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Surface Ostwald ripening of Pd nanoparticles on the MgO (100) surface
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Abstract. Morphological changes of Pd nanoparticles on
the (100) surface of MgO single crystal were investigated
by Auger electron spectroscopy in the temperature range
of 873-983 K. The size and distribution of clusters were
also examined by means of atomic force microscopy. It was
shown that there was practically no decrease of the effect-
ive thickness of deposited Pd during heat treatments under
6 x 102 mbar. Assuming that the observed change in the
Auger intensities is due to the surface Ostwald ripening the
temperature dependence of the surface mass transport diffu-
sion coefficients can be given as
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The knowledge of the surface diffusion parameters 1s im-
portant in the understanding of different surface-related phe-
nomena, such as thin film growth, sintering, surface chem-
ical reactions and stability of new-type thin film catalysts. At
moderate temperatures, when there is no significant evapora-
tion and/or dissolution into the substrate, and if the surface
diffusion fields around the isolated particles are overlapping,
surface Ostwald ripening process can be observed [1-4]. Dur-
ing this process the size of large particles increases at the
expense of small ones while the mass of the discontinuous
film is conserved.

The particles on the surface can be treated as spherical
caps and, thus, their ensemble can be characterized by the
average radius, R, the number of particles per unit surface,
N, and the contact angle #. From the investigation of mor-
phological changes of such discontinuous films, the surface
mass transport parameters can be determined [1-4].

In our previous paper [5] we have shown that by measur-
ing the Auger intensity the time dependence of the average
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radius can be obtained. Furthermore — assuming that the sur-
face Ostwald ripening is controlled by surface diffusion — the
surface diffusion coefficients of Pd on the (1012) surface of
sapphire were determined.

In this paper the results of the investigation of surface
Ostwald ripening of beaded Pd films (with average radius of
19.8 nm) on the (100) surface of MgO single crystal, obtained
by means of Auger electron spectroscopy (AES) and atomic
force microscopy (AFM), are described. The Pd/MgO system
is well known in catalysis [6] but until now there are no data
on the surface diffusion [7] in this system.

1 Theoretical relations

The time evolution of the average radius of particles during
Ostwald ripening — if the process is controlled by surface dif-
fusion — can be expressed as [1,2, 5]

R = RY0)+Ct, (1)

where
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Here y is the surface energy, w is the atomic volume, k is the
Boltzman constant and T is the absolute temperature. D] =
Dgc, where ¢, and D are the atomic fraction and the diffu-
sion coefficient of adatoms, respectively. ng is the number of
sites on unit surface, p(6) = 1 — (3 cos(6) /2 + (cos® 6) /2 and
L is a dimensionless screening distance [1]. The value of the
constant C is given according to [1], where it was assumed
that L can be considered to be a constant (lying between 2 and
3). In general L can depend on the surface diffusion length
and on the cap radius [2], but we have shown in |3] that the
supposition of L = 2.5 is a good approximation. :'he effective
thickness of the beaded film can be given as

Her =21 @ (6) N, R*/3. (3)



Taking into account that the number of particles can
change because the smallest beads can disappear during Ost-
wald ripening, we have shown in [5] that the relative Auger
signal, I(¢)/I(0), is inversely proportional to the normalized
average radius, 1.¢.

I(n/1(0) = R(0)/R(1) . (4)

In the derivation of (4), we used the fact that the change of
the surface number density, N, of islands is proportional to
(R(U)KR(I)F [2], and T ~ N;R?. Thus according to (1), the
quantity [1(0)/1(f)]* should be a linear increasing function
of 1.

The surface mass transport diffusion coefficient, measur-
ing I(0)/I(t) by AES and determining R(0) and & from AFM

image, can be calculated from
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2 Experimental

Polished (100) surfaces of MgO single crystals, provided by
Pi-Kem., were used as substrates. First the samples were
cleaned in alcohol. Afterwards the surface of the substrate
was reconstructed by pre-annealing at 1273 K for 24 h in
air. The final cleaning was performed by an additional heat
treatment in UHV (= 8 x 10~ mbar) for 20 min at 1073 K.
Before the evaporation of Pd from the Knudsen cell the clean-
ness was checked by taking the Auger spectrum from this
surface. As can be seen in Fig. l1a, only the peaks of O
(505 ¢V) can be observed in the 100 eV to 550 €V energy In-
terval. Thin Pd films were evaporated onto the substrate at
room temperature just before the investigation in the vac-
uum chamber of the AES apparatus. The initial thickness
and the deposition rate, determined by a quartz microbal-
ance, were about 0.5 nm and 0.05 nm/min, respectively. Dur-
ing deposition the pressure in the chamber was never higher

than 8 x 1078 mbar.,
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Fig. 1. Auger spectra of the clean surface of sapphire substrate (a), the
deposited discontinuous Pd 0.5-nm-thick film (b), the film after Osiwald
ripening (c), and the cleaned surface after Ostwald ripening (d)

The growth process and morphology of such Pd films on
MgO substrate were discussed in [8,9]. A few atomic mono-
layer thick metal film on ceramic substrate are usually dis-
continuous [4, 8]. Such as-produced discontinuous films were
used in our experiments. |

Controlled heat treatments were carried out in UHV
(8 x 10~° mbar) at 873 K, 898K, 923 K, 953K, 973 K, and
083 K by using a ceramic (Boralectric) heating element. The
heat treatments and investigations were performed in the
same apparatus that was described in our previous paper [5].
The morphology of the discontinuous film was exarmined by
AFM (P4-SPM-18-MDT) in tapping mode.

3 Results and discussion

First the surface number density, average radius and con-
tact angle of clusters were determined. The AFM 1mages
of the discontinuous film are shown in the Fig. 2 where the
image (a) corresponds to the morphology of as-deposited
film and (b) is the morphology after the Ostwald ripening.
The average radius of the Pd beads at the beginning — just
after the beading — was estimated from Fig. 2a. Since the
direct determination of its value — due to the finite size ef-
fect of the tip — was not possible, it was determined in-
directly measuring the surface number density of particles
(No = 7.3 x 10 m~2) at the beginning and taking 0.5 nm
for the effective thickness (see (3)). As a first step we as-
sumed that @(f) = 1, and thus R = 17.4 nm was obtained.
Using this value and taking the average height of the par-
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Fig. 2a,b. AFM images of the morphology of the Pd particles on the MgO
(100) surface: as-deposited film (a), after one hour heat treatment at T =
973 K (b). Note the different scale on a and b
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Fig. 3. Fourth power of the relative change of Pd Auger peak versus time at
873 K, 923 K, 953 K, 973 K, and 983 K (see the figure)

ticles, # = 11 nm, determined also from the AFM 1mage, the
value of the contact angle was calculated. Assuming that the
particles have a shape of spherical cap, this gave 6 = 75°.
Then the new value of ¢(f) was calculated and by repeti-
tion of the above process the iteration yielded R = 20 nm and
8 = 66°.

The apparent average radius of the particles, R = 39 nm,
determined directly from Fig. 2a, allows us to estimate the
size of the AFM tip, which is the difference of the apparent

and real values (19 nm).
Furthermore, from Fig. 2b the surface density of the Pd

particles after Ostwald ripening was determined as N; =
1.3 x 102 m~2 and from (3) the real radius of the particles
corresponding to this surface number density is R = 76 nm,
If we compare this value with the value determined di-
rectly from Fig. 2b (R = 90 nm), we can conclude that the
loss of Pd, caused by evaporation or dissolution, is negli-
gible and at 973K it is less then 8% after one hour heat
treatment.

The Auger spectra of the initially clean substrate sur-
face, the as-deposited film, the film after Ostwald ripen-
ing, and the cleaned surface after Ostwald ripening are
shown in Figs. 1a—-d, respectively. The Auger intensity of
the 320-¢V Pd peak was followed during in-situ heat treat-
ments and the kinetics of ripening process was deter-
mined. As an illustration Fig. 3 shows the [1(0)/I(f)]* vs.
time functions at 873K, 923K, 953K, 973K and 983 K.
The experimental points can be fitted by a straight line
which proves that the process is controlled by surface dif-
fusion; for surface reaction control nonlinear time depen-
dence would be expected [4]. Using the slopes of the above
straight lines and taking L =2.5 [1], ¥ = 1.95J/m® [12]
and now® = a*/8 where a = 0.3879 nm for Pd, the surface
mass transport diffusion coefficient from (5) can be calcu-
lated. The temperature dependence of D — according to an
Arrhenius-type dependence shown in Fig. 4 — can be given
as

D, = (1.6%}3,) x 1078 exp
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Fig. 4. Arrhenius curve of the surface mass-transport diffusion coefficients

Furthermore, it can be noted that coagulation of small
particles caused by their Brownian migration on the sur-
face could in principle disturb the kinetic law observed [5].
Indeed, this type of coalescence is usual during thin film
growth because there is a continuous source for the formation
of very small particles. Thus the coalescence of these very
small clusters can be observed during a short time after the
end of the deposition, but very soon a true Ostwald ripen-
ing takes place [3, 10]. Nevertheless the role of the Brown-
ian migration of palladium particles and coagulation can be
estimated similarly to how it was done in [5] by compar-
ing the time necessary to double the average size in a true
Ostwald ripening process, 7, as well as during ceoalescence
caused by the migration and collisions of particles, g [10,
11]. If the 7,/t4 ratio is much smaller than unity the effect
of Brownian migration and coagulation by collision can be
neglected. As it was shown in [5] this condition is equivalent
to:

PRLOTICL:

(7)

where ¢ is the relative surface coverage and now ¢ = 0.1. Tak-
ing the numerical values for In(L), ¢(6), ¥, Ro as above and
at T = 1000 K the t3/14 < 0.0005. Thus in the present work
the coagulation driven by Brownian migration of clusters can
be really neglected.
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We have shown that the morphological changes of discontin-
uous Pd films with average radius R = 20 nm on the magne-
sium oxide substrate was due to the Ostwald ripening con-
trolled by surface diffusion. It was shown that the evapo-
ration or dissolution into the substrate as well as effect of
coagulation by Brownian motion could be neglected. Con-
sidering that the Auger signal from an ensemble of islands,
during surface Ostwald ripening is proportional to the in-
verse of the average radius, the surface mass transport dif-
fusion coefficients and their temperature dependence were
determined.
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