CeQP 200 200 200 197 186 182 takes place on N|—CchataIyst at a temperature
Ce(La)O. 200 200 199 198 197 196 Of ~550°C, which also is the light-off temperature
5at.% Ni-Ce(La)@® 2.00 2.00 200 1.96 187 183 of POM over these materials.,Hs formed from
aTPR conditions: 5% ChiHe, 10C/min, in the TGA. decomposition of methane, while CO is formed by
bReduction extent expressed ®sn CeQ, after accounting the SUbseque.nt reaction of carbor) species with surfgce
for NiO-assuming that all NiO was reduced to metallic nickel. oxygen species and the bulk lattice oxygen of ceria.
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The enhanced POM activity of nickel-containing ce-
ria can be attributed to the high activity of nickel in
methane decomposition [45] and enhanced reducibil-
ity of ceria by methane in the presence of nickel
(Table 3).

Although all Ni-Ce(La)Q samples had similar
CH4—TPR profiles, the low-content nickel catalysts,
comprising highly dispersed nickel particles in ceria,
were more active/selective in POM. Similar obser-
vations have been reported by Hayakawa et al. [20]
for Ni/Ca_,Sr, TiO3 catalysts, Chu et al. [14] for
Ni/Ce/Al;O3, and Yan et al. [46] for Pt/Cefs-Al>0s.
Using in-situ XPS, Ramaroson et al. [47] have re-
ported that Ni/Ce® (~2wt.% Ni) with high metal
dispersion £57%), as determined by a magnetic
measurement, caused a greater reducibility of the
ceria support during reduction by,Hhan materials
with lower nickel dispersion~+38%). Our Bb—TPR
results [48] also suggest a higher reducibility of 5 at.%
Ni—Ce(La)Q. compared to 10at.% Ni/Ce(La)Qas
indicated by a higher reduction extent of ceria in
the presence of 5at.% nickel at low temperatures
(<300°C).

Ce*t and oxygen anion vacancies were suggested
by Otsuka et al. [35] to be active forHand CO
formation from the reaction of methane with ceria.
The lattice oxygen of ceria used for the formation
of CO in the absence of gaseous oxygen. Ce(Zr)O
which has higher oxygen ion conductivity than ceria,
was reported to have a highep ldnd CO production
rate from methane beginning at lower temperatures
(~600°C) than ceria [49]. Therefore, the enhanced
reducibility of ceria in Ni-Ce(La)@ with high nickel
dispersion may contribute to the higher POM activ-
ity displayed by this material. On the other hand,
the presence of nickel is essential for POM. A simi-
lar system, Cu—Ce(La)Q which is equally or more
reducible than Ni—Ce(La)Q as suggested by pre-
vious work in our lab [44,50], is an active catalyst
for the total oxidation of methane. Almost no POM
activity was observed over Cu-Ce(Lg)an the
temperature range 500-7@D even under fuel-rich
conditions (CH/O; 2). This is due to the fact
that copper is not active for methane dissociation
[45]. The lattice oxygen of CuO is an active site for
the complete oxidation of CH[51]. On the other
hand, nickel catalyzes the dissociation of methane
[52,53]
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Fig. 10. XRD patterns of used (a) 5 at.% Ni—Ce(La)@fter 100 h-
on-stream at 65C); (b) 10at.% Ni/Ce(La)Q and (c) 20at.%
Ni/Ce(La)O; (after 550—-700C for a total of 16 h, 3% Ch-1.5%
O,-He, 0.18gs/cth (STP)); @) CeQy; (A) NiO; (%) Ni.

3.3. Characterization of used samples

After 100h-use at 65@ (Fig. 7), no change
in the XRD patterns was observed for the 5at.%
Ni—-Ce(La)Q. sample, as shown in Fig. 10. However,
the particle size of Cefobtained form Ce@(111)
reflections is bigger than that of the fresh sample
(Table 1), suggesting that crystal growth took place
during the 100 h-on-stream. The surface area of this
used material is~27 /g, much lower than that of
the fresh sample but slightly higher than that of used
Ce(La)Q. (Table 1). The growth of ceria particle size
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was much faster for the high Ni-content ceria, and
resulted in low surface area after only 16 h-on-stream
up to 700C, as shown in Table 1. Fig. 10c shows
that both NiO and metallic Ni phases were present in
20 at.% Ni/Ce(La)Q after only 16 h-use up to 70C
(under the conditions of Fig. 5). Therefore, NiO in
the catalyst was partially reduced to metallic nickel
during reaction. The catalyst is active and selective in
this partially reduced form. This can also explain the
observed hysteresis behavior of this catalyst in POM.
Furthermore, new reflections appeared in the XRD
pattern of the used catalyst in Fig. 10c. These are
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288.5 eV, which was also observed on the fresh ma-
terials, may be due to residual surface £Q There
was no peak due to graphitic or carbidic surface car-
bon species, whose binding energy is~a283 eV
[54]. The deconvolution of the Cls signal of used
5at.% Ni-Ce(La)®, gave a dominant peak of FWHH
(full width at half heighy = 1.8 eV at 284.6 eV and a
component at 283.03 eV with 8% of the total carbon
signal, close to that on the fresh material. There-
fore, XPS found no carbon on the surface of 5at.%
Ni—Ce(La)Q. even after 100 h-on-stream at 68D

assigned to graphitic carbon. Thus, carbon deposition 3.4. Temperature programmed oxidation

took place during POM on this catalyst. This explains

the poor carbon balance obtained in the test shown in

Fig. 5 for 20 at.% Ni/Ce(La)@.

STEM/EDS elemental mapping of the 5at.%
Ni—Ce(La)Q. sample after 100 h-on-stream indicates
that some agglomeration of nickel particles took place
during reaction, as shown in Fig. 11a. However, dis-
persed nickel is still prevailing in this material. On
the other hand, agglomeration of nickel particles was
very severe in the 10 at.% Ni/Ce(La)@ample after
16 h-use up to 70, as shown in Fig. 11b.

The surface composition of 5at.% Ni—Ce(Lg)O
after 100 h-on-stream at 650 was analyzed by XPS.

Potential carbon deposition during POM was fur-
ther checked by TPO of used samples. Fig. 13 shows
the TPO curves of used Ni—Ce(La)@atalysts ob-
tained in the TGA. Two peaks centered at the temper-
atures of 320 and 50C€ were observed for 10 at.%
Ni/Ce(La)O,, while only one peak at 55C was
found in the TPO curve of 20at.% Ni/Ce(La)O
TPO was also conducted in the microreactor with the
product gas monitored for COby the NDIR ana-
lyzer. The analysis confirmed that these peaks were
due to production of C& The weight loss in TPO of
used samples in the TGA is shown in Table 4. These

Fig. 12 shows the O1s and C1s spectra of this samplevalues represent a lower bound to carbon deposition

and of the as-prepared 5at.% Ni—Cefor compar-

on the catalysts, as discussed below. The total carbon

ison. The O1s spectra show two peaks at 529.1 anddeposition, 0.18 g (carbon)/g (catalyst), on the 20 at.%
532.2eV on both the used and as-prepared materialsNi/Ce(La)O; catalyst is comparable to that on the

(Fig. 12). These are assigned to metal oxides and sur-

13wt.% Ni/CeQ (6h at 750C), 0.13g (carbon)/g

face carbonate [54], respectively. C1s spectra show a(catalyst), reported by Tang et al. [17], and it is much

prominent peak at a binding energy of 284.6 eV which

higher than that on the 10 at.% Ni/Ce(La)Catalyst,

is assigned to residual hydrocarbons. A small peak at 0.029 g (carbon)/g (catalyst).

Table 4
TPO*-weight change of catalysts used in POM

Sample Reaction conditions

Weight loss (wWt$%)

5at.% Ni-Ce(La)Q

10at.% Ni/Ce(La)Q
20at.% Ni/Ce(La)@

0.12gslcrA, up to 700C, 16h

0.18 gs/crA, at 650C, 100h

0.04gsl/crA, up to 700C, 16h

CH,4/O; = 2.4, 0.18 gslcrh, at 650C, 10h
0.36gs/crA, up to 700C, 16h
0.18gs/cr, up to 700C,16h

0.064
0.10
0.064
0.42
2.90
18.00

aTPO was performed in the TGA in 5%,0He at a flow rate of 200 cimin, heating rate 8C/min over the temperature range

25-800C.

b Unless otherwise specified, all POM tests were run with a feed gas ratio f@BH= 2.
¢ This represents a lower bound to the carbon deposited on each sample (see faxt)catbon)/g (catalyst).
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200nm

Fig. 11. STEM/EDS of used (a) 5at.% Ni—Ce(Lg){b) 10at.% Ni/Ce(La)Q.



T. Zhu, M. Flytzani-Stephanopoulos/Applied Catalysis A: General 208 (2001) 403-417 415

o1 c1
$ 53226V 529.1eV s 283 eV

carbonate  Oxides 288.5 eV graphitic or

N

540 535 530 525 520 295 290 285 280 275

Binding Energy (eV) Binding Energy (eV)

Fig. 12. Ols and C1s XP spectra of (a) used 5at.% Ni—Ce(L&00 h-on-stream at 658QC); (b) as-prepared 5at.% Ni—CeO

On the other hand, for the used 5 at.% Ni—-Ce(La)O weight change (0.0042 g (carbon)/g (catalyst)) was ob-
at all conditions, including after 100 h-on-stream, no served. Therefore, the 5at.% Ni—Ce(Lg)@aterial,
peak was found in the TGA-TPO experiments over which contains highly dispersed nickel, is resistant to
the temperature range of 25-8@) and also no C® carbon deposition.
was eluted in the TPO run in the reactor-IR system. Ceria may be in a partially reduced state during
The TGA-TPO data are shown in Table 4. Even after the POM tests. The reoxidation of ceria will cause a
testing this material at 65C for 10 h with a higher  weight increase in the TGA-TPO experiments, while
CH4/O; feed ratio (CH/O, = 2.4), which would ac- the oxidation of deposited carbon species causes a
celerate the carbon deposition process, no significantweight decrease. The real weight change due to the
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3
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0 100 200 300 400 500 600 700 800
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Fig. 13. TPO of used Ni-Ce(La)Ocatalysts in the TGA, (a) 5at.% Ni—Ce(La)O(b) 10at.% Ni/Ce(La)®; (c) 20at.% Ni/Ce(La)Q
(5°C/min, 10% Q-He, 200 cri/min).
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oxidation of carbon is, thus, the sum of the observed
weight loss and the weight change due to reoxidation
of ceria. Therefore, the data shown in Table 4, based
on the recorded sample weight loss in the TGA, rep-
resents a lower bound for the carbon deposition on
these catalysts. However, for the 5 at.% Ni—-Ce(La)O
sample, we can say with certainty that no carbon was
deposited, because also no £as eluted during the
TPO run in the reactor-IR system. XPS analysis of the
100 h-used sample verified that it was free of carbon.
In general, a high degree of metal dispersion may
reduce coke formation [43]. Perovskite-supported
nickel catalysts with high dispersion of nickel have
been reported to be more stable in POM due to their
enhanced resistance to carbon deposition [18,20].
Recently, it has been shown that the resistance of
Ni/Al 203 catalysts to carbon deposition can be im-
proved by addition of a rare earth metal oxide (La, Ce,
Y) [11,12,14]. The additive was proposed to improve
the dispersion of nickel. From the present work, a
similar conclusion may be reached for the Ni-GeO
system. STEM/EDS has shown that nickel in the
5at.% Ni—Ce(La)Q@ catalyst is highly dispersed in
the ceria matrix, while XPS analysis indicates no sur-
face enrichment of nickel in Ni-Ce(La)Qvith nickel
loadings up to 10at.%. With high Ni-loading, both
dispersed nickel and bulk NiO particles were found in
the catalyst and the surface was enriched in nickel. The
performance of these catalysts was more like that of
bulk nickel oxide, thus, resulting in carbon deposition.
On the other hand, the oxygen mobility of ceria
may also contribute to the high carbon resistance of
5at.% Ni—Ce(La)Q. Ceria is well known for its high

T. Zhu, M. Flytzani-Stephanopoulos/Applied Catalysis A: General 208 (2001) 403-417

rare earth oxides may increase the available surface
oxygen of alumina, thus, providing a higher rate of
carbon oxidation.

4. Conclusions

Ni-containing ceria, with nickel content in the
range of 5-20at.% (2.5-10wt.%), is a highly active
and selective catalyst for partial oxidation of methane
to syngas at temperatures higher than“&50How-
ever, only the 5 at.% Ni—Ce(La)Onaterial with high
nickel dispersion in ceria showed excellent resistance
to carbon deposition and, thus, had a high stability
under reaction conditions. In contrast, carbon deposi-
tion occurred on high nickel-containing ceria, which
comprised both dispersed nickel and bulk nickel
oxide particles. Pre-reduction was not necessary to
activate the highly dispersed 5at.% Ni—Ce(La)O
while 20at.% Ni/Ce(La)®, if used in the unre-
duced state, showed a higher light-off temperature
and hysteresis. The reduction onset temperature of
Ni—Ce(La)Q. in CHs—TPR is lower than that of CeO
or Ce(La)Q and correlates well with the onset of
POM on this catalyst. The synergistic effect of the
highly dispersed nickel-ceria system is attributed to
the facile transfer of oxygen from ceria to the nickel
interface, effectively oxidizing any carbon species
produced from methane dissociation on nickel.
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