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Abstract

The reduction in the length scale of materials to the nanometer range brings about fundamental changes that lead to novel and unusual
phenomena, very different from their coarse-grained counterparts. These differences are not only due to the different physical properties of
the small-size system but it is also affected by the type of the stabiliser used on these materials.

In situ X-ray diffraction (XRD) investigations of the hydrogen absorption behaviour in different nanometer sized palladium samples
were performed during loading and unloading. Pressure-lattice parameter isotherms were constructed for three different samples: surfactant
stabilised clusters, and two types of polymer stabilised samples (clusters and closed clusters layers sample). The pressure-lattice paramete
isotherms for the samples show a narrovi@dce parameter miscibility gap. The closed clusters layers sample shows the smallest lattice
parameter expansion values. The effect of the samples morphology on the lattice expansion will be discussed. It will be shown that not only
the sample sizes affect the expansion but also the cluster surrounding plays an important rule.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction To prevent undesired agglomeration clusters have to be
stabilised. A large variety of stabilisers can be used such as
Nanometer sized metal clusters have been extensivelyligands[4], surfactant§5], polymerq6] and solid matrix7].
studied because of the intense scientific interest in exploring  The effect of the stabiliser on the properties of the cluster
the properties of small metal particles, and because of theis a fundamental question. However, detailed reports on the
anticipation in new technological applicatiofi§. They can effect of the stabiliser on the cluster are very limif8tl The
be used as quantum dots for understanding the quantum sizestabiliser can influence the physical properties of the cluster
effects and for designing new optical and electronic materials because the cluster adapts the stabiliser or it can not change
[2]. The transition metal nanometer sized clusters also serveits volume in a way a free cluster would. In a recent study
as a bridge between homogeneous and heterogeneousn the binding energy of different stabilisers with the cluster
catalysis and provide new opportunities for cataly3]s surface, Fu et al[8] found that the binding between the
Clusters in free form, non-stabilised, can be prepared stabiliser and the cluster surface is larger in case of polymer
and studied only in vacuum. Clusters tend to agglomerate stabilised clusters than the surfactants (amine) stabilised
because of the large cohesion energy of the metals. In thiscluster.
case the cluster size is not stable and structural investigations Additionally, the number of anchoring points between the
such as XRD and high resolution electron microscopy polymersand the clustersis differentfor polymers and surfac-
(HREM) can not be accomplished under these conditions. tants. Tannenbaum et al. found more anchoring points in the
case of polymer stabilisatiqf]. Therefore, stabilisers can be
"+ Corresponding author. Tel.: +49 551 395024; fax: +49 551 395012. Cla_ssified yvith regard to the_bonding strength to the clustgrs.
E-mail address: suleiman@ump.gwdg.de (M. Suleiman). This bonding strength contains both the number of anchoring
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points and the binding energy. Both contributions are larger clusters syntheses were preformed in a two-Pd-electrodes
in the case of polymers. Therefore, we assume polymers tocontaining cell using a constant current density, where TOAB
be strong stabilisers compared to the soft surfactant or ligandwas used as electrolyte and stabiliser. Applying constant cur-
stabilisers. rent to the electrodes causes dissolution of the Pd anode with
In this work tetraoctylammonium bromide (TOAB) and the formation of Pd(ll)-cations which are reduced at the cath-
polymethylmethacrylate (PMMA) are used as stabilisers. ode forming the so-called “adatoms”. The adatoms aggregate
Studies on films deposited on polycarbonate and PMMA into surfactant stabilised clusters. The electrolysis was pre-
show that stress up te2 GPa can appear when the substrate formed at room temperature and stopped after a charge of
is thick [10]. This stress is lower for thinner substrates. 720C is passed. Elemental analysis show that an amount of
Interfacial stress between the stabiliser and the adhered75% of palladium is within the cluster stabiliser mixture. A
cluster can occur, especially during hydrogen uptake. schematic picture of the surfactant stabilised cluster is shown
Measurements on thin films deposited in Si ango@Qy in Fig. 1(a).
show that the interfacial stress reaches several GPa and
|[r;flll]1.ences the thermodynamic properties of the samples 2.1.2. Polymer stabilised clusters

To analyse the stabiliser effect on the cluster isotherm the bili-srgg ir?cl)Dl?\//lnlz/leAr\ ?ﬁg':lasdeiglucslgesrtseirrs] ézaxs\fve;sg v:gre;rzga-
Pd-H system was chosen. The bulk Pd—H system is one of i prep

the most well studied metal-hydrogen systems because of sing pulsed—laser—dep05|t|on. (PLD)' A KIF excimer laser
the noble character of the Pd metal and the good hydrogen(pulse length 30 ns) at a repetition rate between 5 and 10 Hz

solubility. These advantages also help studying the smaII-sizeand energy density of 2-6 J/émas applied. As targes a high

. : 0 !
system. Furthermore, sample preparation and surface-oxidé:)urlty metal foil (99.99+%) and PMMA foil was US.Gd' Both,
reduction can be dorfa2]. polymers and metals were prepared under ultrahigh vacuum

X o . conditions, with a base pressure of less tharftfbar. Metal
In this work the hydrogen solubility of nanometer sized .
. - ) ) s clusters are formed by strong island growth of Pd on the poly-
Pd samples will be studied. In situ XRD investigation of A .
. . . mer surface. The complete PLD-setup has been described in
the hydrogen absorption behaviour of the different Pd sam- detail earlie{15]. Samples of 16« 10 mn? size are prepared
ples will be discussed. The effect of the stabiliser type and ) P prep

on a polymer (PMMA) foil of 5Qum thickness. By using dif-
he_:nce the morpholqu of th_e sa_mple on the hydrogen uptakeferent numbers of laser-pulses the size of the Pd-clusters can
will be studied. Using the in situ XRD measurements the

. . . : be controlled, ranging from nm-sized clusters at 500 pulses
pressure-lattice parameter relation, which we will call from

NOW on pressure-lattice parameter isotherm, Will be con- to closed layers at 2000 pulses, $8g. 1(b) and (c). To in-

structed. Usually, the pressure-lattice parameter isotherms.' - 2>¢ the total mass of the clusters a "multilayer” stack of

are similar to the pressure concentration isothgii8$ and Zlct)grgsﬂgﬁa f);)l)érrr;evzearr;d cr:IeusatlreerJELysei:rr]s V;a&grgsparriﬂhggrﬁg
therefore can be used to identify the behaviour of hydrogen y prep 9 9

in the sample§14]. cap layer.

2.2. In situ X-ray measurements

2. Experimental
In situ XRD measurements were performed in a special

2.1. Cluster preparation high vacuum gas loading cell which allows stepwise and
controlled hydrogen loading and unloading betweehard
2.1.1. Surfactant stabilised clusters 10° Pa. All the measurements were conducted at beam line

The surfactant-stabilised (S-clusters) clusters were sta-B2 at the Hamburg synchrotron laboratory (HASYLAB) at
bilised in TOAB. The Pd clusters were prepared by using an DESY. The wavelength was selected by a Ge(11 1) double-
electrochemical technique described by Reetz §6alThe  crystal monochromator. All samples were pre-treated with

hydrogen to remove any oxide layer. Each loading cycle starts
at a base pressure of 19Pa, the hydrogen pressure was in-
creased stepwise to 1Pa. The pressure was monitored by
using MKS pressure gauges with 0.01% precision. The pu-
rity of the hydrogen gas was 99.9999%, all the measurements
were performed at room temperature. The measurements are
restricted with the time it takes to reach equilibrium pressure
@) (b) (© and the time needed to take one diffractogram at a selected
Fig. 1. Schematic illustration of the morphology of the three samples; S- 20 re.mge (24-70C) with reasonabl_e statlgtlcs. The high in-
cluster is quasi-free with surfactant stabilisation shell (grey colour) (a). P- tensity synchrotron source makes it possible to perform such
clusters having multi-layers stacking form (b) and closed cluster multi-layers measurements and reduce enormously the time needed for
(©). such experiments.
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3. Results and discussion
3.1. Samples characterisation

The cluster size and size distribution was determined by
transmission electron microscopy (TEM) and HREM. The
S-clusters have medium size of 4.8 nm (Bég 2). All sizes
were determined from electron microscopy images by mea-
suring more than 150 clusters spread over amorphous carbon
sample holders. The full width at half the maximum is about
0.8 nm, and thus, quite narrow. The S-clusters are stabilised
by the adsorption of TOAB at their surface, thus provid-
ing a protective layer or stabilisation shell. HREM images Fig. 3. HREM micro graph of S-clusters showing a distance of about 2 nm
demonstrate that the distance between individual clusters isbetween each individual cluster.
about 2 nm, as can be seenHiy. 3. This indicates that the
thickness of thetabilisation shell is 1 nm, which means that
the Pd cluster is stabilised by one monomolecular layer of P-clusters at four different equilibrium hydrogen pressures,
TOAB (chain length is about 1.1 nm), which is in accordance monitoring the lattice expansion by a shift of the peak posi-
with the finding of Reetz and co-workef55]. The size and  tions. During hydrogen loading, a shift to smallér&lues
the size distribution of the P-stabilised samples were deter-is observed in the diffraction patterns, indicating a lattice
mined from TEM and XRDFig. 2(b) shows the TEM picture  expansion. The shift in the peaks positions increases with in-
of a sample prepared at 500 laser-pulses. The sample consistsreasing the hydrogen pressure. During unloading the peaks
of clusters that are slightly coalesced. The size obtained frompositions shift to higher 2values indicating a shrinking of
counting more than 100 single clusters show that they have athe lattice. After unloading the diffraction patterns of the sam-
lateral size of 4.8 nm with relatively narrow size distribution ples are at the exact starting positidtig(. 4a and b). Thus,
of 1.8 nm. Up to now, it was not possible to avoid this slight hydrogen can absorb and desorb reversibly in these samples.
coalescence in the 4.8 nm sample prepared by using the PLDThe results verify the fast kinetics of the hydrogen sorption
technique. However, the majority of clusters have free sides. and desorption process.

Fig. 2(c) shows the TEM pictures of the sample, prepared  Using the X-ray diffractograms obtained from the XRD
at 2000 laser-pulses. Itis a closed clusters layer; no free clus-measurements at different equilibrium hydrogen pressures
ter sides can be detected. The lateral grain size of the closedhe pressure-lattice parameter isotherms for the three sam-
clusters layer sample was estimated from a transmission XRDples were constructedFig. 5). The lattice parameter of each
experiment and was found to be equal to 9.3 nm. 3.2 hydro- Pd sample, at a given pressure, was calculated from the po-
genation measurements in situ XRD measurements for threesition of the lower angle peak (near bulk fcc (11 1) reflec-
Pd samples with different morphologies (4.8 nm S-cluster, tion). The pressure-lattice parameter isotherms show three
4.8nm P-cluster and 9.3nm closed cluster layers sample)distinguished regions (1, Il and Il iFig. 5). These parts are
were performed during hydrogen loading and unloading at comparable to the parts found in the pressure—concentration
different hydrogen pressures. A typical experiment consists isotherms. Region | is the solid solution. Region Il represents
of one loading and one unloading cycle. During loading up the two-phase region (miscibility gap); results supporting this
to 16 pressure steps were takEig. 4a and b, shows diffrac-  interpretation will be given in the coming discussion. In this
tion pattern of (a) the 4.8 nm S-clusters and (b) the 4.8 nm current work it's called théattice parameter miscibility gap,

4

‘

(a)

Fig. 2. TEM micro graphs of (a) surfactant stabilised clusters (S-clusters), (b) polymer stabilised clusters (P-clusters) and (c) TEM micrihgrelpkexf
cluster layers sample.
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(@) 20[%] By examiningFig. 5the following features can be seen;
First, the lattice parameters of the pure Pd-cluster samples
(hki) _(n) (200) are larger than that for bulk Pd{ = 3.890A): Secondly, re-
L gion Il (thelattice parameter miscibility gap) for the polymer
LA stabilised samples is occurring in a wider pressure range than
_'_ that for the surfactant stabilised clusters. Lastly, the total lat-
. : tice expansion for the polymer stabilised samples is smaller
o oae e oo | alter unloading than that for the surfactant stabilised samples. These findings
Lo TR will be discussed in the following.
o g - Py e . 2 oy T The lattice parameter values of the pure Pd samples (at
S . : "_ P s S " G 102 Pa) were not only found to be larger than that for bulk Pd
B T but also different from each other; the lattice parameter of the
-_..,_".' S R closed cluster layera§ = 3.9701A) is larger than that of the
I P sl BN P-cluster o = 3.9534A) and the S-clustery = 3.9369A).
a5 s :-, ’ @ wi % w Especially the last two cluster types that have a comparable
e L e e e o size of 4.8 nm but a different stabiliser strongly differ in their
e oAl wast ws.  10%Pa low-concentration lattice parameter. The results show that the
Wk W Aoan B mean Pd—Pd interatomic distance expands with changing the
K ls LA Al A - ’ IS
: : stabiliser from soft to strong. Furthermore, the lattice dilation
. : : . . — . does not have the expected size dependency.
(?E)G) 2 % 26 . 3 % In a previous work we have found that the lattice parame-

ter of pure Pd clusters increases with decreasing the clusters
Fig. 4. Diffraction patterns of the 4.8nm S-clusters (a) and the 4.8nm p- Siz€. Other reports also show this dilation of the lattice
clusters (b). During hydrogen loading, a shiftto smallev@luesis observed  constant with decreasing clusters s[8¢20,21] This was
in the diffraction patterns. During unloading the peaks positions shift to gttributed to an incorporation of gases at the sample surface
h?gher_:B values indicating a shrinking of the lattice. A_ft_er unloading the sites[22], subsequent lattice stretchi[ﬁj&] and, furthermore,
diffraction patterns of the samples are at the exact position of the unloaded . . .
one (102Pa). ¢. — 1.2438A). a dlfferent structure espeually for small size ;ammlle’q.
In this work such an explanation can not explain our results
since the largest Pd-clusters sample has the largest lattice
parameter. There has to be another reason for the present
since pressure-lattice parameter isotherms are presented. Ifinding.
contrast to bulk Pd, where ideally no pressure dependency The closed cluster layer sample and P-cluster sample are
exists, this region has, for clusters, a pressure dependencytabilised in PMMA (strong matrifp] whereas the S-cluster
and is occurring over a pressure range. This behaviour wassample is stabilised in TOAB (soft matrif§]: the samples
also found in pressure—concentration isotherm measurementgave different morphologies and different surface surround-
[17-19] Region I, is comparable to the metal hydride where ing. We attribute the dilation of the lattice parameter to me-
the lattice parameter rises steeply with increasing pressure. chanical stress between the sample surface and the stabiliser.
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The mechanical stress seems to be larger in the case of theneasured isotherms of 17 nm and 7.3 nm Pd-H clusters sta-
polymer stabilised samples. Therefore they have larger lat- bilised in SiG® and ALOs. They attributed the wide pressure
tice parameter values than the surfactant stabilised clusterrange of the miscibility gap, visible as slope in the plateau re-
This can be interpreted by a mechanically harder matrix in gion, to a size dependent shift of the chemical potential whose
the case of the polymer compared to the mechanically softerorigin should have been the size dependent surface tension.
surfactant. Sachs et al8] and Pundt[25] both showed that this contri-
The larger lattice parameter value for the closed clus- bution can not explain the order of magnitude of their exper-
ters layers in comparison to the cluster sample (P-clusters)imental data obtained from surfactant stabilised (soft matrix)
can be explained by the coalescence effect during clusterPd clusters. However, mechanical stress between the cluster
film growth. As soon as the clusters coalesce surface tensionparticles and the stabiliser might explain the steep slope, for
will be reduced and the in-plane lattice parameter will be the mechanically very hard Sand AbOs substrates these

stretched. contributions are expected to be huge.
Secondly, the different pressure ranges in which region  To summarise, the wider pressure range of the polymer-
Il (the “lattice parameter miscibility gap”) is occurring,Fig. stabilised clusters compared to the surfactant-stabilised clus-

5. The pressure range is different even for the clusters with ters can be understood by the larger mechanical stress in case
the same size. For the 4.8 nm S-clusters sample it appear®f the polymer matrix. The width of th&utice parameter

in the pressure range ofdlx 10°-2.0 x 10° Pa (during H- miscibility gap is strongly affected by mechanical stress be-
loading) which is smaller than that for the polymer stabilised tween the cluster and the matrix.

samples. Our results on clusters with different sizes show Lastly, the total lattice expansion of the polymer stabilised

that this region (thelattice parameter miscibility gap”) is samples is smaller than the surfactant stabilised sample. Us-
similar to the pressure change in the miscibility gap found in ing the data irFig. 5, S-clusters show a total lattice expansion
apparent pressure—concentration isothgtt2s19]. Thelat- value (Aa = 0.065A) which is larger than that for P-clusters

tice parameter miscibility gap of the 4.8 nm P-cluster sample (Aa = 0.051,&). The closed-clusters layers sarpple shows
appears in a wide pressure range & 8§ 10°-2.7 x 10° Pa. the smallest lattice expansion valuad = 0.029A). This
The closed clusters layers sample shows a lattice parameteresult is also not expected. In a previous study performed

miscibility gap almost in the same pressure ran@e610°— on S-clusters (in the size range between 3.0 and 6.0 nm), we

2.8 x 10°Pa. have found that the lattice expansion is strongly size depen-
Now the questions are arising: if this region really is mark- dent[14]. The lattice expansion values for larger clusters are

ing the miscibility gaplattice parameter miscibility gap) and larger than those for smaller ones, but still smaller than those

why it occurs in a wider pressure range for the polymer sta- for bulk Pd. For example, after loading cycleg = 0.123A

bilised samples. for the 6.0nm cluster but\a = 0.036A for the smallest
Region I and 11l seem to mark different phases which can cluster (3.0 nmj12,14] The narrowing in the miscibility gap

be also different from the well-known bulk phagéd]. In on going from the large-size system to the small-size system

situ XRD measurements performed during stepwise hydro- was reported by many worke[$9,26,27] This behaviour
gen unloading of the S-clusters and P-clusters samples shows mostly related[7,8,26] to the large surface-to-volume
the existence of a hysteresis in region Il. If such a hysteresisatom ratio which leads to an increaseesolubility and a

can be taken as a finger print of a phase transition even fordecreased’-solubility.

the small-size system, as done in an earlier wWja#, this In this work thelattice parameter miscibility gap for the
indicates that a transition is occurring in this pressure range cluster samples was found to be larger than that for the closed
(region Il inFig. 5), although the apparent reflections can not cluster layers sample. This behaviour is surprising, since one
be separated. Thus region Il is marking the miscibility gap would expecta narrowing inthe miscibility gap on going from

between two phases and in our case it iddtngéce parameter large-size system to small-size system. The arguments based
miscibility gap. on the increased-solubility and the decreased-solubility

The wide pressure range is most probably due to lateral discussed above is not enough to explain this observation.
stress which grows up during hydrogen load[2d]. It is The three Pd samples have different morphologies and ma-

assumed that a larger mechanical stress change results in &ices and this has to be taken into account. We attribute this
larger width of the pressure change in the miscibility gap of difference in the behaviour of the clusters samples to the dif-
the small size system. ference in type of the stabiliser and different morphology of
According to our results on the lattice parameter shift of the samples.

the unloaded samples, the mechanical stress is smaller in S-clusters are stabilised with one mono-molecular layer
S-clusters sample, the matrix is mechanically soffay. 5 of TOAB and since the modulus of elasticity of the surfac-
shows that théattice parameter miscibility gap occurs in tant is an order of magnitude lower than that of the clusters
a narrower pressure range. Exactly this is expected for the[5], the S- Pd cluster is soft stabilised and the cluster can ex-
softer matrix and, therefore, supports the above given inter- pand well. In earlier works, we even regarded these clusters
pretation. This interpretation can also be applied for under- as expanding quasi-fr¢&]. The narrowing in the miscibility
standing literature results. Salomons ef3d], for example, gap observed in these cluster sampie8] was explained in
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terms of a two-site model, whereby hydrogen atoms can only biliser into account. The closed cluster layers sample shows
occupy subsurface or bulk-sites. According to these calcu- the smallest lattice parameter expansion. This behaviour is
lations two sub-surface sites do not contribute to the phaseattributed to the hard polymer stabiliser and the fact that side
transition. The question if such a simple treatment is allowed expansion is hindered by neighbouring clusters.
when stress contributions take part is an open question. How-
ever our results suggest that this simple treatment can not be
used in the case of large stress contribution. Acknowledgements
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