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Abstract

Steam reforming over nickel catalysts is widely used for industrial-scale production of hydrogen and synthesis gas. This w
study of the effects of atmosphere and temperature on the rate of sintering of nickel steam-reforming catalysts. The relative ni
of Ni/MgAl 2O4 and Ni/Al2O3 catalysts after sintering in H2O:H2 atmospheres at high (40 bar) and low (1 bar) pressures are reporte
data are discussed in terms of the recently proposed model for the sintering rate of supported nickel catalysts [J. Sehested, J
(2003) 417] and density functional theory (DFT) calculations of the stability and diffusivity of transport species at the surface o
particles. OH-bonded nickel dimers are found to have a much lower energy of formation than nickel adatoms (�E = 58 kJ mol−1). It is
therefore concluded that in steam/hydrogen mixtures, OH-bonded nickel dimers are dominating the surface transport on nickel pa
consequently sintering via particle migration and coalescence. Expressions connecting the diffusion constant for nickel particles to
sion constant and energy of formation of nickel adatoms and of OH-bonded nickel dimers are given. These equations are used in
model [J. Sehested, J. Catal. 217 (2003) 417] and good agreement between the model and the experimental data is obtained
temperatures. Above temperatures of ca. 600◦C at 40 bar and approximately 700◦C at 1 bar total pressure, the rate and the activation en
of sintering increase considerably. The reason for this observation may be that sintering via Ostwald ripening dominates the sin
under these conditions.
 2004 Published by Elsevier Inc.
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1. Introduction

Sintering of heterogeneous catalysts is often referre
as the loss of catalytic surface area due to growth of la
particles at the expense of smaller particles. Sinterin
complex and may be influenced by many parameters su
sintering time, temperature, chemical environment, cata
composition and structure, and support morphology. A g
understanding of the sintering mechanism is necessary,
to predict the extent of deactivation by sintering and to
sign catalysts that maintain a high activity.

* Corresponding author. Fax: +45 45272999.
E-mail address: JSS@topsoe.dk (J. Sehested).

1 Department of Chemical Engineering, University of Twente, Pos
217, 7500 AE Enschede, Netherlands.
0021-9517/$ – see front matter 2004 Published by Elsevier Inc.
doi:10.1016/j.jcat.2004.01.026
s

Sintering is the reason for loss of activity for many ind
trial catalyst systems. An industrial process, where sinte
is important, is steam reforming over supported nickel c
lysts:

CnHm + nH2O→ nCO+ (n + m/2)H2,

CH4 + H2O � CO+ 3H2,

CO+ H2O� CO2 + H2.

Modern steam-reforming units consist of a primary
former with an adiabatic prereformer upstream, which
duces the load of the primary reformer, and minimizes
risk of sulfur poisoning [1,2]. Both the prereformer and
primary reformer are operated at 30 bar total pressure
high pressures of steam corresponding to an oxygen to
bon ratio of approximately 2–4. The temperatures are in
range 400–550 and 500–950◦C, respectively. In both the pr
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mary reformer and the prereformer, Ni-based catalysts
commonly used [1,2].

Nickel steam-reforming catalysts are subject to sev
deactivation mechanisms including coking, poisoning,
sintering. Particle growth via sintering influences the
sistance of the catalyst toward coking and poisoning w
sulfur. The coking limits are affected by the nickel par
cle size and the nickel surface area determines the s
capacity of the catalyst [1,2]. Furthermore, the activity
a steam-reforming catalyst is related to the nickel surf
area. To model an industrial reformer with regard to ac
ity and the effect of sulfur poisoning, it is necessary to kn
the nickel surface area as a function of time, temperat
feed gas composition, chemical composition including p
moters, and extent of poisoning.

Several studies of sintering of Ni particles supported
a ceramic carrier are reported in the literature [1–12]. T
most important parameters are the sintering temperature
the composition of the gas over the catalyst [7]. Increas
temperature and the presence of steam accelerates the
ing process [7]. High surface areas of the carrier, on the o
hand, increase the stability toward sintering [3,8–10,13–

Three mechanisms for the metal particle growth h
been proposed: (i) particle migration, where entire cr
tallites migrate over the support followed by coalescen
(ii) Ostwald ripening (atom migration), where metal ato
emitted from one crystallite migrate over the support and
captured by another crystallite; and (iii) vapor transport
tween particles (at high temperatures).

Sehested et al. [8] studied the mechanism for sin
ing of nickel steam-reforming catalysts at 500◦C, 30 bar,
H2O:H2 = 10:1 and concluded on the basis of the part
size distributions that sintering occurred via the crysta
migration mechanism. For this sintering mechanism m
transport by diffusion of nickel atoms on the nickel cry
tallite surfaces is necessarily an important step, so the
fusivity and concentration of single metal atoms and sm
clusters are central parameters in the understanding o
sintering phenomenon.

Campbell et al. [16] reported that the heat of adsorptio
metal atoms to metal particles depends more strongly on
particle size than assumed previously leading to faster r
of sintering via both Ostwald ripening and particle migrat
and coalescence. This phenomenon is most importan
small particles (diameter< 50 Å for Pb particles). A nick-
el particle with a diameter of approximately 36 Å conta
the same number of atoms as a Pb particle with a dia
ter of 50 Å due to the size difference of the atoms. In
present study, the nickel particles are generally larger
this particle size. The smallest average nickel particle di
eters estimated from the nickel surface areas in the cata
used here are of the order of 75–90 Å [11], indicating t
the effect of fast sintering of small particles can be ignor
Contrary, ASAXS (anomalous small angle X-ray scatt
ing) gives lower estimates of the nickel particle diamet
[11], indicating that sintering of small particles is significa
r-

However, we believe that the measurements of the ni
areas in this case give the most reliable estimates of
nickel particle diameters as these measurements are ca
out using reduced catalysts as opposed to ASAXS, w
passivated catalysts are used. Nickel may move significa
during passivation. For this reason and for simplicity,
have chosen to neglect the effects observed by Campb
al. [16] in the following.

Recently, a simple expression for the development of
nickel surface area as a function of time, temperature, ni
loading, and carrier surface area was derived [9]. To ob
the expression it was assumed that the sintering mecha
was particle migration and coalescence, that the par
sizes were log normally distributed with constant relat
standard deviation, and that the carrier acted only as an
dispersing the metal particles. The expression included a
rameter, which depends on the atmosphere over the ca
and the chemical environment on the catalyst.

The objective of the present work is to investigate exp
mentally and theoretically the effects of steam and hydro
over nickel catalysts as a function of temperature. The
ative nickel areas of Al2O3 and MgAl2O4-supported nicke
catalysts are determined after sintering at 1, 31, and 40
total pressure at various steam and hydrogen ratios and
pared to previously published data. The experimentally
served effects of steam and hydrogen pressures are
nalized theoretically using density functional theory (DF
calculations and the sintering model published recently [

2. Experimental

Three supported nickel catalysts were studied. The
catalyst (catalyst No. 1) contained 22 wt% nickel and w
supported on a 24 m2 g−1 MgAl2O4 carrier. Catalyst No. 2
contained 9.5 wt% nickel and was supported on a high
face area (144 m2 g−1) θ - and η-Al2O3 support. The las
catalyst (catalyst No. 3) was prepared using a 121 m2 g−1

θ - and η-Al2O3 and had 19.4 wt% nickel. The catalys
were reduced in hydrogen at 525◦C for 4 h and passivate
overnight at 25–50◦C in a mixture of 1 v/v% air in N2 fol-
lowed by 2 h in 5 v/v% air in N2 before they were remove
from the reactor. Prior to sintering, the catalysts were rea
vated by reduction in H2 at 500◦C for 2 h.

Sintering experiments were performed at both high
low pressures and the detailed sintering conditions are g
in Table 1. In the first set of sintering experiments, samp
of catalyst No. 1 were exposed to a 2.5:1 mixture of ste
and hydrogen at 484–692◦C and a total pressure of 40 ba
The experiments were performed with a temperature gr
ent over the reactor. The temperature of each sample
obtained by temperature measurements at the position o
catalyst sample as discussed further below. In the se
set of experiments, catalyst No. 2 was sintered at amb
pressure, H2O:H2 = 1:1, and at temperatures in the ran
500–825◦C. Separate experiments were performed for e
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Table 1
Sintering conditions

Series Catalyst PH2O/PH2 Total pressure Temperatures Tim
No. No. (bar) (◦C) (h)

1 1 2.5 40 483–682 700
(22% Ni/MgAl2O4)

2 2 1 1 500–825 50
(9.5% Ni/Al2O3) 10 31 500 115

3 3 0.2–25 1 550 50
(19.4% Ni/Al2O3)

temperature. Catalyst No. 2 was also sintered for 115
31 bar total pressure and H2O:H2 = 10:1. Finally, a third se
ries of experiments was conducted using catalyst No.
1 bar total pressure of H2, H2O, and N2, and a temperatur
of 550◦C with the H2O:H2 ratio varied in the range 0.2–2

The experimental setup used for these experiments
operated at a total pressure of 1 to 40 bar and at high p
sures of steam. All parts of the system, where high pa
pressures of steam were present, could be heated. The
perature of the gas at the top of the catalyst bed was
trolled by a thermocouple on the outside wall of a st
reactor and the actual temperature in the bed was mea
by a movable thermocouple in a small tube through the
ter of the reactor. The catalysts were kept at the bottom
small stainless-steel nets, which fitted in the reactor and
the internal tube. The bottom of the nets covered the c
section of the reactor. The length of the part of the rea
containing nets was 25–30 cm.

The surface areas (BET) of selected catalyst sam
were determined by nitrogen adsorption using a Qu
tachrome MONOSORB apparatus. The measured va
were normalized to standard temperature and pressu
accordance with the ASTM standard for single-point de
mination of BET surface areas [17]. The surface area o
internal standard was measured daily giving a standard
viation of less than 2%.

X-ray powder diffraction (XRD) was used to determi
the phase composition of the fresh catalysts. The XRD m
surements were performed on a Philips PW1820 goniom
with Bragg–Bretano geometry, a variable divergence slit
a graphite monochromator using Cu-Kα radiation.

The sulfur chemisorption capacity was used to determ
the nickel surface area relative to that of the fresh cataly
The relative nickel surface area,ANi, is converted to a rel
ative surface-averaged nickel particle diameter,d̄s, by the
following expression,

(1)d̄s = const
XNi

ANi
,

whereXNi is the fractional nickel loading (Ni wt%/100).
Chemisorption of sulfur was carried out in a separate rea
according to Rostrup-Nielsen and co-workers [1,2] usin
mixture of H2S/H2 until saturation. Under these experime
tal conditions, the Ni surface area is proportional to the
fur capacity. The sulfur uptake of a catalyst was determ
-

-
-

d

-

r

by oxidation of chemisorbed sulfur at high temperatures
the amount of liberated SO2 was measured by infrared dete
tion. The chemisorption of sulfur is discussed in more de
by Alstrup et al. [18].

The nickel surface areas obtained by sulfur chemis
tion have been compared to those determined by hydr
chemisorption [2] and anomalous small angle X-ray sca
ing [11]. In these studies it was found that nickel surfa
areas determined by sulfur chemisorption are proporti
to those obtained by hydrogen chemisorption and ASA
However, the conversion factors for converting nickel ar
measured by sulfur chemisorption to nickel areas acqu
by hydrogen chemisorption and ASAXS were not the sa
Only nickel surface areas and nickel particle diameters r
tive to those of the fresh samples are used in the followin

3. Computational details

The calculations were carried out using self-consis
density functional theory. The DACAPO package [19] w
employed.

The ionic cores and their interaction with valence el
trons are described by ultrasoft pseudopotentials [20].
change and correlation effects are taken into accoun
the generalized gradient approximation (GGA) and the
vised Perdew–Burke–Ernzerhof (RPBE) functional [2
The wave function was expanded in a plane-wave basis
a kinetic energy cutoff of 25 Ry. The valence electron d
sity is obtained by self-consistent iterative diagonaliza
of the Hamiltonian [22], with Pulay mixing of the outp
and input densities. Occupation of the one-electron st
was calculated using a temperature ofkBT = 19 kJ mol−1

(0.2 eV); all energies have been extrapolated toT = 0. The
ionic degrees of freedom were relaxed using a conjug
gradient minimization, until the maximum force compon
was smaller than 5 kJ mol Å (0.05 eV Å−1). We considered
spin-polarized electron densities, in order to take into
count the magnetic moment of Ni atoms.

We use the periodic slab approximation. Our unit c
contains three layers of Ni parallel to the (111) plane, s
arated by about 11 Å of vacuum. A slab thickness of th
layers is the minimum thickness required in order to dis
guish between fcc and hcp hollow sites on Ni(111). Incre
of the slab thickness beyond 3 layers seems to result in
small changes in adsorption and activation energies of
ous molecules on Ni(111) (see, for example, Ref. [23]).
used a (2× 2) supercell for the calculations of Ni adatom
For the calculations regarding the Ni2–OH complex, we use
a (3× 3) unit cell. In all cases, the supercell was chosen
that the minimum distance between an adsorbate atom
its periodic image is at least 5 Å, roughly twice the Ni–
distance in bulk Ni. All adsorbates were fully allowed to
lax. Allowing the topmost Ni atoms of the simulation sl
to relax did not result in any significant displacement for
case of a Ni adatom. Therefore we kept all Ni atoms in
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slab fixed for the rest of the calculations. The Brillouin zo
of the system was modeled by 9 and 6 specialk points of
the Chadi–Cohen type [24] for the (2× 2) and (3× 3) unit
cells, respectively. We use a dipole correction in the vacu
region, to account for the dipole moment of OH on the
side of the slab.

The location of transition states and the calculation of
ergy barriers are performed using the Nudged Elastic B
method [25]. In all cases, we used five configurations al
the path (initial and final states and three intermediate c
figurations). The path was relaxed, until the change in en
barrier was smaller than 0.5 kJ mol−1.

4. Experimental results

In this section, the results obtained in the three set
sintering experiments are described. In the first set of ex
iments the temperature dependence of the relative nicke
face area was studied at high pressure (40 bar). Seven
ples of catalyst No. 1 (22 wt% Ni/MgAl2O4) were placed a
different positions from the top to the bottom of the reac
and heated in 40 bar of N2 to a temperature of about 400◦C
at the entrance and about 650◦C at the exit of the catalys
bed. After the temperature was stabilized, hydrogen and
steam were allowed into the reactor such that a H2O:H2 ratio
of 2.5:1 was obtained and the flow of nitrogen was switc
off. The temperature was then increased to reach the de
temperature range of 450–700◦C. The temperature at th
position of each catalyst sample was carefully measured
ing the movable thermocouple inside the internal tube in
reactor. These conditions were kept constant for 700 h.
ter shutdown, the relative nickel surface areas of the cata
samples were determined by sulfur chemisorption.

The data are plotted in Fig. 1 as a function of the te
perature at the position of the catalyst sample,T (◦C). The
relative nickel surface areas reported recently by Sehe
[9] after sintering of the same type of catalyst at 31 bar
H2O:H2 = 10:1 for 700 h are plotted in the figure for com
parison. Both sets of data show that temperature is an
portant parameter for the rate of sintering. It is worth not
that the pressure of steam used for the two data sets pl
in Fig. 1 were very similar, 28.5 and 28.2 bar, for this wo
and that reported in the literature, respectively. However
hydrogen pressure in the present experiment was four t
that used by Sehested [9]. Interestingly, the effect of an
crease in the hydrogen pressure is a decrease in the ra
sintering. This rather surprising effect of the hydrogen p
tial pressure is discussed in detail in a later section.

The first part of the second set of experiments consi
of five separate sintering experiments at ambient pres
using catalyst No. 2 (9.5 wt% Ni/Al2O3). In all five exper-
iments the sintering time was 50 h and the H2O:H2 ratio
was 1. The second part of the second set of experim
consisted of a sintering treatment at 500◦C, 31 bar, and
H2O:H2 = 10:1 for 115 h. After shutdown of both types
-
-

d

f

Fig. 1. The relative nickel surface areas of catalysts containing 22
nickel supported on a MgAl2O4 carrier (catalyst No. 1) plotted as a fun
tion of the measured temperature at the position of the catalyst sample
catalysts were sintered for 700 h in atmospheres containing steam an
drogen in a ratio of 2.5:1 and at 40 bar total pressure (filled squares
work) or at a steam to hydrogen ratio of 10:1 and 31 bar total pres
(filled circles, [9]).

Table 2
Results of the second series of experiments using catalyst No. 2 (9.5
Ni/Al 2O3)

Temperature HBET areas PH2O/ Total ANi/ dNi/

(◦C) (m2 g−1) PH2 pressure (bar) ANi,0 dNi,0

500 122 1 1 0.855 1.1
575 113 1 1 0.699 1.4
650 105 1 1 0.585 1.7
750 95.8 1 1 0.309 3.24
825 84.8 1 1 0.244 4.10
500 98.5 10 31 0.474 2.11

The sintering times were 115 and 50 h at high and low pressures, re
tively.

experiments, the relative nickel surface areas of the cat
samples were determined by sulfur chemisorption. The
are given in Table 2. As seen from the table the tempera
also has a pronounced effect on the nickel surface are
this catalyst. In addition, the effect of an elevated total p
sure is a significant increase in the rate of sintering at 50◦C
(111% increase indNi/dNi,0 at 31 bar versus 17% at 1 ba
This point is examined in detail later in Section 7. As an
crease in the partial pressure of hydrogen tends to slow d
the sintering, an increased partial pressure of steam mu
crease the rate of sintering. These observations suppo
results of Bartholomew et al. [12] who showed that the l
of nickel surface area in a Ni/δ-alumina catalyst is signif
icantly faster in a 3% H2O/H2 mixture than in a pure H2
atmosphere.

Finally, the results from the third series of experimen
where catalyst No. 3 is sintered at 550◦C, atmospheric pres
sure, and with thePH2O/PH2 ratio varied from 0.2 to 25
are presented. In all four experiments the sintering time
50 h. After shutdown of the experiments, the relative nic
surface areas of the catalyst samples were determined b
fur chemisorption and the results are given in Table 3.
seen from this table an increase in thePH2O/PH2 ratio tends
to increase the sintering rate. The discussion of this re
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Table 3
Results from the third series of experiments using catalyst No. 3

PH2O PH2 PN2 PH2O/PH2 ANi/ANi,0 dNi/dNi,0
(bar) (bar) (bar)

0.067 0.333 0.6 0.2 0.78 1.28
0.33 0.33 0.33 1 0.68 1.47
0.5 0.063 0.437 8 0.69 1.44
0.5 0.02 0.48 25 0.61 1.65

The sintering time was 50 h and the sintering conditions were 1 bar
pressure and 550◦C.

and a more quantitative interpretation of the data are g
in the following sections.

5. Stability of transport species at nickel surfaces

In the particle migration and coalescence sintering me
anism, the diffusivity and the abundance of single m
atoms and small metal clusters on the metal surface are
tral parameters for the rate of sintering. The increased
tering rate due to adsorbed molecules was studied in d
for hydrogen on platinum by Horch et al. [26] and for sul
at copper by Feibelman [27]. Horch et al. [26] conclud
that a Pt–H complex on a Pt(110) surface has a stro
increased diffusivity relative to that of a Pt adatom; he
the rate of sintering of Pt is enhanced in hydrogen. Fei
man studied the energetics of diffusion of small copper
lands at Cu(111) theoretically and showed that the en
of formation of a Cu adatom and a Cu3S3 island are 77 and
27 kJ mol−1, respectively. The energy of diffusion for Cu3S3
was 28 kJ mol−1 higher than that for a Cu adatom. On th
basis, Feibelman suggests that the experimentally obse
enhancement in the rate of ripening of monolayer thick
islands at Cu(111) films in the presence of sulfur is due t
increase in the number of Cu-transport species.

The transport species at the surface of nickel crystal
may be single atoms or small clusters of nickel and both
be bonded to absorbing species. We will show here tha
Ni(111) a nickel-dimer bonded to an OH radical is a v
stable adspecies. When no external adsorbate is presen
lowest energy adspecies is a nickel adatom. A nickel ada
may be formed by emission of a nickel atom from a kink s
at the nickel surface. Formation of an adatom by emissio
an atom from a kink takes place with conservation of
number of edge and kink sites. Therefore the energy ch
in the reaction equals that of a nickel atom moved from
bulk of the nickel particle to the nickel surface as an adat

∗Ni(111) + Nibulk � Ni adatom(∗Ni(111)).

We have determined the energy cost of forming an ada
from a kink to be 112 kJ mol−1. The equilibrium constan
for formation of a nickel adatom,K1, and the coverage o
nickel adatoms,θadd–atom, are given by

(2)K1 = θadd–atom ⇔ θadd–atom= K1
.

1− θadd–atom 1+ K1
-

l

d

e

Considering the high energy of formation of a nickel adat
the coverage of nickel adatoms is assumed to be smal
henceθadd–atomis given by

(3)θadd–atom≈ K1.

As discussed in the Introduction and observed in the
tion presenting the experimental results, high pressure
steam give rise to an increased rate of sintering while h
hydrogen pressures have the opposite effect. Here we
pose that the Ni2–OH complex is responsible for the i
creased mass transport at the surface of the nickel par
relative to that observed in the absence of steam. As
cussed below the effect of the Ni2–OH complex relative
to nickel adatoms is to increase the abundance of su
species capable of transporting nickel rather then increa
diffusivity. This hypothesis offers an elegant explanation
the observed changes in the sintering rate upon chang
the partial pressures of steam and hydrogen.

The formation of a Ni2–OH complex by reaction of on
nickel atom placed at a kink and one besides that at a n
edge site can be written:

2∗Ni(111) + H2O(g) + 2Nibulk

� Ni2–OH(2∗Ni(111)) + 0.5H2(g).

As the number of edge and kink atoms are conserved
energy change associated with this reaction equals a
tion, where a water molecule and two nickel atoms mo
from the nickel bulk form a nickel dimer bonded to an O
radical and half a gas-phase hydrogen molecule. We
that a nickel dimer at Ni(111) is stabilized by 87 kJ mo−1

(by attachment of an OH radial) and that the overall ene
of formation of a Ni2–OH complex is endothermic by on
54 kJ mol−1. The equilibrium constant for formation of
Ni2–OH complex,K2, is given by

(4)K2 = θNi2–OH

(1− 2θNi2–OH)2

P 0.5
H2

PH2O
,

whereθNi2–OH and 1− 2θNi2–OH are the coverages of Ni2–
OH species and of free sites at the surface of the nickel
ticles, respectively. Assuming thatθNi2–OH is small, Eq. (4)
may be rewritten:

(5)θNi2–OH ≈ K2
PH2O

P 0.5
H2

.

The results presented above show the energy as
ated with formation of a Ni2–OH complex is ca.(112−
54) kJ mol−1 = 58 kJ mol−1 lower than that of a nicke
adatom. This indicates that in the presence of high press
of steam and low pressures of hydrogen the abundan
Ni2–OH species at the surface of the nickel particles wil
much higher than that of nickel adatoms. In order to comp
the mass transport due to the Ni2–OH complex with that o
the nickel adatom the energies associated with diffusion
nickel adatom and a Ni2–OH complex are calculated.
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Fig. 2. Adsorption sites, and relative energies, for a Ni adatom on Ni(1
Adatom is shown in gray, substrate atoms in white. Top two layers of
substrate are shown.

The stable and metastable positions of a Ni atom
Ni(111) are shown in Fig. 2. The lowest energy sites are
hollow fcc and hcp sites. The top site is very unfavorable
ergetically, whereas the bridge site is only 8 kJ mol−1 higher
in energy than the hollow hcp site. Therefore, diffusion o
Ni adatom will happen through bridge sites and not top si
The diffusion barrier is ca. 8 kJ mol−1.

Characteristic geometries for adsorbed Ni2–OH complex
are shown in Fig. 3. The minimum energy structures
those involving both Ni adatoms on fcc hollow sites (co
figuration (a)) or hcp hollow sites (configuration (b)). T
structure with one Ni atom on an fcc hollow site and
other on hcp (configuration (c)) is higher in energy
10 kJ mol−1. When both atoms are on bridge sites (confi
ration (d)), the energy is 23 kJ mol−1 higher than the energ
of (a).

We performed Nudged Elastic Band (NEB) calculatio
for several possible diffusion processes of a Ni2–OH com-
plex to a neighboring site on Ni(111). The energies alo
the diffusion paths are shown in Fig. 4. We start from
minimum energy configuration, with both Ni adatoms on
hollow sites (configuration (a),E = 0). We considered five
different diffusion possibilities:

(i) One Ni adatom will remain in the fcc hollow site
while the other passes through the bridge site (E =
15 kJ mol−1) and ends up an hcp hollow site (co
figuration (c),E = 10 kJ mol−1). After that, the next
atom will move to the neighboring bridge site (E =
15 kJ mol−1), and then descend into the threefold h
hollow site. Now both Ni adatoms are in hollow hc
sites (configuration (b) rotated,E = 3 kJ mol−1). The
Ni2–OH complex now moves in the direction of th
Ni–Ni bond so that both Ni adatoms are on bridge s
(configuration (d),E = 23 kJ mol−1). After passing a
(a)

(b)

(c)

(d)

Fig. 3. Stable adsorption sites and relative energies for a Ni2–OH complex
on Ni(111): (a) both Ni atoms on hollow fcc sites,E = 0.0; (b) both Ni
atoms on hollow hcp sites,E = 2.5 kJ mol−1; (c) one Ni atom on a hollow
fcc site, and the other on a hollow hcp site,E = 10.0 kJ mol−1; (d) both
Ni atoms on bridge sites,E = 22.9 kJ mol−1. Substrate Ni atoms (only to
two layers shown) are colored white; adatoms, gray; O, dark gray; H, w

small energy barrier of 24 kJ mol−1, the Ni2–OH com-
plex ends up having both Ni adatoms in fcc hollo
sites (configuration (a) rotated,E = 0). The barrier of
24 kJ mol−1 is due to the necessary switch of the O
group from one side of the Ni–Ni bond to the oth
The process described is the minimum energy di
sion path, and is represented by diamonds and a s
line in Fig. 4. The intermediate configurations are a
shown in the same figure. The overall diffusion barr
is 24 kJ mol−1.
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. The
) through a

by a
Fig. 4. Energy along the diffusion path for diffusion of Ni2–OH complex on Ni(111). Top views of snapshots of the diffusion process are shown below
coloring of atoms is the same as in Fig. 3. The minimum energy path is represented by diamonds and a solid line. A transition between (c) and (b
clockwise rotation is shown by squares and a dashed line. The direct translation of the Ni2–OH complex perpendicular to the Ni–Ni bond is represented
circle and a dotted line. In all cases, the lines represent cubic spline interpolations between calculated energies.
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(ii) The same process could also happen by simultan
clockwise rotational motion of the two adatoms, go
from configuration (a) to (b) of Fig. 4, without passi
through (c). In this case, the transition state will be c
figuration (d) rotated, so the barrier will be 23 kJ mol−1.
Then the diffusion from (b) to (a) will be identical as
case (i) described before, resulting again in a barrie
24 kJ mol−1.

(iii) A third possibility is to go from (a) to (c) as in case (i
but then continue the rotational motion of the Ni2–OH
complex and end up in a configuration identical to
of Fig. 3. This transition is represented by squares a
dashed line in Fig. 4. The diffusion from (b) to (a) w
involve the same energetics as in case (i). The en
barrier in this case will be 31 kJ mol−1.

(iv) In this case, the Ni2–OH complex goes from (a) to (b
directly, with both Ni atoms moving at the same tim
and in the same direction, perpendicular to the Ni–
bond. This transition is represented by a circle an
dotted line in Fig. 4. In the transition state, both
adatoms are on bridge sites, having a substrate Ni a
under the O atom. The diffusion energy barrier now
much higher, namely 40 kJ mol−1. The higher energ
barriers associated with the last two processes are
to the fact that in both cases the transition states inv
an elongated Ni–Ni bond, as a substrate Ni atom
between the two Ni adatoms. In addition, the OH gro
has to be switched from one side of the Ni–Ni bond
the other, which also contributes to the higher transi
state energy.

(v) Finally, the Ni2–OH complex can move from (a) to
configuration symmetrical to (b) passing through
with both Ni atoms moving at the same time and
the same direction, parallel to the Ni–Ni bond. T
situation is the opposite to the last part of the proc
described in (i) (from (b) to (d) and then to (a)). The
fore, the energy barrier would be the same, tha
24 kJ mol−1.

To summarize the previous analysis, we conclude tha
minimum energy barrier for diffusion of a Ni2–OH complex
on Ni(111) is 24 kJ mol−1. There are two different process
that involve the same transition state: in one (proces
or (ii)) the Ni2–OH complex ends up in a rotated config
ration; in the other (process (v)) the Ni2–OH complex has
moved in the direction of the Ni–Ni bond. In both cases
transition state is very similar to configuration (d) of Fig.
with the difference that the H atom is almost above O. T
difference in the position of the H atom accounts for
small difference of about 1 kJ mol−1 between the transitio
state and the stable configuration (d).



J. Sehested et al. / Journal of Catalysis 223 (2004) 432–443 439

as

g in
are
the
of

the
ns,
con-
the

w-

ns
kel
ass
y for

of
sion
ce-
fu-

flux

ffu-
-
s
er,
in

rt a
of

y of
are
ines

e the
rgie
used

t the

of

et.
of

m
ers

ple,

d in
r
be

on

ved
cal
de-

mass

ace
rti-

in

al
f-

el

ce

e in
s of
d.
tion

Ni
han
will
The barrier for diffusion of a Ni adatom at Ni(111) w
only 8 kJ mol−1, 16 kJ mol−1 lower than that of Ni2–OH.
The reason for the enhancement in the rate of sinterin
the presence of steam is that OH-bonded nickel dimers
more abundant than nickel adatoms at the surface of
nickel particles. The effect of the surface concentration
nickel dimers at nickel particles has to be included in
description of the diffusion of nickel particles. Expressio
connecting the surface concentrations and the diffusion
stants of OH bonded nickel dimers and nickel adatoms to
diffusion constant of nickel particles, are given in the follo
ing section.

6. Calculations of the diffusion coefficient for a nickel
particle

The objective of this section is to obtain expressio
for the diffusion constants of nickel particles when nic
adatoms or Ni2–OH complexes are responsible for the m
transport at the surface of the nickel particles and thereb
the rate of sintering.

Gruber [28] derived an expression for the diffusion
gas bubbles in metals, which also describes the diffu
of spherical metallic particles on a planar noninteracting
ramic carrier [29]. The obtained expression links the dif
sion constant for metal atoms,Datom, at a metal particle to
the diffusion of the metal particle,Dparticle,

(6)Dparticle= 0.301Datom

(
a0

r

)4

,

wherea0 is the interatomic distance andr is the particle ra-
dius. To derive this expression Gruber [28] used that a
of metal atoms across a unit length,Js, is given by

(7)Js = vV,

whereV is the average drift velocity of the atoms andv is
the surface density of the atoms involved in surface di
sion. Gruber [28] determinedv for a (111) facet for a face
centered-cubic lattice to bev = a−2

0 assuming that all atom
in the (111) surface are involved in the diffusion. Howev
not all the surface atoms in a (111) facet are involved
the mass transport at a given time. The mass transpo
the surface of a metal particle takes place via diffusion
adatoms or small nickel islands. The Gibbs free energ
formation of adatoms or small movable islands, which
able to transport mass around the metal particle, determ
the concentration of the transporting species. To estimat
concentration of nickel adspecies at the surface, the ene
of the adspecies achieved from the DFT calculations are
in the following.

With nickel adatoms as the main transport species a
particle surface,v is given by

(8)v = θadd–atoma
−2 ≈ K1a

−2,
0 0
t

s

whereK1 is the equilibrium constant for the formation
nickel adatoms at Ni(111) as discussed previously.K1 de-
termines the concentration of adatoms at the Ni(111) fac

The equilibrium, which determines the concentration
OH-bonded nickel dimers is approximated by

(5)θNi2–OH = K2
PH2O

P 0.5
H2

.

Under steam-reforming conditions, the equilibriu
among water vapor, hydrogen, and OH-bonded nickel dim
at the nickel surface is most likely established. For exam
a total isotopic scrambling in H2O/D2 mixtures is obtained
at a temperature of 200◦C while a temperature of 450◦C
is necessary before total isotopic scrambling is obtaine
CD4/H2 mixtures [30]. In addition, the lowest barrier fo
dehydrogenation of methane over nickel is calculated to
39 kJ mol−1 higher than for the lowest barrier for abstracti
of a hydrogen atom from a water molecule [23].

From Eq. (5),v is calculated to be

(9)v = 2θNi2–OHa−2
0 ≈ 2K2a

−2
0

PH2O

P 0.5
H2

.

Following Gruber [28] and using the expressions deri
for v above, the diffusion constant for a moving spheri
nickel particle on a plane noninteracting support can be
rived. In the case where adatoms are responsible for the
transport the diffusion constant may be expressed:

(10)Dadd–atom
particle = 0.301Dadd–atom

(
a4

0

r4

)
K1.

When OH-bonded nickel dimers dominate nickel surf
transport then the diffusion coefficient for the nickel pa
cles is given by

(11)DOH–dimer
particle = 0.602DOH–dimer

(
a4

0

r4

)
K2

PH2O

P 0.5
H2

.

The DFT calculations show that the energy involved
forming an adatom is 112 kJ mol−1 while the energy in-
volved in forming a nickel dimer bonded to an OH radic
is only 54 kJ mol−1. However, the activation energy of di
fusion is 16 kJ mol−1 lower for nickel adatoms than for Ni2–
OH complexes at Ni(111).

In the following the relative rates of diffusion of nick
particles due to Ni2–OH and Ni adatoms atPH2O/P 0.5

H2
= 1

andT = 500◦C will be estimated. The entropy differen
involved in the mass transport using adatoms and Ni2–OH
complexes will be neglected. Furthermore, the differenc
the activation energy of diffusion between the two specie
16 kJ mol−1 determined by DFT calculations will be use
Using these assumptions and using the energy of forma
calculated above the rate of the mass transport due to2–
OH is determined to be approximately 700 times higher t
that due to nickel adatoms. Hence, the rate of sintering
be dominated by the Ni2–OH species.
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f
, this work)
a steam t
ines
Fig. 5.((d̄Ni/d̄Ni,0)7 − 1)(Acar/Acar,0) for samples of catalyst No. 1 (22 wt% Ni/MgAl2O4) and catalyst No. 2 (9.5 wt% Ni/Al2O3) plotted as a function o
1000/RT . Catalyst No. 1 was sintered for 700 h in an atmosphere with a steam to hydrogen ratio of 2.5:1 and 40 bar total pressure (filled squares
or with a steam to hydrogen ratio of 10:1 and 31 bar total pressure (filled circles, [9]). Catalyst No. 2 was sintered for 50 h in an atmosphere witho
hydrogen ratio of 1:1 and 1 bar total pressure (filled triangles) or a steam to hydrogen ratio of 10:1 and 31 bar total pressure (filled diamond). The lare fits
of Arrhenius type expressions to the experimental data. See text for details.
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7. Sintering of nickel catalysts

With the expressions forDadd–atom
particle andDOH–dimer

particle , the
energies obtained by DFT calculations, and the expres
for the time development during sintering of the aver
nickel particle diameter [9], it is possible to rationali
the experimental data quantitatively. The expression for
time-dependent average nickel particle diameter,d̄Ni , using
Dparticle= Dadd–atom

particle is given by

(12)d̄Ni =
(

const
K1Dadd–atomXNiτ

(1− XNi)Acar
+ d̄7

Ni,0

)1/7

,

whereXNi is the weight fraction of nickel,Acar is the sur-
face area of the carrier per gram of carrier,τ is the sintering
time,d̄Ni,0 is the average nickel particle diameter of the fre
sample,K1 is defined by Eq. (2), and “const” is an arbitra
constant.

As noted previously, the observed rate of sintering
pends onPH2O andPH2, suggesting that Ni2–OH complexes
dominate the rate of sintering. This hypothesis is also s
ported by the DFT calculations presented above. The
perimental data are therefore interpreted usingDparticle =
DOH–dimer

particle . The time-dependent average nickel particle

ameter,d̄Ni, is then given by

(13)

d̄Ni =
(

const
K2DOH–dimerXNiτ

(1− XNi)Acar

(
PH2O

P 0.5
H2

)
+ d̄7

Ni,0

)1/7

.

By rewriting this equation and defining the sintering co
stant,xparticle-migration= (d̄Ni/d̄Ni,0)

7 − 1, the slope of a plo
of the logarithm of this quantity against 1000/RT equals
the energy of formation of the Ni2–OH complex,E2, plus
the activation energy for its diffusion at the nickel surfa
Ediffusion, Ni2–OH:

ln(xparticle-migration)

= ln

((
d̄Ni

dNi,0

)7

− 1

)

= ln

(
const

A2AOH–dimerXNiτ

(1− XNi)Acard̄
7
Ni,0

(
PH2O

P 0.5
H2

))

(14)− E2 + Ediffusion, Ni2–OH

RT
.

It should be noted here that Eqs. (12)–(14) are only
when the sintering proceeds via particle migration and
alescence. This point is important as Ostwald ripening m
dominate sintering at higher temperatures as discusse
low.

In Fig. 5, the logarithm of

xparticle-migration
Acar

Acar,0
=

((
d̄Ni

d̄Ni,0

)7

− 1

)
Acar

Acar,0

is plotted as a function of 1000/RT for experimental series
and 2 and for the data reported in Ref. [9].Acar/Acar,0 is the
ratio of the surface area per gram of carrier of the sinte
and the fresh catalyst, respectively. The reason for this
rection factor is thatAcardecreases during sintering. Accor
ing to Eq. (14),xparticle-migration increases with decreasin
carrier surface area. When correctingxparticle-migrationwith
Acar/Acar,0, Acar measured at the end of the sintering exp
iment is used in Eq. (14). This modification is not accur
but only an approximate correction. However,Acar/Acar,0
is a relative moderate correction factor and furthermore
carrier surface area decreases fast in the beginning and
reaches an almost stable level after a period of sinte
as observed for catalyst No. 2 [11]. Therefore, the ca
surface area is close to the end value during most of the
tering time.
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The total surface areas (BET) of the catalysts were m
sured for all samples of catalyst No. 2; Assuming in acc
dance with the results in Ref. [8] that nickel particles a
approximately the same total surface area as it occupies
recting the data for catalyst No. 2 is easy. However, for c
lyst No. 1, the BET areas were only determined for cata
samples sintered at the highest and the lowest tempera
The BET areas were 65 and 86% of that of the fresh s
ple, respectively. This loss of surface area may be cause
loss of carrier surface area as well as nickel surface are
is assumed here in accordance with Refs. [8,9] that the
in BET area is due to a decrease in the surface area o
carrier and that the BET areas of the catalyst samples a
termediate temperatures can be determined by interpol
using the following expression,ABET(T ) = A∞

BETe−Ea/RT .
The correction factor,Acar/Acar,0, gives rise to a correc
tion of less than 8% in the activation energies of the d
in Fig. 5.

Several interesting conclusions may be drawn fr
Fig. 5. First, sintering at the same pressure of steam b
elevated hydrogen pressure decreases the rate of sin
as also concluded from Fig. 1. This observation can now
rationalized by Eq. (14). ThePH2O/P 0.5

H2
ratio in Eq. (14)

predicts a decrease inxparticle-migration for catalyst No. 1
of a factor of 2 for the experimental conditions used h
compared to those employed by Sehested [9]. A facto
1.7 is obtained at low temperatures in good agreement
the theoretical considerations, but at higher temperature
factor is approximately 6 (see Fig. 5, filled squares and fi
circles). The latter observation is discussed below.

A second interesting feature of the three sets of data p
ted in Fig. 5 is that they all apparently show both a low an
high temperature sintering regime with two different acti
tion energies of sintering. The two data sets obtained u
catalyst No. 1 show a change in the activation energy in
temperature rangeTchange= 546–604◦C. However, the sin-
tering data from sintering series No. 2 show that the act
tion energy for sintering of catalyst No. 2 at ambient press
does not change until temperatures reaches the range
750◦C. The high and low temperature activation energ
determined from the straight lines in Fig. 2 are the followin
Series 1, 142 and 410 kJ mol−1 in the temperature inter
vals 483–581 and 617–684◦C, respectively; Ref. [9], 171
and 455 kJ mol−1 in the temperature intervals 520–546 a
604–684◦C, respectively; Series 2, 115 and 292 kJ mol−1 in
the temperature intervals 500–650 and 650–825◦C, respec-
tively.

There are considerable differences between these ac
tion energies and prefactors even within the low and the h
temperature regimes, respectively. However, from the
in Fig. 5 it seems reasonable to conclude that the activa
energies for the high pressure experiments are similar. H
ever, the activation energies of the low pressure experim
seem to fall below those derived by the high pressure exp
ments. The reason for this apparent discrepancy is discu
below.
-

.

t

t
g

–

-

d

In Fig. 5, considerable changes in the activation ener
are seen at approximately 600◦C for the high pressure da
and at higher temperature for the low pressure data.
explanation for the increase in activation energy is tha
change in the sintering mechanism takes place. As discu
previously, particle migration and coalescence is believe
be the dominating sintering mechanism at low temperat
[9,31]. The evidence for the latter conclusion was discus
in more detail by Sehested [9] and may be summarize
follows: (i) The nickel particle-size distributions after sinte
ing at moderate temperatures are log normal [3,5,6,8,11
these types of distributions result from particle migration a
coalescence [29,31–34]. (ii) The parametern in Eq. (15) is
generally 7 or higher forT < 700◦C [7,35]

(15)−dANi

dt
= kAn

Ni,

whereANi is the nickel surface area as a function of the ti
andk is a rate constant for sintering. (iii) A higher activatio
barrier for sintering is expected for Ostwald ripening th
for particle migration and coalescence [9,35].

Interestingly, a temperature of ca. 700◦C seems to be th
threshold of the literature data, where Ostwald ripenin
believed to gain importance [7,9,11,35]. This is in agreem
with the temperature for the observed change in the ac
tion energy for the low pressure data in Fig. 5. Rasmus
et al. [11] determinedn in Eq. (15) to be 8 by fitting this
equation to the time dependence of the nickel surface
of catalyst No. 2 after sintering at 650◦C, H2O:H2 = 1:1,
and 1 bar total pressure. This observation indicates [29
that at this temperature the sintering mechanism is par
migration and coalescence. In Fig. 5, the observed chan
the activation energy for the sintering process takes plac
relative low temperatures (546–617◦C) when the sintering
experiment is conducted at high pressures (high press
of steam) and hence more severe conditions. This c
be interpreted as the change in mechanism take plac
lower temperatures when more severe sintering condit
(high pressures of steam) are used. Altogether, the ch
of the sintering mechanism from particle migration and
alescence to Ostwald ripening (atomic migration) offer
possible explanation of both the observations reported in
literature and the data plotted in Fig. 5. However, due to
lack of more solid evidence for this interpretation of the da
Ostwald ripening is not discussed further and the focus in
discussions below is sintering at low temperatures.

It is interesting to compare the experimentally obser
activation energies at low temperature to that expecte
theoretical considerations. The expected activation en
for sintering via particle migration can be estimated from
sum of the energies of formation of the Ni2–OH complex of
54 kJ mol−1 and the energy of diffusion of this species ov
a Ni(111) of 24 kJ mol−1. Hence, the activation energy
sintering via particle migration and coalescence is estim
to be 78 kJ mol−1. The presence of adsorbed H atoms on
surface will increase the activation energy by twice the
sorption energy of an H atom times the coverage of H. As
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adsorption energy of H on Ni(111) is 43 kJ mol−1 [2], the in-
crease in the activation energy can be estimated to lie in
range of 60–85 kJ mol−1 for the high pressure experimen
For the low pressure experiments, the increase in the
vation energy will lie in the range of 25–75 kJ mol−1. This
can possibly account for the change in the measured ac
tion energy between the high and low pressure experim
Adding this correction to the calculated activation energ
78 kJ mol−1, we find a very good agreement with the me
sured values of 115, 142, and 171 kJ mol−1.

As a test of Eq. (14) it is interesting to compare the s
tering results obtained for catalyst No. 2 at low and at h
pressure at 500◦C. This can be done because both set
data are expected to sinter via particle migration and
lescence at 500◦C. For this sintering mechanism Eq. (1
can be used to calculate the effect of sintering time and
tial pressures of steam and hydrogen. The rate of sinteri
much higher at 31 bar total pressure than at 1 bar total p
sure. The increase in the sintering constant,xparticle-migration,
upon changing the atmosphere over catalyst No. 2 from 1
total pressure and H2O:H2 = 1:1 to 30 bar total pressure an
H2O:H2 = 10:1 at 500◦C is calculated to be

D
30 bar, H2O:H2=10:1
particle

D
1 bar, H2O:H2=1:1
particle

= P
30 bar, H2O:H2=10:1
H2O (P

1 bar, H2O:H2=1:1
H2

)0.5

P
1 bar, H2O:H2=1:1
H2O (P

30 bar, H2O:H2=10:1
H2

)0.5

(16)= 28.18× 0.50.5

0.5× 2.820.5 ≈ 23.7.

To calculate the total increase in the sintering const
xparticle-migration, the sintering time of 115 h at high pressu
and 50 h at low pressure should be taken into account.
calculated that the sintering constant increases by a fact
55 upon changing the sintering conditions from 1 bar t
pressure and H2O:H2 = 1:1 for 50 h to 31 bar total pressu
and H2O:H2 = 10:1 for 115 h. Experimentally, the value
xparticle-migration is increased by a factor of 75. This agre
ment is reasonable considering the simplicity of the mo
and the huge change in conditions.

It is also of interest to compare the rate of sintering
catalysts No. 1 and No. 2 at 500◦C, 31 bar and H2O:H2 =
10:1. The sintering constant,xparticle-migration, is given by

(17)xparticle-migration= const
K2DOH–dimerXNiτ

(1− XNi)Acard
7
Ni,0

(
PH2O

P 0.5
H2

)
.

The parameters used to calculate the ratio of the sin
ing constants for catalysts No. 2 and No. 1 assum
similar values of “const” areτ1 = 700 h, τ2 = 115 h,
XNi(catalyst No. 1) = 0.22, XNi(catalyst No. 2) = 0.095,
dNi,0,1/dNi,0,2 = 2.18, andAcar,1/Acar,2 = 1/6. Using these
ratios, the ratio of xparticle-migration(catalyst No. 2)/
xparticle-migration(catalyst No. 1) is calculated to be 2.4. Th
value obtained by comparing the high pressure data p
-
.

-

f

Fig. 6. ((d̄Ni/d̄Ni,0)7 − 1) for catalyst samples with 19.4 wt% nick
supported on an Al2O3 carrier (catalyst No. 3) plotted as a function
PH2O/P 0.5

H2
. The catalyst was sintered for 50 h at 550◦C and 1 bar tota

pressure with the steam to hydrogen ratio varied by two orders of m
tude. The line is a linear least-squares fit to the data. See text for deta

for catalyst No. 2 to an extrapolation between the two n
est data points for catalyst No. 1 is 3.2. The similarity
“const” for the two types of supports may be ascribed to
similarity in the wetting angle between metal particles a
ceramic carriers for most systems [36].

The data for catalysts No. 1 and No. 2 and the way t
fit with the theoretical considerations give confidence in
model used here to explain the data. Further support fo
model proposed here can be found in Fig. 6 where the
from Table 3 are plotted. In this figure,xparticle-migration=
(d̄Ni/d̄Ni,0)

7 − 1 for catalyst No. 3 obtained after sinterin
at a total pressure of 1 bar and 550◦C for 50 h is plotted
as a function ofPH2O/P 0.5

H2
. Under these conditions, partic

migration and coalescence are expected to be the pre
ing sintering mechanism due to the low pressure and rel
low temperature.xparticle-migration is according to Eq. (17
expected to be proportional toPH2O/P 0.5

H2
and within the un-

certainty this is also what is observed from Fig. 6. Hen
the data in Fig. 6 further support the conclusion that
Ni2–OH dimer is the transport species for nickel at the s
face of nickel particles in the presence of steam and hy
gen.

The model used above gives a good quantitative des
tion of the observed data at low temperatures. It seems
sonable to assume that steam influences the rate of sint
by increasing the concentration of nickel dimers at the
face of the nickel particles. According to this model, th
will be a threshold value of thePH2O/P 0.5

H2
ratio where mas

transport at the nickel particles due to OH-bonded nic
dimers and free nickel adatoms will be equally importa
It is also interesting to note that the highest values of
PH2O/P 0.5

H2
ratio are found at the entrance of a prereform

or a fired reformer; hence this factor speeds up the sinte
at the entrance of the reforming unit. Sintering is also m
severe at the outer shell of a catalyst in the case wher
effectiveness factor for a catalyzed reaction is less than
which is normally the case for reforming.
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8. Conclusions

This paper provides new insight into the mechanism
sintering of supported nickel catalysts and supported m
catalysts in general. Especially, the influences of the pa
pressures of steam and hydrogen on the rate of sintering
been addressed in this paper using experimental data
DFT calculations. The increased rate of sintering in the p
ence of steam is attributed to formation of Ni2–OH species
at the surface of nickel particles. The energy of formation
this species at the nickel surface is low compared to tha
nickel adatoms while the energy of diffusion is highest
the Ni2–OH complex. It is concluded from the DFT calcul
tions that in the presence of steam and hydrogen the su
transport at nickel particles will be dominated by Ni2–OH
dimers. The calculated energies of formation and diffus
are used in a simple model that is able to predict the
of sintering of nickel catalysts. The predicted dependen
of temperature,PH2O, andPH2 are in good agreement wit
those obtained experimentally.

The experimental data show a change in the activa
energy of sintering at high temperatures. The tempera
for this change is at approximately 600◦C at 40 bar tota
pressure and H2O:H2 = 2.5:1 when the catalyst is sinterin
for 700 h. At ambient pressure, the change is observe
happen at approximately 700◦C after sintering at 1 bar tota
pressure and H2O:H2 = 1:1 for 50 h. It is speculated that th
rate of sintering at high temperatures may be determine
Ostwald ripening.

In conclusion, the formulas in this paper provide a t
for predicting sintering data and hence the performanc
industrial reformers assuming that Ni2–OH is dominating
sintering under these conditions. Furthermore, the new
sight into the mechanism of sintering may eventually re
in new and better catalysts.
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