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Abstract

Sintering is an important deactivation mechanism of nickel-based catalysts used for the production of synthesis gas and hydrogen in the
steam reforming process. In this work sintering of nickel catalysts supported by aluminum oxide is studied by a combination of sulfur
chemisorption, X-ray diffraction and anomalous small angle X-ray scattering (ASAXS). Size distributions of nickel particles are obtained
by ASAXS without any assumption on the shape of the distribution, assuming only that the nickel particles are spherical. Specific nickel
surface areas calculated from the measured size distributions agree with the surface areas measured directly by chemisorption. Combining
the scattering and chemisorption results allows the sintering process to be studied in detail. This combined approach shows that sintering of
a 9.5wt.% Ni/ALO; catalyst at 650C is dominated by a nickel particle coalescence mechanism. At higher temperatures the nickel particle
size distributions indicate that migration of nickel atoms begins to contribute to the sintering process.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction steam reforming catalysts is whisker carbon formaf@jn
Many attempts have been made to overcome this problem
Hydrogen gas or mixtures of hydrogen, carbon monoxide by promotion of the catalyst or using alloy catalyf3s4].
and carbon dioxide (synthesis gas) are used extensively in aAnother important concern is catalyst deactivation through
wide range of industrial processes. These include ammoniasintering of the nickel particles and subsequent loss of
and methanol synthesis, as well as in the production of syn-nickel surface aredl,5-13] Understanding the sintering
thetic fuels and basic chemicals. Fuel cell technology, us- mechanism is important for fundamental as well as tech-
ing hydrogen as fuel, is expected to become a major future nological reasons. Many parameters influence the sintering

source of electrical power. process, the two most important being the temperature and
Production of hydrogen by steam reforming of hydrocar- the atmosphere over the catalysts. Sintering rates increase
bons is the technology of choice in most cases: strongly with temperature and are particularly large in the
1 presence of watg®].
CaHm +nH20 — nCO+ (n + 3m)Hz The sintering of nickel particles is influenced by the sub-

strate pore structure that may determine the final attainable
particle size of nickel particlefl,8,14—16] Furthermore,
CO+H,0=CO, +H, the support itself may be affected and undergo morphologi-
cal and structural changes during sintering. This could lead
and the process usually proceeds over a supported nicketo sintering of the nickel particles mediated by the collapse
catalyst[1]. An important route for deactivation of modern of the substrate pore structure. Finally, substrate phase tran-
sitions including alloying with nickel may also influence
* Corresponding author. Tek+45-4527-2483; fax:-45-4527-2000,  N€ Sintering of the nickel particlds7—19}
E-mail address: am@topsoe.dk (A.M. Molenbroek). Ni particle sintering may be studied by direct measure-
! Present address: Coloplast A/S, Denmark. ment of the nickel surface area using chemisorption or

CHz + H>O = CO+ 3H»
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from a determination of the mean nickel crystallite size by, different temperatures at ambient pressure. Prior to sin-
e.g. X-ray powder diffraction (XRD). However, more in- tering, the catalysts were activated by reduction in at
formation is obtained if the nickel particle sigestribution 500°C for 4 h. After sintering, the catalysts were passivated
is available. Several experimental techniques have beenovernight at 50C in a mixture of 1% Q in N2 before
used to determine nickel particle size distributions of steam they were taken out of the reactor. The fresh catalysts were
reforming catalysts including magnetization experiments, passivated immediately after the reduction with the same
profile analysis of X-ray powder diagrams and small angle procedure.
X-ray scattering (SAXS]7,8,15,18] Most widely used is
transmission electron microscopy, which is a very powerful 2.3. Catalysts characterization
technique but it only gives a two-dimensional projection of
the particles (see, e.fL3]). The total surface areas (BET) of the catalysts were de-

SAXS has found widespread use in materials science astermined by nitrogen adsorption using a Quantachrome
a versatile technique complementing other characterizationMONOSORB apparatus. The measured values were nor-
techniques very well. The statistical significance of SAXS malized to standard temperature and pressure in accordance
data is very large and in situ experiments at realistic pres- with the ASTM standard for single-point determination of
sures are readily performed with any X-ray-based method. BET surface areaR4].
A disadvantage of SAXS is that it does not directly produce  Sulfur chemisorption capacity measuremet@sggd) were
real space images, but curves in reciprocal space that must beised to determine the specific nickel surface area. The sulfur
fitted by a suitable model expression. In a traditional SAXS chemisorption was performed according to Rostrup-Nielsen
study of a supported metal catalyst the pores of the support[1] using a flow of HS/H, over the catalysts until satura-
are filled with a suitable liquid having the same scattering tion. The sulfur uptake of the catalysts was determined by
length density as the suppdf8]. Samples treated in this  oxidation of the chemisorbed sulfur at high temperatures,
way only show the small angle scattering of the metal par- using an infrared detector to measure the amount fi@O
ticles, which can then be studied. However, in practice this leased. Under the experimental conditions used, the specific
so-called pore-masking technique is both cumbersome andnickel surface area can be calculated from the sulfur capac-
prone to error. A better way is to use anomalous scatteringity from the relationship that 440 ppm S is equivalent to a
or ASAXS, where the energy dependence of the scatteringspecific Ni surface area of 13ty [1,25]. Ni surface areas
is utilized to separate the contribution from the metal from determined by HS chemisorption in this way give values
the background pore scattering. ASAXS has recently beensimilar to surface areas determined by Ehemisorption.
used to determine metal particle size distributions of a few The absorption of kS on the alumina support is negligible
selected supported cataly$g0-23] but is still a relatively [37].
new technique within this field. X-ray powder diffraction measurements were performed

In this paper we present ASAXS, XRD and sulfur using a Philips PW1820 goniometer with Bragg—Brentano
chemisorption investigations of Ni/ADs steam-reforming geometry using Cu K radiation, a variable divergence slit
catalysts subjected to sintering treatments. The purpose isand a graphite secondary monochromator. Phase composi-
twofold, first to demonstrate the applicability of ASAXS for tions, lattice spacings and mean crystallite dimensions were
the determination of nickel particle size distributions and obtained by Rietveld refinement on the diagrams using the
second to obtain information on the dominating sintering program Powdercell 2.R6].
mechanism using size distributions determined by ASAXS.

2.4. ASAXS experiments

2. Experimental Anomalous small angle X-ray scattering (ASAXS) ex-
periments were performed at the dedicated ASAXS beam-
line (JUSIFA) at HASYLAB, DESY Hamburd27]. All

The model catalysts studied here contained 9.5wt.% Nj €XPeriments were performed using thin pellets made from a
on Al,O3 prepared by impregnation of 200 g of support with mixture of catalyst powder and a small amou_nt of polyethy-
a concentrated Ni(N§), solution followed by a calcination ~ '€ne (PE from Merck]22]. X-ray absorption fine structure
to 450°C in air. The AbOg-support was calcined in air at (XAFS) measurements were performed on each sample
925°C before impregnation after which it exhibited a surface Prior 1o the ASAXS measurement to locate the edge po-

area of 203.6 r%ig a total pore volume of 591 ml/kg and a sition and obtain information on the oxidation state of the
mean pore radius’ of 58 A. nickel phases. ASAXS measurements were made on all

samples using the experimental setup and strategy described
2.2. Sintering treatments recently by Polizzi et alf23]. Experiments were performed
at two sample-detector distancegrange: 0.005-0.6 A
The sintering experiments were performed by exposing using four energies (8033, 8292, 8308 and 8326 eV) below
the catalysts to a 1:1 mixture of steam and hydrogen atthe Ni K-absorption edge at 8333 eV.

2.1. Catalysts preparation
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§ 8326 28 —6.89 0.48 50 2151.9
o, 8308 28 —5.55 0.48 50 2167.5

:E - Ni 8292 28 —5.03 0.48 50 2267.8

é 8033 28 -3.01 0.51 50 2291.9

.9 207 @ The atomic form factors used in this study are calculated using the
g Cromer and Liberman method and are taken from the tables by Sasaki
2 16 [30]. The molar fraction of nickel in the samplesds= 0.125 andf =

8000 8250 £500 8750 chni + (L= ) R0, With fii = fii + fig + ;-
Energy (eV)
_ , _ _ factors {fable ) when the energy is below the absorption
Fig. 1. The magnitude of the atomic form factors of Ni and,@d

in electron units[30]. The atomic form factor of Ni (full line) has a edge([31].
strong energy dependence close to the K-absorption edge of Ni (8333ev), If we neglect the cross term (see,_e_.g. FR28]) then mea-
whereas the atomic form factor of ADs (dashed line) is constant. The ~ surements at two energies are sufficient to remove-{ag

squares mark the four X-ray energies used in this study. contribution
. 1 dototal 1 dototal
2.5. ASAXS data analysis I (g, E1) — =—————1(q, E2)
|f(Ep)|? d$2 |f(E2)|? dS$2

For a simple two-phase system consisting of homoge-
nous non-interacting spherical metal particles in a homoge-

nous matrix we write the differential small angle scattering o
cross-section as the scale factoK can in principle be calculated from the

~ sample composition and the atomic form factor values.
do 2 N 2 . . o - )
— (g, E)=Ap?(E)—0Thomson|  $P(r)V2(r)Sspherdr; q) dr However, in practice this is very difficult for technological
ds2 Vs 0 samples and we will only consider the separated scattering
whereq is the length of the scattering vectd,the X-ray  curves KI()) in the following analysig23].>
energy,N the number of spherical particlegs the sample Particle size distributionB(r) were determined from the
volume andothomsonthe Thomson cross-section.9a x separated scattering curves using the linear least-squares
10~26cnP) [28]. V(r) the volume of a sphere with radius method with smoothness and non-negativity constraints
P(r) the number distribution of sphere radii aBghherethe given by Pedersef83]. This method allows the determi-

=K /O P(r)V?(r) Sspherdr; q) dr = Kl(q)

form factor of a sphere with radius[29] nation of P(r) on a free form, i.e. without any assumption
on the shape of the distribution. This allows conclusions to
s _ 3sin(qr) — gr cosqr) 12 be drawn that depend on the shape of the size distribution.
spherd” ) = (ar)3 Typically P(r) was represented by a linear combination of

. . _ 20 linear spline functions with restricted to be smaller
Ap? is the effective electron density contrast between the than 150 or 250 A. It is possible to include an effective

two phases and depends on the X-ray energy through theparticle—particle interaction into the determinationRif)
atomic form factord; [33], however, such an interaction turned out to be very
20 _ _ 2 small and was not included in the final analysis. The appar-
ApYE) = [n1 f1(E) = n2f2(B)] ent absence of interaction effects is believed to be caused
wheren; is the average atomic density of phas€lose to by a combination of the high degree of dispersion of the
an atomic absorption edge the atomic form factor and hencenickel particles on the porous ADs substrate, the broad
Ap? has marked energy dependence as showFignl size distribution of nickel particles and the limitgerange
The samples studied here contain in addition to the of the separated scattering curves.
nickel- and alumina-phases a third phase, namely the pores
of the substrate. In this case we write the total differential

_ : As an example it is unavoidable that part of the nickel is oxidized
cross-section a[§l’32] under the experimental conditions used here. This implies that the com-
dototal do _ position of the nickel phase is not fully known and hence impairs the
W(CI’ E) = E(q, E) + |f(E)|2F(q) + crossterm exact calculation of the scale factkir The f-values used in the separa-

tion depends on the atomic form factor of the nickel phase and hence on

whereF(q) is the form factor of the pore structure describing the degree of oxidation of the nickel. However, for the samples used in

. this study (9.5wt.% Ni) this effect only contributesgandependent fac-
the shapes and sizes of the pores. The average form faCto[or that enters into the scale factér The difference in the-dependence

(f = cf1+(1—c) f2) is given in terms of the molar fraction  of |(g) depending on whether the nickel phase is assumed to be either
of phase oned) and may be calculated from atomic form metallic Ni or NiO can be neglected.
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Fig. 2. XRD powder pattern obtained after heating for 50h at° 50
Observed %), calculated (full curve), and difference profile (lower trace)
from Rietveld refinement. The markers show the positions calculated for
the Bragg reflections of NiO®), Ni (O), n-Al203 (*) and 6-Al;03 (+)

(Rp = 158, Ryp = 20.6, Rexp = 13.6).

3. Results

Fig. 2 shows the X-ray powder diffraction diagram ob-
tained on a sample sintered for 50 h at 760 The diagram
is dominated by the diffraction of the substrate but weak
lines due to metallic Ni are also observed.

Table 2shows some of the results of Rietveld refinements

F.B. Rasmussen et al./ Applied Catalysis A: General 267 (2004) 165-173

140 T T T T T T
2 1o —0—650°C | |
g b R

/ o
= 1204 O \ 0 500°C i
Sé - O 575°C ]
8 o
\

&S 1001 O
= 0750°C
=)
175]
= 0825°C
o 80 T T T T T T
= 0 20 40 60 80 100

Sintering time (hours)

Fig. 3. BET total specific surface area as a function of sintering time
and temperature. The measurements were performed ggAlupported
nickel catalysts after sintering in a 1:1 mixture of ldnd HO at a total
pressure of 1bar.

ing treatments. After prolonged treatment at higher temper-
ature larger Ni-crystallites are observed. The highialues
in the Rietveld refinement are due to the poor crystallinity of
the alumina phases. Although no separate diffraction lines
of NiAl,04 could be observed in the XRD diagrams, the
presence of Ni-aluminate cannot be excluded.

Fig. 3 and Table 3show the total specific surface area
obtained by nitrogen adsorption (BET) after sintering. Loss
of surface area is observed already after 2 h at’@0r 50 h

carried on the data. The carrier of the fresh catalysts containst 200°C. After 100h at 650C, 22% of the surface area

bothn-Al,0O3 and 8-Al>,03 phases in about equal amounts
(wt.%). As sintering proceeds theAl 03 phase gradually
transforms int@-Al,03. The powder diagrams indicate that

has disappeared, only 65% of the original surface remains
after 50h at 825C. Clearly, both sintering of the nickel
particles and structural and morphological changes of the

small amounts of more or less crystalline phases of Ni and carrier contribute to the observed decrease in total surface
NiO are present in the fresh sample and after moderate sinter2/€2

Table 2
Structural parameters from Rietveld refinem@nts
Fresh 25h, 650C  100h, 650C  50h, 750C
0-Al203
wt.% 45 50 55 64
a (A) 12.19 11.84 11.88 11.86
b (A) 2.93 291 291 2.90
c (A) 5.63 5.63 5.63 5.60
B () 102.4 103.3 104.0 103.3
M-Al203
wt.% 46 41 35 28
a () 7.92 7.92 7.92 7.93
Ni
wt.% 4 6 6 7
a(A) 3.48 3.47 3.50 3.52
D(]_ 11 ~47 >44 >47 130
NiO
wt.% ~5 ~4 ~4 ~1

a Structural parametersy(b, ¢c and 8) obtained by Rietveld refinement
of X-ray diffraction powder diagrams using Powdercell £28]. D111
is the crystallite size in the (111) direction (A). The NiO content was

only estimated not refined assuming an amorphous-like background from g

a cubic crystal witha = 4.177 A and a crystallite siz& @00 ~ 20A.

Fig. 4 shows the sulfur adsorption capacity after sinter-
ing. The sulfur capacity and hence the specific nickel sur-
face area follow the same trend as the total surface area in
Fig. 3. Table 3shows the specific nickel surface area;jS
calculated from the sulfur adsorption capacif). It can
be seen that 57% of the nickel surface remains after 100 h
at 650°C, but only 27% is left after 50 h at 82&.

Fig. 5 shows the X-ray absorption spectra near the Ni
K-edge of the fresh catalyst compared to the spectra of

Table 3

Total and nickel surface areas after sintering

Time (h) Temperature°C) BET (M/g)  Scap (PPM)  Sui (M?/Q)
0 130 3020 6.79
2 650 124 2740 6.16
5 650 120 2670 6.00
10 650 126 2460 5.53
25 650 110 2260 5.08
50 650 105 1970 4.43

100 650 101 1720 3.87
50 500 122 2880 6.47
50 575 113 2360 5.30
50 750 95.8 1040 2.34

825 84.8 820 1.84
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(full line). The circles represent the separated scattering cufVé)j
Fig. 4. Sulfur capacity as a function of sintering time and temperature. obtained by subtracting the normalized scattering curves measured at 8308
The sulfur capacity &ap) is related to the specific nickel surface area and 8326eV. The dashed line represent the best fit to the data using the

(Sui) through Sni (M?/g) = Scap(ppm §/440, see Ref[1]. approach described in the text.
1.5 T T T

- Itis clear from the figure that the nickel particles are neither
9 pure metallic Ni nor pure NiO. The Fourier transformed
e data of the fresh catalysts is much less distinct than the
§ 1.07 data collected on the Ni and NiO references, indicating that
< the nickel phase of the catalyst has less crystalline order
= or is present in a very dispersed phase. The presence of
Q 054 Ni-aluminate cannot be excluded. Similar XAFS data were
= obtained on all samples.
g Fig. 7shows the result of an ASAXS measurement on the
5 ) fresh catalyst; the nickel particle size distribution obtained
z 0 8350 8400 8450 8500 as described above is shownFig. 8. Performing the sep-

aration using different combinations of energies we obtain
consistent results. A specific nickel surface area of 1%/gm
Fig. 5. Normalized absorption spectra of the fresh nickel catalyst (full for the fresh catalysts is obtained from the size distribution

line). The spectra of Ni (long dash) and NiO (short dash) references are ysing:
also shown.

Energy (eV)

1,3
L . . SasAxs = — / = P(r)dr
Ni-foil and NiO-bulk reference samples. If a substantial part pJ r

of the nickel particles is oxidized we expect a shift in the
position of the absorption edge and the presence of stron
white line absorption in the near edge region (compare the
Ni and NiO spectra oFig. 5).

Fig. 6 shows the magnitude of the Fourier transformed

where p is the skeletal density of Ni (8.907 g/én Sim-
ilar calculations were performed for all the data and the
result is given inTable 4together with the average nickel

. N 0.06 . . .
data where the peaks correspond to inter-atomic distances.
16 4
|‘ T T ~ 0.04
I g
12 Iy i <
,' ! = 0.021
= ! [a®
i !
* !
o ! 0.00
- T T T
0 40 , 80 120
r(A)

Fig. 8. Normalized nickel number particle size distributions of catalysts
sintered at 650C obtained by ASAXS as described in the text. The
nickel particles are assumed to be spherical with radjusut otherwise
Fig. 6. Magnitude of the Fourier-transformed XAFS dakA-\eighted) no assumption on the shape of the distribution is made. The full line is
measured on the fresh catalyst (full line) as well as Ni (long dash) and the distribution of the fresh catalyst. The short dash (long dash) is the
NiO (short dash) references (sE@. 5). distribution after sintering for 5h (100 h).
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Table 4

Parameters calculated from the nickel particle size distributions
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than the average size increases (with only a factor 2), due to
the fact that the average size is no good measure for the total

Time Temperature  Radius ()  Variance SASAXS size distribution (se€ig. 9) and the shift of the distribution
(h) (o) A) (m?/g) to higher sizes.
0 25.1 9.0 11.4
2 650 25.4 8.9 9.8
5 650 27.8 10.3 8.8 4. Discussion
10 650 27.4 12.6 7.9
138 ggg g% ;ig g'g The sintering treatments carried out in this study clearly
50 500 293 105 8.4 result in a reduction of the total surface area of the catalysts
50 575 26.9 12.7 7.9 as shown inFig. 3. The loss of surface is so large, that it
50 750 36.9 21.7 4.6 cannot be explained by sintering of the nickel particles only.
50 825 36.1 336 3.1 That the carrier is affected by the sintering treatments is also
0.06 . I clear from the X-ray diffraction datq.
‘ The XAFS experiments were carried out on the same sam-
ples and in the same experimental setup immediately before
0.04 - i the ASAXS experiments. The XAFS data clearly shows that
e the catalysts do not consist of pure and well crystalline Ni
< and NiO patrticles only. Instead a number of different atomic
— 0.02 i distances are observed reflecting partially oxidized nickel
= particles. Most likely, the smallest nickel-particles are com-
0,00 pletely oxidized whereas the majority of the nickel particles
consist of a metallic Ni-core covered by a nickel-oxide
. A o o surface layer. The X-ray diffraction results are consistent

Fig. 9. Normalized number distribution of nickel particle radii of a fresh
catalysts (full line) and after sintering for 50 h at 5@ (long dash) or

o

r(A)

750°C (short dash) as observed by ASAXS.

with this picture of partially oxidized nickel particles.
Bartholomew and Pannell arrived at similar conclusions for
a 9wt.% Ni/AlLOs catalysts prepared in a similar wgsA].

Fig. 11shows a comparison of the specific nickel surface
areas obtained from sulfur chemisorption and ASAXS. The
correlation between the two measures of surface area is

p_artiple .radius and the variance of the nickel particle size very good, note that the apparent offset of the regression
dlstrlbutmn. o line (0.6 + 0.8) cannot be distinguished from zero within
Figs. 8-10and Table 4show the effect of the sintering  the error. We do not expect the two measures of surface area
treatmen;s on the n|c.kel pgrtlcle size dl_str|but|9ns. Itis seen give numerically identical results. The ASAXS measure-
that the sintering begins with an almost immediate reduction e nts were carried out on partially oxidized particles as ex-
in the fraction of smaller particles and the appearance of j|ained above, whereas the nickel particles are completely
larger and larger nickel particles as sintering proceeds. At e ced during sulfur chemisorption. If a metallic nickel
650°C the average nickel particle size increases strongly o ticle reacts with oxygen and becomes partially oxidized
within the first 10h then the increase continues but at a g jg expected to result in an increase in the particle size

slower rate kig. 10. The width (variance) of the nickel \ynich s not fully compensated by the reduction in density.
particle size distribution shows a similar behavior. The Ni

surface area decreases much faster (with about a factor 4) . . .

- 124 -
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< o S o 8- .
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Fig. 11. Comparison of specific nickel surface areas derived from the
sulfur chemisorption capacityS(ap) and ASAXS (Tables 3 and ¥ The

Fig. 10. Average nickel particle radius (squares) and variance (circles) of line is the result of a linear regressioShgaxs = 1.4(0.2) Ss,,+0.6(0.8)),
distribution determined by ASAXS after sintering at 6% where the number in parentheses is the standard deviation of the fit.

Time (hours)
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Hence, the specific surface area is expected to decreaseperatures, whereas the atomic migration mechanism takes
although the effect is relatively small. More importantly, for over at higher temperatur¢s,8].
any supported catalyst we expect part of the metal surface to The nickel surface area of the catalysts sintered af 650
be in contact with the substrate and hence, inaccessible forand measured by chemisorption follows the above power
chemisorption. This will result in a surface area measured law with a reaction order = 8 + 1. Alternatively, we may
by chemisorption, which is smaller than that obtained by use the surface areas derived from the ASAXS particle size
ASAXS. This is indeed observed as showrFig. 11 The distributions. In this case we obtain a reaction ordet
ratio between the two measures of surface area in principle7 £ 1. The two experiments are consistent and point to the
carries information on the nickel particle shape, particle coalescence mechanism as the dominating af650
packing and particle substrate interaction. Considering only  The distribution of metal particle sizes also carries infor-
the effect of metal-substrate contact the slopé-igf 11 mation on the sintering mechanism. The atomic migration
indicates that 29% of the nickel surface is inaccessible to model results in a metal particle size distribution with a tail
chemisorption. A recent study on the sintering of nickel cat- towards small particles and a steep slope towards large parti-
alysts on MgAbO4-supports also found that the specific sur- cle sizes, whereas the coalescence model predicts a distribu-
face area measured by chemisorption corresponds to a largetion with a tail towards larger particles such as a log-normal
particle size than observed by TEM on the same samplesdistribution [38—40] Fig. 8 clearly demonstrates that sin-
[13]. tering at 650C results in a nickel particle size distribution
The surface areas measured by ASAXS and chemisorp-with a tail towards larger particles. The size distributions are
tion agree in spite of the very different nature of the mea- fairly well approximated by log-normal distributions and an
surements and different assumptions involved in the analysisacceptable fit to the data can be obtained if such a distri-
of the data. Combining the results of both methods allows bution is assumed a priof22]. Good descriptions of size
the sintering process to be studied in detail. distributions of sintered Ni catalysts on various supports
An important goal of a sintering study is the assessment by log-normal distributions were observed in many cases
of the underlying mechanism. The surface energy of a metal [13,39,41]
particle is inversely proportional to its size and this con-  Several authors have criticized the use of either the sinter-
stitutes the driving force for growth of the particles. Two ing kinetics or the shape of the particle size distribution to
mechanisms for the sintering of supported metal particle are determine the sintering mechanig#®,43] Under special
generally proposeflL6]. circumstances atomic migration may result in a log-normal
The first model (atomic migration model) involves emis- particle size distribution indicating particle coalescence.
sion of metal atoms from one metal particle, diffusion of the However, in this case the sintering kinetics still reflects the
metal atoms on the substrate or in the gas phase and capturue migration mechanism. Such problems can to a large
of the metal atoms by a (second) metal partjéi& 35] The extent be avoided using ASAXS where both the particle
atomic migration model predicts an initial increase in the size distribution and the sintering kinetics can be measured
number of small particles followed by growth of larger par- independently. For sintering at 650 the shape of the
ticles. If metal atoms can be trapped at reactive sites on theparticle size distribution and the loss of surface area as
substrate or if the capture rates are small, then atomic migra-determined by ASAXS both indicate that the coalescence
tion may even lead to a decrease in the mean particle size. mechanism is the most important. Combining the ASAXS
The second model is a model of metal particle coales- results with the chemisorption data we find strong evidence
cence involving diffusion of particles on the substrate fol-
lowed by collision and coalescence of the particles. The dif-

fusion process is the rate-limiting step at typical sintering 0.04 ' ' -
conditions. The coalescence model predicts an immediate ‘
increase in the average particle size and complete disappear- 0.02
ance of small particles. e

Both sintering mechanisms can be described by an em- < 0.00
pirical power law o

Ay

ds -0.02 1
— = —kS'
dr
Where_S is the specific surface area of the metal particles 0.04 0 50 100 150 200
andk is a rate constant. The reaction orceassumes val- r(A)

ues between 2 and 5 in the case of atomic migration but is Fo. 12, Nickel e sive distibut btained  aft _
equal to or larger than 8 for particle coalescef®,37] Fig. 12. Nickel particle size distributions obtained after sinter-
. . . ing for 50h at 750C (circles) or 825C (squares, displaced for
Henc;e, the r?aCt|9n order may in prInCIp|§ b_e US.Gd to de- jarity). Also shown is the best fit of a log-normal distribution
termine the sintering mechanism. A complication is the fact (p) — (1/v/27rIn o) e Ne/0/2M9%) o the distribution obtained at
that the coalescence mechanism often dominates at low tem750°C (full line). The best-fit parameters arg = 30.4 A ando = 1.53.
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