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Abstract

Lanthanide-promoted sol–gel nickel catalysts supported on alumina were studied with regard to their activity and stability for
steam reforming. X-Ray photoelectron spectroscopy, in situ X-ray diffraction, temperature-programmed oxidation, transmission
microscopy, thermogravimetric analysis coupled with temperature-programmed reaction, and sequential temperature-program
ing/gasification/hydrogenation were used to investigate the deactivation characteristics of the catalysts prepared. Adding sma
(2 wt%) of lanthanide elements (i.e., La, Ce, and Yb) significantly improves steam reforming activity and stability. Although the c
deactivate more rapidly at higher reaction temperature, the activity loss can be suppressed by increasing the H2O/C ratio. The catalyst de
activation can be attributed to a combination of nickel sintering and coke formation. In addition, there appears to be partial oxi
metallic sites after exposure to the reaction medium. Lanthanides cause enhanced sintering resistance, leading to smaller nickel c
Ni/Al 2O3 catalysts. Cerium promotion effectively inhibits coking by increasing active oxygen species on the nickel surface due to e
water adsorption and gasification. Incorporation of cerium also reduces the dissolution and diffusion of carbon through nickel part
preventing the formation of carbon filaments.
 2005 Elsevier Inc. All rights reserved.
Keywords:Nickel; Lanthanides; Ceria; Sol–gel; Steam reforming; Hydrogen; Deactivation; Sintering; Coke formation; Gasification

has
ost-
in

es-
over
ired
its,

rbon
er-
con
tly,

esis

es-

ith
ers.
to
tion

t%
n-
ctiv-
n
o

1. Introduction

Interest in steam reforming (SR) of hydrocarbons
been increasing, due to the need for efficient and c
effective reforming technologies for hydrogen production
fuel cell applications. In practice, SR of hydrocarbons,
pecially methane, is performed at high temperatures
Ni-based catalysts. However, the high temperature requ
may favor several routes of formation of carbon depos
including the Boudouard reaction and methane/hydroca
decomposition. In addition, Ni catalysts tend to agglom
ate and then lose their active surface area under SR
ditions, resulting in short catalyst lifetimes. Consequen
novel preparation and promotion techniques that can r
* Corresponding author. Fax: +1-614-292-3769.
E-mail address:ozkan.1@osu.edu(U.S. Ozkan).
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rapid catalyst deactivation by coking and sintering are
sential.

Much effort has focused in developing Ni catalysts w
improved resistance to coke formation by adding promot
Alkali metals, such as K2O and CaO, have been shown
improve coking resistance by enhancing carbon gasifica
but at the cost of reduced catalytic activity[1,2]. Introduc-
ing small amounts of molybdenum or tungsten (0.5 w
MoO3 or WO3) into Ni catalysts has been shown to i
crease coking resistance with no decrease in catalytic a
ity [3–7]. The following mechanism for coke minimizatio
on molybdenum-promoted Ni catalysts was proposed: Mn+
on the nickel surface is first oxidized to Mo(n+2)+, which
then reacts with adsorbed Ni–C or Ni–CHx yielding CO and
H2, and is finally reduced back to Mon+ [6].
Alternatively, lanthanides appear to be promising promot-
ers, because they can inhibit coke formation without sacrific-
ing catalytic activity[8–10]. Zhuang et al.[8] investigated

http://www.elsevier.com/locate/jcat
mailto:ozkan.1@osu.edu
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the effect of cerium oxide as the promoter in MgAl2O4-
supported Ni catalysts for methane SR at 550◦C. Cerium
promotion showed a beneficial effect by both decreas
the rate of carbon deposition and increasing the cata
activity. Wang and Lu[9] reported that adding CeO2 into
Ni/γ -Al2O3 catalysts enhanced the nickel dispersion and
activity of carbon deposits, leading to improved catalytic
tivity and stability in carbon dioxide reforming of methan
Increasing sintering resistance by adding lanthanides
supported Ni catalysts also has been reported[11,12]. Incor-
poration of lanthanides (4 wt%) suppressed the growth o
crystallites and the formation of inactive NiO and NiAl2O4
phases[11]. Furthermore, oxides of heavy lanthanides (G
Er, and Dy) exhibited a more pronounced effect than thos
light ones (La, Pr, Nd). Teixeira and Giudici[12] suggested
that the sintering rate of small nickel crystallites, partic
larly for narrow initial crystallite size distributions and hig
initial dispersions in coprecipitated Ni/Al2O3 catalysts, was
facilitated at high temperatures in the presence of ste
However, the growth of nickel crystallites under reduct
and reaction conditions could be inhibited by lanthanum p
motion.

In earlier work we presented the catalytic performa
of sol–gel Ni/Al2O3 catalysts promoted with lanthanid
elements [lanthanum (La), cerium (Ce), and ytterbi
(Yb)] for SR of propane[13]. In this paper we presen
the deactivation characteristics of these catalysts, s
ied using X-ray photoelectron spectroscopy (XPS), in
X-ray diffraction (XRD), temperature-programmed ox
dation (TPO), transmission electron microscopy (TEM
thermogravimetric analysis–temperature-programmed r
tion (TGA-TPR), and sequential temperature-programm
coking/gasification/hydrogenation. Based on the inform
tion obtained from these studies, we then discuss pos
deactivation mechanisms of lanthanide-promoted sol
Ni/Al 2O3 catalysts in propane SR.

2. Experimental

2.1. Catalyst preparation

Ni/Al 2O3 catalysts promoted with lanthanide eleme
(La, Ce, and Yb) were prepared using a modified sol–
technique. The nickel and lanthanide precursors (Aldr
used were in nitrate form. For the aluminum precursor,
minum tri-sec-butoxide (ATB; Aldrich) was used. Ethano
(Alfa Aesar; 130 cm3) was used as the solvent. The fo
lowing sol–gel variables were controlled during the s
thesis: nickel content, 20 wt%; lanthanide content, 2 w
H2O/ATB molar ratio, 3.6; and pH of the resulting ge
4.8. First, ATB was placed in ethanol and stirred. Then
aqueous solutions with the desired amounts of lantha

and nickel were added dropwise into the suspension using
a syringe pump at a flow rate of 0.5 cm3/min. The aque-
ous lanthanide nitrate solution was added first, followed by
of Catalysis 234 (2005) 496–508 497

the nickel solution. The pH of the resulting green gels w
measured and adjusted by adding HNO3 (Fisher) or NH4OH
(Fisher). The gels were stirred for an additional 15 min a
then kept at room temperature for 30 min. The samples w
then dried overnight in the oven at 110◦C to remove re-
maining water and ethanol. The dry samples were gro
to a fine powder and calcined under O2 at 450◦C (ramp rate,
10◦C/min) for 4 h.

2.2. Catalyst characterization

BET surface areas of calcined catalysts were meas
by N2 adsorption–desorption at 77 K using a Micromerit
ASAP 2010 instrument. Before measurement, the sam
were degassed under vacuum at 130◦C overnight. XPS of
reduced and post-reaction catalysts was performed wit
AXIS Ultra XPS spectrometer with an Al anode opera
at 14 kV and 10 mA. Reduction was performed with 20
H2/N2 at 600◦C for 2 h. Post-reaction samples collect
after 20 h of propane SR were prepared using the foll
ing reaction conditions: 500◦C, H2O/C = 1.3, GHSV=
124,000 h−1. The samples were transferred to an XPS ch
ber using an inert glove box, without exposing them to
atmosphere. Spectra were corrected using the C1s signal lo-
cated at 284.5 eV.

XRD patterns during in situ reduction of catalysts we
obtained with a Bruker D8 Advance X-ray diffractome
equipped with atmosphere and temperature control st
and using Cu-Kα radiation (λ = 1.542 Å) operated at 40 kV
and 50 mA. In these experiments, XRD patterns w
recorded every 50◦C with a ramp rate of 10◦C/min up to
700◦C under 5% H2/N2.

TEM images of post-reaction catalysts were obtai
with a Tecnai TF-20 operated at 100 kV. Samples were
trasonically dispersed in ethanol, and a couple of drop
the suspension were deposited on a standard 3-mm co
grid covered with a holey carbon film. TPO of postreact
catalysts was performed using a laboratory-made gas
system described in detail elsewhere[14]. Initially, 50 mg
of catalyst was placed in a14-inch-o.d. quartz U-tube re
actor and heated under He (40 cm3 (STP)/min) at 200◦C
for 30 min to remove moisture followed by cooling to roo
temperature. Subsequently, the temperature of the cata
was raised under 1% O2/He [40 cm3 (STP)/min] with a
ramp rate of 10◦C/min to 800◦C and held for 5 min. The
desorbed species from the catalyst surface were monit
using an HP5890-MS Engine 5989A gas chromatograp
mass spectrometer (GC-MS) unit under He carrier gas.

TGA-TPR experiments were performed in a Perk
Elmer TGA7 system. Catalysts were reduced in situ
der 20% H2/N2 at 600◦C for 2 h, followed by cooling
to 250◦C under N2. The reaction mixture [C3H8/H2O/N2,
30 cm3 (STP)/min] with H2O/C molar ratios ranging

from 0.1 to 0.3 was subsequently introduced to the re-
duced catalysts. The temperature program was as follows:
1 min at 250◦C, 10◦C/min ramp rate to 750◦C, and
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5 min at 750◦C. Sequential temperature-programmed c
ing/gasification/hydrogenation of catalysts was conduc
with a Shimadzu GC-MS QP-5050. Before spectra c
lection, the catalysts were reduced in situ under the 2
H2/N2 catalyst at 600◦C for 2 h. The coking was then pe
formed by exposing the catalysts to 2% C3H8/He at 500◦C
for 1 h, followed by cooling to room temperature under H
Temperature-programmed gasification (TPG) experim
were initiated by raising the catalyst temperature under
H2O/He with a ramp rate of 10◦C/min to 800◦C. After
cooling to room temperature, temperature-programmed
drogenation (TPH) experiments were performed with 1
H2/He. TPH profiles were collected while heating the ca
lysts with a ramp rate of 10◦C/min to 800◦C.

2.3. Reaction studies

The steady-state reaction experiments were perfor
using a fixed-bed flow stainless steel reactor (1

4 inch o.d.).
The reaction conditions were as follows: 500–550◦C, H2O/

C = 1.3–2.7, and GHSV= 124,000–248,000 h−1. Before
the reaction, catalysts were reduced in situ under 20% H2/N2
[50 cm3 (STP)/min] at 600◦C for 2 h. The feed stream
consisted of C3H8, H2O, and N2 as a diluent. The effluen
from the reactor was analyzed using an automated Shim
GC-14A equipped with flame ionization and thermal co
ductivity detectors. Separations were performed unde
using two columns, a Porapak Q (12 ft× 1

8 inch, stainless
steel, 80/100 mesh) and Molecular Sieve 13X (5 ft× 1

8 inch
stainless steel, 60/80 mesh). A GOW-MAC 069-50 rut
nium methanizer operated at 350◦C was used with the flam
ionization detector for the sensitive determination of CO
low as 10 ppm. Carbon and hydrogen balances were c
to 100% (±5%). Conversion, yield, and activity loss we
defined as follows:

% C3H8 conversion= (mol of carbon converted

/total mol of carbon in the feed) × 100,

% H2 yield= (2× mol of H2 produced

/total mol of hydrogen in the feed) × 100,

% activity loss= [
1− (% steady-state C3H8 conversion)

/% initial C3H8 conversion)
] × 100.

3. Results and discussion

3.1. Catalytic activity and stability for propane SR

3.1.1. Effect of lanthanide addition
Lanthanide-promoted sol–gel 20% Ni/Al2O3 catalysts

were evaluated with regard to activity and stability in p
◦
pane SR at 500–550C. The feed percentages in these exper-

iments were C3H8/H2O/N2 = 1/4/95. Propane conversion
and percent activity loss data (inset) are presented inFig. 1.
f Catalysis 234 (2005) 496–508

Fig. 1. C3H8 conversion as a function of time on stream: (a)T = 500◦C,
H2O/C = 1.3, GHSV= 124,000 h−1; (b) T = 550◦C, H2O/C = 1.3,
GHSV = 186,000 h−1. The activity loss of the same set of catalysts
shown as insets.

To ensure that the system did not approach equilibri
limited regime, GHSV was increased at higher temperatu
As shown inFig. 1a, at 500◦C and 124,000 h−1, the 20%
Ni–2% Ce/Al2O3, and 20% Ni–2% Yb/Al2O3 catalysts ex-
hibited increased propane conversion, whereas the 20%
2% La/Al2O3 and 20% Ni/Al2O3 catalysts showed simila
SR activity. The C-containing products from propane SR
CO, CO2, and CH4, with CO2 the main product. The distrib
ution of C-containing products is little affected by lanthan
promotion under these reaction conditions. More import
the addition of lanthanide elements leads to significantly
proved catalyst stability, as evidenced by a smaller perc
age of activity loss. At 500◦C, the loss of catalytic activity
increases in the following order: Ni–Yb/Al2O3 (7%)< Ni–
Ce/Al2O3 (12%)< Ni–La/Al2O3 (19%)< Ni/Al 2O3 (23%).

Increased activity loss becomes more evident with
creasing reaction temperature, possibly due to more se
catalyst deactivation by sintering and coke formation,
shown inFig. 1b. Interestingly, the highest propane conv
sion is achieved with the 20% Ni–2% Yb/Al2O3 catalyst at

◦
500 C, whereas the 20% Ni–2% Ce/Al2O3 catalyst is the
best-performing catalyst with regard to catalytic activity and
stability at 550◦C. It is conceivable that a beneficial effect
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of cerium addition on improved coking resistance is m
pronounced at elevated temperatures, thus resulting in m
stable catalysts. The use of cerium oxide as a promote
support mixed with other metal oxides (i.e., CexZr1−xO2) to
develop high-performance catalysts for hydrogen produc
has been reported previously[8,9,15–19]. Significantly in-
creased catalytic activity and stability result from enhan
reducibility and reduced carbon accumulation on the ac
sites due to the high oxygen storage capacity of cerium
ide.

Our TPR and H2 chemisorption studies showed that t
SR activity of sol–gel Ni/Al2O3 catalysts is related to cata
lyst reducibility and nickel surface area[13]. Adding cerium
results in greater reduction of nickel species and larger ni
surface area compared with ytterbium (or lanthanum) p
motion. Thus in this paper we primarily report the deacti
tion characteristics of sol–gel Ni–Ce/Al2O3 catalysts.

3.1.2. Effect of H2O/C ratio
The effect of H2O/C ratio on catalytic performance o

the 20% Ni/Al2O3 and 20% Ni–2% Ce/Al2O3 catalysts in
propane SR was investigated at 550◦C and 248,000 h−1.
The H2O/C ratio was varied in the range of 1.3–2.7
keeping the propane flow rate constant at 6 cm3 (STP)/min.
As shown inFig. 2a, C3H8 conversion increases with in
creasing H2O/C ratio. An increase in catalytic activity i
more evident with the 20% Ni–2% Ce/Al2O3 catalyst; 47
and 99% C3H8 conversion were obtained at H2O/C ratios
of 1.3 and 2.7, respectively. A significant improvement
catalyst stability is apparent at higher H2O/C ratios when
cerium is present in the catalysts [Fig. 2b]. In contrast, the
improved catalyst stability of the 20% Ni/Al2O3 catalyst is
barely noticeable with increasing H2O/C ratios. At 550◦C
and H2O/C = 2.7, the 20% Ni–2% Ce/Al2O3 catalyst lost
only 1% of its initial activity (time on stream [TOS]= 1 h)
after steady state was reached, whereas the 20% Ni/A2O3
catalyst had a 62% activity loss.Fig. 3 shows plots of H2
formation rate at 550◦C as a function of TOS observed wi
the 20% Ni/Al2O3 and 20% Ni–2% Ce/Al2O3 catalysts at
different H2O/C ratios. A decline in H2 formation rate is
seen over both catalysts at lower H2O/C ratios, possibly due
to catalyst deactivation by coke formation. At H2O/C = 2.7,
the 20% Ni/Al2O3 catalyst still exhibited a pronounced r
duction in H2 formation rate during the first 15 h, where
the Ni–Ce catalyst exhibited very stable performance.
action results indicated that high H2O/C ratio coupled with
cerium promotion was very effective in enhancing cataly
activity as well as preventing activity loss.

3.2. Deactivation characteristics of sol–gel catalysts

3.2.1. Reoxidation of metallic nickel sites
Fig. 4 shows the Ni2p region of XPS of sol–gel 20%
Ni/Al 2O3 catalysts promoted with 2 wt% La, Ce, and Yb
after being exposed to the propane SR reaction medium a
500◦C for 20 h. The Ni2p spectra of the catalysts exhibit
of Catalysis 234 (2005) 496–508 499

Fig. 2. Effect of H2O/C ratio on catalytic activity and stability of 20%
Ni/Al 2O3 and 20% Ni–2% Ce/Al2O3 catalysts in propane steam reform
ing: (a) C3H8 conversion, (b) activity loss [reaction conditions: 550◦C,
F (C3H8) = 6 cm3 (STP)/min, GHSV= 248,000 h−1].

features that are assigned to Ni2+ with Ni2p3/2 and Ni2p1/2
binding energies at 855.8 and 873.3 eV, respectively, an
Ni0 with Ni2p3/2 and Ni2p1/2 binding energies at 852.7 an
870.2 eV, respectively[20–23]. The signal of Ni2+ species
is likely to be due to NiAl2O4, although the possibility o
a NiO phase cannot be excluded, because the Ni2p binding
energies for these two species are very close together[13].

2+

t
The Ni2p3/2 signal corresponding to Ni is accompanied
by a broader peak located at 860.8 eV because of a strong
shake-up process[24]. Deconvolution of the Ni2p spec-
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Fig. 3. H2 formation rate at 550◦C as a function of time on stream fo
(a) 20% Ni/Al2O3 and (b) 20% Ni–2% Ce/Al2O3.

tra was performed by the Gaussian–Lorentzian curve-fit
method to determine the peak areas for obtaining rela
surface concentrations of nickel species. The spectra
deconvoluted using the constraints of equal spin-orbit s
ting of Ni2p peaks (17.5 eV), with the height ratio
Ni2p3/2 and Ni2p1/2 held constant at 2.0 (theoretical valu
and the full width at half-maximum of these peaks be
equal. The ratio of peak areasA0

Ni/(A
0
Ni + A2+

Ni ) is used to
illustrate the degree of reduction before and after reac
As shown inTable 1, a decrease inA0

Ni/(A
0
Ni +A2+

Ni ) ratio is
seen after exposure to the propane SR atmosphere com
with freshly reduced prereaction catalysts. This is lik
caused by coke deposition over Ni0 sites. However, a partia
oxidation of metallic nickel sites during the reaction can
be ruled out, because the Ni2p binding energies for NiAl2O4

and NiO are very close. The decrease in theA0 /(A0 +
Ni Ni
A2+

Ni ) ratio over Ni-only catalyst (20%) is much higher than
that (10–15%) over lanthanide-promoted catalysts.
f Catalysis 234 (2005) 496–508

d

Fig. 4. Ni2p X-ray photoelectron spectra of reduced catalysts after b
exposed to the propane steam reforming atmosphere at 500◦C for 20 h.

Table 1
Comparison of the ratio of XPS peak areasA0

Ni/(A
0
Ni + A2+

Ni ) of the cata-
lysts before and after 20-h propane steam reforming

Catalyst A0
Ni/(A

0
Ni + A2+

Ni )

Pre-reaction
(reduction)

Post-reaction Chang
(%)

20% Ni/Al2O3 0.51 0.41 −20
20% Ni–2% La/Al2O3 0.51 0.46 −10
20% Ni–2% Ce/Al2O3 0.55 0.47 −15
20% Ni–2% Yb/Al2O3 0.54 0.47 −13

3.2.2. Ni sintering
The sintering of Ni crystallites in lanthanide-promot

sol–gel 20% Ni/Al2O3 catalysts during reduction was stu
ied from a determination of the mean Ni crystallite size by
situ XRD. The XRD patterns of the 20% Ni–2% Yb/Al2O3
catalyst during reduction under 5% H2/N2 are shown in
Fig. 5. The pre-calcined catalyst is relatively amorphous
evidenced by broad peaks at room temperature. The p
ble crystalline phases are NiO, NiAl2O4, andγ -Al2O3. No
ytterbium-related crystalline phases were detected, sug
ing that Yb species could be well dispersed on the alum
support or could exist within the nickel oxide matrix und

tectable by XRD. As the reduction temperature is increased
to 450◦C, a metallic Ni phase starts to appear. The diffrac-
tion lines of Ni(111), (200), and (220) grow in intensity with
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Fig. 5. In situ XRD patterns of 20% Ni–2% Yb/Al2O3 catalysts during
reduction under 5% H2/N2.

Table 2
Effect of reduction temperature on nickel crystallite diameter (nm)
lanthanide-promoted sol–gel 20% Ni/Al2O3 catalysts

Catalyst Reduction temperature (◦C)

500 600 700

20% Ni/Al2O3 14 16 18
20% Ni–2% La/Al2O3 12 13 14
20% Ni–2% Ce/Al2O3 12 13 14
20% Ni–2% Yb/Al2O3 11 12 13

further increase in reduction temperature up to 700◦C. In
situ XRD results indicate that high reduction temperatu
(>500◦C) are necessary to reduce nickel species to a m
lic state due to a strong interaction of nickel oxide w
the alumina support. Nickel crystallite diameters of differ
lanthanide-promoted 20% Ni/Al2O3 catalysts were calcu
lated from line broadening of the Ni(200) diffraction lin
using the Scherrer equation[25] and are listed inTable 2. Ni
crystallite diameter of the catalysts increases with increa
reduction temperature. Compared with unpromoted cata
Ni crystallites are much smaller in lanthanide-promoted
alysts at all reduction temperatures. This suggests tha
presence of lanthanide elements in sol–gel Ni/Al2O3 cata-
lysts helps form smaller NiO matrices and then retards

growth of nickel crystallites during reduction.

The stabilizing effect of lanthanides to prevent Ni sin-
tering is associated with a surface phenomenon in which
of Catalysis 234 (2005) 496–508 501

lanthanides, located on the catalyst surface, could act
“spacer” by inhibiting Ni crystallites to form larger particle
during reduction. BET surface area measurements show
the addition of lanthanides results in increased surface a
The BET surface area of a freshly calcined 20% Ni/Al2O3
catalyst is 209 m2/g, whereas catalysts promoted with 2
lanthanides have BET surface areas of 278–304 m2/g. It is
also possible that a substantial fraction of lanthanides c
be present inside the nickel crystallites. Topsøe et al.[26] re-
ported that the existence of strain created by the occlu
Al2O3 phase in the iron lattice led to a shift of the equil
rium iron particle size toward smaller particles, and as a
sult, the presence of alumina in ammonia-synthesis iron
alysts inhibited the growth of iron particles. Similarly, la
thanides could also cause strain in the nickel lattice, whic
subsequently responsible for the formation of smaller nic
crystallites after reduction.Fig. 6displays the XRD pattern
of the 20% Ni/Al2O3 and 20% Ni–2% Ce/Al2O3 catalysts
reduced at 700◦C.α-Al2O3 was used as an internal standa
to investigate a change in the lattice parameter of the m
lic Ni phase when cerium is added in sol–gel 20% Ni/Al2O3
catalysts. The peak maxima of Ni(111) and (200) diffract
lines of the 20% Ni–2% Ce/Al2O3 catalyst shift to lower
diffraction angles (2θ ) than those of the unpromoted sa
ple. The calculated lattice parameters are 3.5239 Å in
20% Ni/Al2O3 catalyst and 3.5278 Å in the 20% Ni–2
Ce/Al2O3 catalyst reduced at 700◦C. Note that the lattice
parameter of pure nickel, obtained from the ICDD PDF da
base (PDF 4-850), is 3.5238 Å. This suggests that cer
could be embedded in the nickel lattice, thus preventing
growth of Ni crystallites.

It is known that sintering is an important cause of d
activation of Ni-based catalysts under SR conditions.
sintering process can be affected by many parameters
cluding temperature, chemical environment, catalyst com
sition and structure, and support morphology[27–29]. The
sintering rate of Ni crystallites was enhanced considera
by high temperature and the presence of water in the
gas[12,30]. Type of support also plays a role in the th
mal stability of active metal phase, thus affecting the sin
ing process. Nickel was found to be much more stable
alumina compared with silica in a hydrogen atmospher
700◦C, due in part to a stronger metal–support interac
for Ni/Al 2O3 catalysts[30].

3.2.3. Coke formation
Our reaction results indicate that the introduction of l

thanide elements in sol–gel 20% Ni/Al2O3 catalysts signif-
icantly enhances SR activity and stability. It is likely th
lanthanide promotion strongly affects the coking process
der SR conditions, thus improving the catalyst resistanc
coking. To investigate the nature and amount of carbo
ceous species formed on the surface during reaction,

and TEM were performed with the 20% Ni/Al2O3 and 20%
Ni–2% Ce/Al2O3 catalysts after 20 h propane SR. TGA-
TPR experiments were conducted to determine the temper-
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Fig. 6. Comparison of XRD patterns of 20% Ni/Al2O3 and 20% Ni–2%
Ce/Al2O3 catalysts reduced at 700◦C: (a) 2θ = 42–46◦, (b) 2θ = 50–54◦.

ature of coking initiation. In addition, coking studies we
performed using sequential temperature-programmed
ing/gasification/hydrogenation experiments.
3.2.4. TPO experiments
TPO profiles of carbon deposited on the 20% Ni/Al2O3

and 20% Ni–2% Ce/Al2O3 catalysts after 20 h propane SR
f Catalysis 234 (2005) 496–508

at 500◦C, H2O/C = 1.3 are shown inFig. 7. TPO profiles
of carbon deposited on both catalysts were similar. Prim
ily, two peaks were observed, indicative of two types
carbonaceous species with different reactivities toward
idation. A low-temperature peak at 360◦C can be assigne
to monoatomic carbon, which is highly reactive and ea
oxidized from the nickel surface[9,31–34]. A larger peak at
640◦C may be due to filamentous carbon, which is more
ble and oxidizes at higher temperatures[35–37]. However,
the possibility that the carbon is deposited on the alum
support, which could also be burned off at higher temp
atures, cannot be ruled out. Although the temperature
which the CO2 is eluted from the surface were identical f
the two catalysts, the amount of CO2 evolution from the
oxidation of carbon deposited on the 20% Ni/Al2O3 cata-
lyst was much higher than that on the Ce-promoted cata
suggesting that much greater carbon deposition on Ni-
catalysts. As displayed in the inset, the amounts of car
deposited, obtained by integrating the TPO curves, w
1.7 and 0.2 mg/m2 on the 20% Ni/Al2O3 and 20% Ni–2%
Ce/Al2O3 catalysts, respectively. The amount of carbon
posited on the catalyst was reduced by approximately 9
on cerium promotion. Furthermore, the formation of carb
filaments is markedly suppressed when cerium is presen
indicated by a lower ratio of high-temperature (640◦C) to
low-temperature (360◦C) peak areas.

The effect of cerium as a promoter in coke minimiz
tion can be attributed to its unique properties as an oxy
carrier. The redox properties of ceria and the high la
ity of lattice oxygen are among the most important fact
contributing to the catalytic reactivity of CeO2 in oxida-
tion reactions[38]. Under SR conditions, the presence
cerium could accelerate the reaction of steam with adso
species on the nickel surface[8]. Subsequently, surface ca
bon species are quickly converted to products, decrea
the accumulation of carbon deposits on the catalysts.

3.2.5. TEM experiments
TEM was conducted to further characterize the struc

of carbon deposited on the 20% Ni/Al2O3 and 20% Ni–
2% Ce/Al2O3 catalysts after 20 h propane SR at 500◦C.
As shown inFig. 8, there is clear evidence of significa
amounts of carbon filaments covering nickel particles on
promoted catalyst. Most of these filaments exhibited so
degree of curvature, possibly due to an unequal diffusio
graphitic carbon through nickel particles[39]. Conversely,
no carbon filaments were seen on post-reaction 20% Ni
Ce/Al2O3 catalyst. This indicates that carbon deposition
greatly suppressed by the addition of cerium in Ni/Al2O3
catalysts. The nickel particles remained relatively small (
15 nm diameter) and were homogeneously distributed.
morphology of a filament obtained with the 20% Ni/Al2O3
catalyst is shown inFig. 9. A nickel particle is seen at the ti

of the carbon filament. Deformation of the nickel particle oc-
curred on carbon filament formation, causing a pear-shaped
appearance[40,41]. Moreover, the diameter of the carbon
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Fig. 7. TPO profiles of carbon deposited on 20% Ni/Al2O3 and 20% Ni–2% Ce/Al2O3 catalysts. Calculated carbon formation rates and ratios of 360
640◦C peak areas are shown as insets.
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Fig. 8. TEM images of carbon deposited on catalysts after 20 h pr

filament formed on the unpromoted sample was abou
10 nm, roughly the same as that of the Ni particle at the
of the carbon filament. This finding suggests that the
of nickel particles determines the width of carbon filamen
The growth of carbon filaments was observed previou
with nickel particle sizes in the 10–60 nm range[36]. It is
intuitive that nickel particles located at the filament tips m
remain immobile and not contribute to SR activity, ca
ing rapid catalyst deactivation, as observed with the 2
Ni/Al 2O3 catalyst. The morphology of carbon deposited
the 20% Ni–2% Ce/Al2O3 catalyst is quite different than tha
of carbon filaments formed on unpromoted catalyst. Car

is seen to spread around a nickel particle that remains on the
alumina support surface.
e steam reforming over 20% Ni/Al2O3 and 20% Ni–2% Ce/Al2O3 catalysts.

3.2.6. TGA-TPR experiments
As previously discussed, TPO and TEM results clea

indicate adding cerium to sol–gel 20% Ni/Al2O3 catalysts
considerably improves resistance to coking. A TPR (i.e.,
of hydrocarbons) coupled with TGA was performed to
vestigate the coking resistance of Ni-based catalysts.
introduction of small amounts of MoO3 (0.5–2 wt%)[42,43]
or K2O [44] into Ni-based catalysts was reported to incre
the coking initiation temperature when steam ratio was
creased, which implies improved coking resistance.

The H2O/C ratios in TGA experiments were smaller th
those used in steady-state reaction experiments, to acc

ate the coking process. The effect of H2O/C ratio on the
weight changes on reduced 20% Ni/Al2O3 and 20% Ni–2%
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Fig. 9. The morphology of carbonaceous species on 20% Ni2O

Ce/Al2O3 catalysts during the TPR of propane with steam
shown inFig. 10. The weight increase due to coke formati
during propane SR on Ce-promoted catalyst was less
nounced than that on unpromoted catalyst at all steam ra
At H2O/C ratio= 0.1, a 77% weight increase was obtain
with the 20% Ni–2% Ce/Al2O3 catalyst at 750◦C, compared
with a 102% weight increase on unpromoted catalyst.
amount of carbon deposited decreased with increasing s
ratio, suggesting that more coke was gasified at higher
centrations of steam on both catalysts; moreover, an incr
in steam ratio caused an increase in coking initiation tem
ature. As listed inTable 3, a pronounced increase in cokin
initiation temperature is clearly seen when cerium is pre
in sol–gel Ni/Al2O3 catalysts. In addition, the beneficial e
fect of cerium promotion is more evident at higher ste
ratios.

3.2.7. Sequential temperature-programmed
coking/gasification/hydrogenation

Initially, catalysts were exposed to 2% C3H8/He at
500◦C to accelerate carbon deposition as a result of
drocarbon dissociation, forming CHx fragments, which are
coke precursors produced during propane SR. Then TP
carbon deposited with 2% H2O/He and TPH of the resid
ual carbon species with 10% H2/He were conducted.Fig. 11
shows the changes in the concentrations of various car
containing species in propane decomposition. Comp
with the 20% Ni/Al2O3 catalyst, the intensity of propan
increased with TOS more noticeably over the 20% Ni–
Ce/Al2O3 catalyst. It appears that propane-cracking acti
to form CHx fragments was lower in Ce-promoted catal
than in unpromoted catalyst, leading to lower accumula
of carbon species on the catalyst surface. Moreover, the
mation of CH4 and C2 species started at approximately 3 m
and increased rapidly. However, after 6 min, a decreas

CH4 concentration was accompanied by an increase in C2
species signal, suggesting that the catalysts gradually lose
their cracking activity with TOS. In addition, CO, CO2, and
20% Ni–2% Ce/Al2O3 catalysts after propane steam reforming.

.

e

f

-

Fig. 10. Effect of steam ratio on the coking initiation temperature during
propane steam reforming over 20% Ni/Al2O3 and 20% Ni–2% Ce/Al2O3
catalysts.
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Table 3
Effect of steam/carbon ratio on coking initiation temperature (◦C) on 20%
Ni/Al 2O3 and 20% Ni–2% Ce/Al2O3 catalysts

Catalyst H2O/C ratio

0.1 0.2 0.3

20% Ni/Al2O3 430 465 485
20% Ni–2% Ce/Al2O3 486 557 598

H2O were not detected within 1 h of propane decomposi
at 500◦C.

TPG profiles of carbon deposited after propane dec
position are shown inFig. 12. It is seen that gasification o
carbon deposited with 2% H2O/He resulted in the formatio
of CO and CO2. A decline in H2O concentration is accom
panied by CO and CO2 evolution. CO2 formation from the
oxidation of carbon deposits occurs preferentially at low
temperature than CO formation. This suggests that the g
fication of carbon deposits on nickel may be thermodyn
ically controlled. When the catalyst temperature is held
800◦C, the intensity of CO evolution decreases, wher
the H2O concentration rises abruptly with the presence
the CO2 signal. The combined peak area under the CO
CO2 evolution curves of the 20% Ni–2% Ce/Al2O3 cata-
lyst is considerably smaller than that of the 20% Ni/Al2O3
catalyst, indicating that there is much less accumulatio
carbon species from propane decomposition when ceriu
present in sol–gel Ni/Al2O3 catalysts. In addition, a smal
broad CO2 peak is seen below 400◦C, due to the gasifica
tion of surface carbon on nickel crystallites in both cataly
In contrast, the filamentous carbon located at the rea
nickel particles is more difficult to gasify, because it need
diffuse back to the nickel surface. This suggests that the g
fication of carbon deposits occurs on the nickel surface
reported in the literature[45–47]. A decline in the CO signa
observed with an increase in H2O concentration at 800◦C
implies that the gasification reaction is complete once
carbon species diffuse back to the nickel surface. Our re
also show that back-diffusion of carbon to the nickel surf
is the rate-determining step of the gasification mechanism
reported by Trimm[48]. In case of steam gasification, H2O
is believed to dissociatively adsorb on the surface of nic
particles to form mobile surface oxygen species, which
ther react with carbon atoms to form CO and CO2. Our TPG
profiles show that the 20% Ni–2% Ce/Al2O3 catalyst exhib-
ited a higher gasification temperature (570◦C) than the 20%
Ni/Al 2O3 catalyst (535◦C). The carbon diffusion rate pos
sibly could be suppressed due to decreased mobility of
bonaceous species on the incorporation of cerium in ni
particles.

After the TPG experiments, the catalysts were coole
room temperature under He. TPH experiments were
conducted with 10% H2/He to further characterize carbo

species left in the nickel crystallites after steam gasification.
As displayed inFig. 13, TPH profiles exhibited peaks of
CH4 and C2 species over both catalysts, indicating that some
of Catalysis 234 (2005) 496–508 505

-

Fig. 11. Changes in the concentrations of various carbon-containing sp
as a function of time on stream in propane decomposition at 500◦C over
20% Ni/Al2O3 and 20% Ni–2% Ce/Al2O3 catalysts.

carbon could not completely diffuse back to the nickel s
face during the gasification experiments, possibly beca
carbon dissolution in nickel particles had reached an e
librium state. The hydrogenation of this “residual” carb
species started at approximately 550◦C and was complete a

◦
800 C on both catalysts. The peak maxima of CH4 and C2
species appeared at 650 and 770◦C, respectively. Further-
more, the peak area integrated under the curves of CH4 and
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C2 species was lower with the 20% Ni–2% Ce/Al2O3 cata-
lyst than with the 20% Ni/Al2O3 catalyst. The lesser amou
of carbon species obtained with Ce-promoted catalyst
gests that carbon dissolution is hindered when cerium
added into nickel catalysts.

3.2.8. Coking models during SR
Based on information obtained from characterizat

results, coking models during propane SR over sol–
Ni/Al 2O3 and Ni–Ce/Al2O3 catalysts are proposed sim
lar to those reported by Baker et al.[49] and Snoeck et al
[40,50]. For Ni/Al2O3 catalyst, the formation of carbon fi
aments is believed to cause rapid catalyst deactivation.
mechanism of carbon filament growth for propane SR
nickel involves various steps, including surface reactio
dissolution/segregation, carbon diffusion through nickel,
precipitation[40,49–51]. The decomposition of propane
hydrocarbon fragments (i.e., CHx and carbon atoms) occu
initially on the nickel surface, as illustrated inFig. 14. Car-

bonaceous species further dissolve and diffuse through the
nickel particle, accompanied by precipitation at the rear of
the nickel particle with formation of a carbon filament. The
ted following propane decomposition.

appearance of curved carbon filaments (Fig. 8) may be af-
fected by the relative rates of nucleation of carbon filame
and of carbon diffusion through nickel, as well as the diff
ence in diffusional path lengths on the metal–carbon in
face. A pear-shaped appearance with tiny segments of n
particle evidenced by dark spots on the filament (Fig. 9) may
result from the particle deformation occurring as the car
filament grows. Snoeck et al.[40] reported that the metal
support interaction must be overcome to lift the particle
places where no carbon extrusion occurs. Consequently
pear shape forms as the nickel particle lifted away far fr
the support near the gas–metal interface.

In contrast, the addition of cerium enhances the ads
tion of water, resulting in higher concentrations of act
surface oxygen. The gasification of adsorbed carbon f
hydrocarbon fragments on the nickel surface is so effic
that the surface carbon species can be quickly converte
products, thus decreasing the accumulation rate of ca
deposits[8]. In addition, the dissolution and diffusion of ca

bon species through nickel particles are greatly inhibited by
the incorporation of cerium. Thus the nucleation process to
form carbon filaments is retarded, due to the decreased mo-
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Fig. 13. TPH profiles of carbon following TPG. The inset shows the comparison of the peak area of CH4 and C2 species formed during TPH over 20
Ni/Al 2O3 and 20% Ni–2% Ce/Al2O3 catalysts.
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Fig. 14. Coking models during propane stea

bility of carbon. TEM studies detected no carbon filame
over Ni–Ce/Al2O3 catalyst after 20 h propane SR. Unlik
Ni/Al 2O3 catalyst, nickel particles in Ce-promoted catal
remain on the alumina support rather than being stron
lifted far from the support. Indeed, a small amount of carb
species spreading out around nickel particles is seen
the presence of cerium, in contrast to carbon filaments o
same diameter as nickel particles.

4. Conclusions
This study has examined the effect of lanthanide pro-
motion on catalytic performance of sol–gel nickel catalysts
orming over Ni/Al2O3 and Ni–Ce/Al2O3 catalysts.

supported on alumina in the SR of propane. The presen
lanthanide elements (i.e., La, Ce, and Yb) was found to
nificantly enhance catalytic activity and stability, due in p
to the fact that lanthanides help inhibit both the growth
nickel crystallites and the reoxidation of metallic nickel si
during the reaction. Coke formation is likely a major cau
of deactivation, as indicated by improved catalytic activity
higher steam/carbon ratios. In particular, the catalysts p
moted with cerium remain highly active and stable for 2
when excess steam is introduced into the feed. It app
that cerium promotion greatly inhibits carbon deposition d

to enhanced water adsorption and effective gasification. Fur-
thermore, the incorporation of cerium prevents the formation
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of carbon filaments by reducing the dissolution and diffus
of carbonaceous species through nickel particles.
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