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10 Abstract: Nanostructured palladium catalysts are used industrially for selective alkyne hydrogenation reactions. However, struc-
11 tural changes can lead to a loss of performance. In this study, we show the evolution of the atomic structure of monodispersed Pd
12 nanoclusters undergoing a vapour-phase 1-pentyne hydrogenation reaction. A specific structural transformation, from amorphous
13 to highly symmetrical structures, is observed at the atomic level with aberration-corrected scanning transmission electron micros-
14 copy (AC-STEM). This surprising behaviour which occurs concurrently with the alkyne hydrogenation reaction, is clearly

15 size-dependent. The results provide new understanding on the long-term stability of commercial heterogeneous catalysts.

16 Keywords: Mass-selected; Palladium nanoclusters; AC-STEM; Alkyne hydrogenation.
17

18 1. Introduction

19 The discovery of size-dependent quantum effects of ultra-small particles dates from the beginning of nanosci-
20 ence. The evolution between discrete energy levels of individual atoms and the continuous energy bands of densely
21 packed solids accounts for the novel properties of nanomaterials. In addition to particles’ size, morphology affects
22 some properties by defining facets and edges on the surface [1] as relevant to catalysis.[2] The modification of the par-
23 ticles during catalytic reaction is a key challenge for heterogeneous catalysis using metal nanoclusters. Even the mi-
24 gration of single atoms on the surface of the particles will lead to a change on morphology of the whole cluster. Thus
25 the deterioration of catalytic performance (yield and/or selectivity) may develop with time under reaction conditions.
26 In this context, the ability to produce size-selected metal nanoclusters with atomic precision is valuable in gaining an
27 understanding of the structure change of a given particle size under reaction conditions. The morphology of such na-

28 noparticles can be investigated with environmental transmission electron microscopy (ETEM).[3-6] However, intro-
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ducing truly realistic reaction conditions while preventing damage by the intense electron beam as well as charged
atom of the reaction is challenging.

Palladium is an effective catalyst for selective alkyne hydrogenation reactions.[7] The vapour-phase 1-pentyne
hydrogenation reaction over Pd particles supported on Al20s has been shown to be mediated by a Pd-C complex .[8]
Indeed, the hydrogenation events at the catalyst surface have been shown to be controlled by the incorporation of
carbon and hydrogen into the surface. Pd hydride decompose above 353 K and PdC could accumulate onto the surface
up to three atomic layers if the H2/Cs molar ratio is lower than 5. [9] However, Pd catalysts can also become deactivated
by such processes.[10]

Size-selected Pd clusters have been proven to be good model systems for understanding the performance of re-
al-life heterogeneous catalysts, in selective 1-pentyne hydrogenation amongst a number of reactions.[8,9,11-14] . Ex-
perimental [15] and theoretical[16] investigations of Pd clusters indicate that amorphous structures can be more stable
than ordered icosahedral for certain sizes and temperatures. There is evidence of structural transformations towards a
more stable Fcc and Dh structure could occur near the melting temperature. However, the reverse structural trans-
formation from low configuration energy structures requires temperatures surpassing the melting point.[17] Hydrogen
tends to diffuse into Pd particles, and the incorporation of hydrogen significantly lowers the melting point of Pd, on
top of the melting point suppression due to the small size.[18,19] Structural transformations could proceed through a
solid-liquid coexistence state, which could allow transformation to happen,[20] without the energy required to melt the
whole cluster.

Mass-selected clusters provide several advantages in morphology studies given their uniform size and the rela-
tive ease of changing the nature of the clusters..[21] Further, the mass uniformity clarifies ripening phenomena. His-
torically, the mode and degree of ripening were tracked by measuring the log-normal distribution of particle size.[22]
However, if ripening accompanies structural changes, identification of the structural transformations becomes diffi-
cult. A monodispersed selected size clusters onset is easier to trace.

Here, we report the structural evolution of atomic precision palladium nanoclusters supported on amorphous
carbon films under realistic reaction conditions. We investigate the effect of 1-pentyne hydrogenation on the size and

atomic structure of mass-selected Pdo2s:20 and Pd2es7:45 clusters. This work builds on a preliminary study reported in
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2014,[23] and that the new and more comprehensive study supersedes the preliminary study. Most significantly, by
comparing with the previous work, we design experiments to distinguish heat treatment in hydrogen from exposure to
the reaction. To establish what role the reaction itself plays in driving the restructure

The Pd clusters appear to be highly amorphous as prepared from the cluster beam source. The clusters of both
sizes withstood annealing in inert gas without structural transformation to other structures. However, a transfor-
mation of Pd clusters to highly symmetrical cluster structures is triggered by 1-pentyne hydrogenation under the same
annealing process. Cluster structures of all three high symmetries (FCC, Icosahedron, and Decahedron) were found to
appear. Structural transformation in hydrogen-helium mixture of clusters of different size is observed. A considerable
fraction of Pd2os7:45 clusters transformed to FCC and decahedral structure, but for Pdoas:20 the clusters remains amor-

phous.

2. Materials and Methods

Palladium nanoclusters were produced by a gas-phase condensation magnetron-sputtering cluster beam source.
The lateral time-of-flight filter operating under a high vacuum regime (104~107 mbar) was enclosed in a separate
chamber attached to the source and set to provide the mass resolution of M/AM=22, based on calibration with Ar ion.
The resulting size of Pd clusters made were 923+20 and 2057+45 atoms. The condensation length of formation is 250
mm for both size-selected clusters made. The size-selected nanoclusters were deposited directly onto standard amor-
phous carbon film (10 nm to 20 nm in thickness) supported by molybdenum TEM grids at the energy of 0.5 eV per
atom. Nanoclusters were then brought to STEM (transferred through ambient conditions) for identification of their
initial structure, within 7 days after the preparation. The samples were stored and transferred in a vacuum desiccator
(~10® mbar) and the whole experiment was completed within 14 days. It is worth mention that the condensation length
of Pd clusters in our preliminary study was 172 mm and the storage condition is 100 days in ambient.[24] This differ-
ence imply Pd clusters in this study are less oxidized and closer to its equilibrium state. The nanoclusters then un-
derwent STEM imaging to probe the structural variation done by the treatment/reaction. The time for the nanoclusters
to be exposed under ambient conditions throughout the whole process is less than 60 min altogether. Each of the TEM
grids carrying nanoclusters is placed in the centre (on a quartz wool tube) of a quartz tube (length: 360 mm, inner di-

ameter: 4 mm). For thermal annealing treatment, the gas flow of pure He (279 ml'min-') was used as an inert atmos-
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phere. For the hydrogen reduction and the following 1-pentyne hydrogenation, the carrier gas is comprised of 40%
H2/60% He (flow rate of 247 ml-min™). The reagent solution (1 M 1-pentyne plus 1 M 2-methylpentane (used as an
internal standard for gas chromatography) dissolved in n-hexane) was introduced in the gas flow mentioned above
through vaporising. The temperature was increased at a rate of 2 °C/min from room temperature to 250 °C and then
remained at the target temperature for 2 h. At the end of the reaction/treatment, cool He gas was flowed through the
quartz tube for 30 min. STEM imaging was conducted with a JEOL-2100F operating at 200 keV equipped with a
spherical aberration corrector (CEOS GmbH) and high-angle annular dark field (HAADF) detector. The inner and
outer collecting angle of this detector were 62 and 164 mrad, respectively. Following imaging, the structure was iden-
tified by comparing the experimental images with the multi-slice image simulation over all possible orientation. Detail

of assigning method is reported elsewhere.[2] Simulation images were generated using software package QSTEM.

3. Results and discussion

Our aim is to identify and distinguish the ripening and transformation of mass-selected Pd nanoclusters due to
heat, hydrogen reduction, and the 1-pentyne catalytic hydrogenation reaction. Fig. 1(a) is a reference set of data ob-
servations of the Pd clusters before any chemical processing. It is observed from the images that the majority of the
clusters lack order at atomic resolution. The corresponding FFT images shown in the rightmost column confirm that
conclusion. The identification of high symmetry structures is illustrated by the result of hydrogenation of Pd2os7:4s
shown in Fig. 1(b). The simulation atlas method is explained.[25-27] Atomic models that are used to generate simu-

lated STEM images are shown on the side of the assigned experimental images, as in Fig 1(b)[24]
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Figure 1. Panel is showing (a) atomic resolution representative images for Pdaos7:45 as prepared and (b) after a realistic 1-pentyne
hydrogenation process as described in the experimental section. The converted FFT images of the rightmost experimental image in
each row are shown. The images were taken by aberration-corrected HAADF-STEM with signal collected between 62 and 164 mrad.
The scale bar located at the bottom right corner represented 1 nm in each cropped image. (c) Schematic of the realistic reaction
processing setup.

The size distribution of Pdo2s:20 nanoclusters before, Fig. 2(a), and after heat treatment in different atmospheres,
Fig. 2(b) Helium, Fig. 2(c) Hydrogen/Helium, and Fig. 2(d) full 1-pentyne hydrogenation, were obtained. The main
histogram from each condition was then divided into four rows, to display the populations of different isomer and
amorphous structures under the same conditions, Fig. 2(e-h). The size distribution exhibits a single, sharp peak at
3.77+0.19 nm before reaction, Fig. 2(a). Almost all of the clusters produced are amorphous in the corresponding struc-
tural analysis, Fig. 2(e). Only a very small fraction of cluster is assigned to FCC and icosahedral isomers. Further, a
shoulder in the size distribution indicates some degree of aggregation as the sample were prepared. The results from
heat treatment in helium (2b, 2f) and a hydrogen-helium mixture (2c, 2g) show that in both treatments more aggrega-
tion occurs while all the clusters remain amorphous. The highest peaks in (2b, 2c) reflect the original cluster monomers,
while the other peak at 4.78+0.16 nm indicates some degree of Smoluchowski ripening happens upon treatment. No
obvious structural transformations due to heat treatment in helium or helium-hydrogen mixtures were observed.

However, after a full 1-pentyne hydrogenation reaction, Fig. 2d, 2h, a considerable fraction of clusters was found to
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transform to a high symmetry structure. For the original size clusters, the ratio between different structures is
FCC:Ih:Dh:Amorphous is 3:2:2:9 after full 1-pentyne hydrogenation reaction. Similarly, for clusters which have ag-
gregated from isomers, Fig. 2(h), the atomic structure is ordered in almost every one of them rather than remaining
amorphous. Moreover, no matter what environment the Pdo23:20 were subjected to, no clusters were found to become

smaller than their initial size, which indicates no disintegration of the Pds23:20 due to the reaction.
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Figure 2: Charts showing the size distribution (a-d) and structural analysis with regards to size of clusters (e-h) of Pdozs:20 (a, e) be-
fore, after helium treatment (b, f), after helium hydrogen mixture (c, g) and after vapour-phase 1-pentyne hydrogenation treatment
(d, h). The conditions for the thermal treatments were kept at 523 K for 2 h (ramp rate of 2 °C/min from RT to ~250 °C), under the
atmosphere for helium treatment with gas flow of He (279 ml/min), for helium-hydrogen mixture with 40 % H2 and 60 % He and the
overall flow rate is 247 ml/min. For 1-pentyne hydrogenation, 1 M 1-pentyne in hexane was vaporised by carrier gas with flow rate
identical as helium-hydrogen mixture. Independent pressure gauge and temperature sensor measured are 17.9~250.2 °C; 0.30~0.34
bar (Helium treatment), 18.8~249.8 °C; 0.20~0.23 bar (Helium/Hydrogen treatment), and 19.9~250.2 °C; 0.32~0.35 bar (full 1-pentyne
hydrogenation). Related cluster formation parameters: condensation length: 250 mm; magnetron sputtering power: 10 W DC; con-
densation pressure: 0.19~0.21 mbar; deposition energy: 0.5 eV/atom; condensation gas flows: 100 sccm (Ar) and 110 sccm (He).

A new peak arising from larger clusters emerged located at roughly 1.26 times of the size of the monomer indi-
cating that these clusters are twice as the volume of a monomer. The ripening of size-selected clusters through the
Smoluchowski model was discussed previously. Granqvist et al.[22] predicted a log-normal size distribution for
Smoluchowski ripening of size-selected clusters.[28] Under Smoluchowski ripening conditions, the clusters should

form discrete peaks (in mass), since all clusters are aggregates of the monomers. Although an under-investigated area,
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amorphous structures have been observed in previous studies of Pd clusters larger than 1 nm.[15] The amorphisation
process was investigated for various noble and quasi-noble metals,[16] in where amorphisation occurs by inserting
more atoms into the five-fold symmetry corner on icosahedron. It was also found that this amorphisation process in-
volved co-ordination numbers changing on the surface and in the interior of the cluster. A study on Pdss clusters
showed that amorphous structure is energetically more favourable over icosahedral when the temperature is above 600
K, which is higher than the temperature reached in this study. In our results, where the amorphous structure is often
considered as metastable, we found it was still stable when simply heating the clusters in a helium atmosphere, which
indicates that there is, at least, a considerable energy barrier between amorphous and high symmetry structures, if the
later have lower energy.

Fig. 3 shows the size distribution 3(a-d) and structural analysis 3(e-h) of Pd2os7:45 clusters before reaction, after
heating and hydrogen-helium atmospheres, and after the full 1-pentyne hydrogenation reaction. It can be seen that size
distribution before reaction is comprised of a main peak (centre at 5.02+0.20 nm), the monomer, and a small dimer
feature (centre at 6.34+0.29 nm) due to aggregation. The distribution remains the same after heat treatment in helium,
with a slightly more obvious dimer feature at 6.3 nm. The structural analysis of both untreated 3(e) and heat-treated
3(f) clusters showed that the majority of clusters retain the amorphous structures. However, after the helium-hydrogen
mixture treatment by contrast with the behaviour of Pdos:20, a significant number of clusters transform into FCC and
decahedral structures. The ratio of composition of the different structures within the monomer size region is
(FCC:Ih:Dh:Amorphous) 8:2:10:9, Fig. 3 (g). In other words, more than two-thirds of the clusters have transformed into
highly symmetrical structures. Among these, decahedral and FCC structure are the majority, with a few icosahedral.
On the contrary, icosahedral is the highest proportion after 1-pentyne hydrogenation, Fig. 3(h), accounting for more
than 40% of the monomer with high symmetry structures. Finally, there is no disintegration of the Pd20s7:45 clusters after

treatment, which is similar to what is observed for Pdo2s:20.
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Figure 3: Charts show the size distribution (a-d) and structural analysis with regards to size of clusters (e-h) of Pd20s7:45 (a, €) before,
after helium treatment (b, f), after helium hydrogen mixture (c, g) and after vapour-phase 1-pentyne hydrogenation treatment (d, h).
The conditions for the thermal treatments were kept at 523 K for 2 h (ramp rate of 2 °G/min from RT to ~250 °C), under the atmosphere
for helium treatment with gas flow of He (279 ml/min), for helium-hydrogen mixture with 40 % Hz and 60 % He and the overall flow
rate of 247 ml/min. For 1-pentyne hydrogenation, 1 M 1-pentyne in hexane was vaporised by carrier gas with flow rate identical as
helium-hydrogen mixture. Independent pressure gauge and temperature sensor measured are 22.2~246.7 °C; 0.33~0.37 bar (Helium
treatment), 19.4~247.8 °C; 0.22~0.25 bar (Helium/Hydrogen treatment), and 19.4~246.2 °C; 0.34~0.36 bar (full 1-pentyne hydrogena-
tion). Related cluster formation parameters: condensation length: 250 mm; magnetron sputtering power: 10 W DC; condensation
pressure: 0.19~0.21 mbar; deposition energy: 0.5 eV/atom; condensation gas flows: 100 sccm (Ar) and 110 sccm (He).

The survival of an amorphous structure for Pdzos7x45 after heat treatment in helium suggests once again that the
local minimum in the potential energy surface is deep enough to stabilise amorphous structures for Pdos74s, as for
Pdo2s:20. Concerning Smoluchowski ripening, and assuming coalescence clusters are spherical,[29] the diameter of a
dimer would be 1.26 times that of a monomer, and a trimer would be 1.45 times. Through curve fitting of the size dis-
tribution of treated samples, we found secondary peaks at 1.23 (5.70+0.17 nm) and 1.40 (6.46+0.16 nm) times the
monomer peak (4.60+0.19 nm) after hydrogen treatment, and at 1.21 (5.63+0.07 nm) and 1.36 (6.36+0.07 nm) times the
monomer peak (4.65+0.16 nm) after the 1-pentyne hydrogenation reaction.

In our reactions, the molar flow rate for H2 and 1-pentyne are 4.41x10-* moles/min and 6.00x10- moles/min, cor-
respondently. The ratio of Hz/Cs falls well within the region that Hz is excessively supplied. Under this condition, it is
considered that only a limit amount of PdC could build up.[8] Moreover, Fig. S1 confirms that there is little effect by

post-treatment annealing in the atmosphere. This implies that the core structure of Pd clusters are not affected by the
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oxidation even when it is inevitable. We argued that the structure identified in the TEM imaging is attributed to clus-
ters’ core structure. The surface oxidation layer needs to be removed in the reduction environment before allowing the
cluster structure to transform.[30,31] This would also explain the stronger persistency of amorphous Pdes:o over
Pda0s7:45 cluster in the hydrogen reduction environment since Pd clusters smaller than 3.7 nm have a higher oxidation
saturation capacity.[32]

Structural transformations of the Pd2os7:45 clusters from amorphous to high symmetry structures were observed
for both hydrogen and 1-pentyne hydrogenation treatments, but some subtle differences were noted. After treatment
with hydrogen, few clusters transformed into icosahedral, whereas after full 1-pentyne hydrogenation, a significant
number of icosahedral clusters emerged, alongside FCC, Dh, and amorphous structure were almost eliminated. This
suggests that under hydrogen reduction environment, though little heat is generated, relieving of superficial oxide film
by reduction liberates restructuring towards FCC and decahedron structures. In addition, under the combined effort of
the exothermic release of heat and the presence of hydrogen, the intense reconstruction leaves only 15% of clusters
staying amorphous after pentyne hydrogenation reaction. The extra heat of the exothermic hydrogenation reaction
allows the clusters to convert from FCC and decahedron to access metastable icosahedron structures.[17] Heat release
from semi-hydrogenation of the triple bond of 1-pentyne can be as high as 164.8-166 kJ/mol.[33-35] The turnover fre-
quency per cluster of 3.6 nm in diameter is 1316 s at 353 K, with 98 percent selectivity to double bond.[36] The heat
produced in the catalytic reaction can then be estimated as 2.26x10* eV-cluster-s'. Moreover, the larger clusters would
have higher turnover frequency due to their broader facet being more suitable for the organic molecule to bolt-on.[37]
As aresult, the reaction heat can induce structure transformation, and larger isomer clusters would generate more heat
in the reaction, which makes them even more prone to structural conversion. It is noteworthy that, of these Pd clusters,
which transformed from amorphous to icosahedral after the 1-pentyne hydrogenation reaction, none were dimers or
trimers. This implies that the larger the size of the cluster, the larger the energy difference between the icosahedron and

the other metastable high symmetry structures, FCC and decahedron.

4. Conclusions
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In summary, we have distinguished between the effects of heat itself, thermal heating with hydrogen exposure,
and thermal heating while the reaction is proceeding. In our aberration-corrected HAADF-STEM experiments, both
Pdozs:20 and Pdaos7z4s amorphous clusters were found to transform to highly symmetrical structures after the full
1-pentyne hydrogenation reaction. FCC, decahedral and icosahedral clusters were all observed after the reaction. No
such transformations were observed by heating the clusters in inert helium gas. This suggests that the exothermic re-
action heat from the 1-pentyne hydrogenation may promote annealing of Pd nanoclusters while hydrogen's presence
may relieving surface oxide and unlock transformation. The heat released from the triple-bond hydrogenation reaction
will depend on the turnover frequency, which was reported[38] to peak at the size of our Pd2es7:45 clusters (5.0 nm). A
size-dependent Pd cluster activity could also explain the observation that (a) hydrogen treatment at elevated temper-
ature causes amorphous Pdaos7:4s5 clusters to transform into ordered isomers, whereas Pdss:20 clusters remain amor-
phous, and (b) the proportion of icosahedral clusters structure produced by the full reaction is also found for Pd20s7:45
and Pdos:20. In parallel with these observations, the cluster size distribution proceeds evolution for limited Smolu-
chowski ripening of the clusters under reaction conditions with no evolution for cluster disintegration (atom loss). It is
believed that observation of both sintering and transformation of the atomic structure of clusters under reaction con-

ditions will contribute to the optimisation of future nanocatalyst design.
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S0.1 Further annealing in ambient conditions after heat treatment in helium/hydrogen
mixture

Fig.S1 shows the composition of different structures of Pd2os7:45 nanoclusters before
(Fig.S1 (a-b)) and after (Fig.S1 (c-d)) further annealing in ambient conditions after heat
treatment in helium/hydrogen mixture. This independent experiment was conducted to
investigate the degree of spontaneous oxidation of Pd clusters when they were exposed
to the atmosphere. FCC was dominated by the structural population, as shown in Fig.S1
(b). The sample was then annealed in the ambient conditions under identical heat
program (heat up (2 °Gmin from RT) and dwelled at 250 °Cfor 2 h). After the sample
cooled down, the post-treatment STEM imaging was done immediately with a
transferring time of less than 5 min. Results of the size distribution of Pd2os7+45 clusters
showed the clusters did not suffer from serious ripening in Fig.S1 (c). Clusters did not
aggregate into larger ones nor disintegrate into smaller fragments. Though a minute
dimer peak was seen, clusters largely remain monomer. Fig.S1 (d) showed that the
proportion of Dy increases slightly, and there emerged a tiny amount of I clusters.
Nevertheless, in all cases, dominating high-symmetry structures remain.
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Figure S1 Charts (c,d) showing the relative population of further subsequent heat treatment in
ambient condition, after heat-treated Pdzos7+45 in Helium/Hydrogen mixture (a,b). Four rows of
histograms in (b) and (d) show the sub-distribution of clusters that are divided to three different
structures identified. Heat treatment is done under ambient atmosphere and their temperature
program is identical to other heat treatment in this study.
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