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Nanoparticles  of platinum  oxide  are  deposited  onto  a highly  oriented  pyrolitic  graphite  (HOPG)  substrate.
The  platinum  oxide  particles  are  formed  by  flowing  oxygen  gas  through  a hot  (1425  K)  platinum  capillary
tube in  vacuum.  By  controlling  the  temperature  and  the  gas  flow,  a  condition  can  be  reached  so  that  Pt
atoms are  evaporated  from  the inner  walls  of the  tube  and  subsequently  oxidised  by oxygen  either  before
or  after  landing  on HOPG.  Atomic  oxygen,  produced  inside  the  tube  through  thermal  cracking  of O2,  is
co-deposited  onto  HOPG.  Atomic  oxygen  form  strong  bonds  with  carbon  atoms  on  the  HOPG  surface  and
latinum
raphite
xidation
atalysis
canning tunnelling microscopy (STM)
urface defects

hence  a significant  number  of  pinning  sites  are  created  for  the  incoming  platinum  and  platinum  oxide
particles.

© 2012 Elsevier B.V. All rights reserved.
dsorption

. Introduction

Small metal clusters play an important role in heterogeneous
atalysis [1,2]. In order to understand the fundamental mecha-
ism of reactivity and selectivity of supported metal catalysts, a

arge number of model systems, mostly consisting of small metal
articles on metal oxide supports, have been designed and stud-

ed [3–7]. From a very early stage it was recognised that the
etal-support interaction strongly influences the performance of

he metal particles [8,9] and the phenomenon of strong-metal-
upport-interaction (SMSI) has been investigated extensively ever
ince it was discovered [10–13].  In order to keep the metal par-
icles catalytically active, the metal support interaction should be
ptimised. Too strong an interaction causes encapsulation of the
etal by the metal oxide support, and too weak an interaction is

nable to keep the metal particles in a well-dispersed state leading
o aggregation and loss of effective surface area. Here we exam-
ne the situation where the metal-support interaction is weak,
nd hence seek a method to pin metal particles and prevent them
rom sintering. We  have chosen graphite, highly oriented pyrolitic
raphite (HOPG), as the substrate for its known inertness towards
any metals. There is a large body of data in literature regard-
ng the interaction of metal atoms/clusters with HOPG [14–26].
ecently, stimulated by the discovery of graphene, there is a rapid

ncrease in the number of publications of metal deposition on
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Fig. 1. Schematic diagram of the oxygen thermal cracking source.

graphene [27–29].  Both individual atoms and clusters of metals
are very mobile on HOPG due to low diffusion barriers [14,15,17].
As a result, deposited metal atoms or clusters tend to aggregate
along the step edges. In order to fix metal clusters on HOPG, pre-
fabricated surface atomic defects produced by Ar+ ion sputtering
for example [22] are used. An alternative method is to allow the
metal clusters to impinge onto HOPG with high kinetic energies
[19,24,25]. Defects generated by Ar+ ion sputtering or energetic
clusters are usually not confined just to the top layer of carbon and
are inevitably linked to physical damage to the graphite surface.
Here we  report a procedure for fixing Pt oxide particles without
causing gross physical damage to the graphite substrate. By using a
heated Pt capillary tube, we are able to co-deposit Pt oxide nanopar-

ticles and atomic oxygen onto HOPG simultaneously. The adsorbed
atomic oxygen is able to pin the Pt metal oxide particles. The fixing
of Pt and PtO particles on graphite is an important process because

dx.doi.org/10.1016/j.apsusc.2012.02.026
http://www.sciencedirect.com/science/journal/01694332
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ig. 2. Mass spectra of gases inside the vacuum chamber, recorded with a
uadrupole mass spectrometer as molecular oxygen passes through the Pt tube
ept at (a) room temperature and (b) at 1423 K.

raphite-supported Pt catalysts are used for liquid-phase oxidation
f organic molecules [30,31] in fuel cell applications.

. Experimental

Experiments are performed in an ultra-high vacuum (UHV)

ystem equipped for variable temperature scanning tun-
elling microscopy (Omicron VT-STM) with a base pressure
f 2 × 10−10 mbar. Electrochemically polished tungsten tips are
sed and images are acquired using bias voltages from 0.005 V to

ig. 4. (a) STM image, 700 nm × 700 nm,  of HOPG after deposition of Pt. Image acquired
hows  the HOPG surface before the deposition of Pt. (b) Zoomed-in view, 100 nm × 100 nm
–B.
Fig. 3. Partial pressure of O2 as a function of capillary tube temperature.

1.0 V, with tunnel current from 0.03 nA to 1 nA. Highly oriented
pyrolitic graphite sample was cleaved in air and further cleaned
in UHV by degassing at 1000 K for 30 min. A homemade thermal
cracking source is used to deliver atomic oxygen and Pt/PtO onto
the HOPG sample. Fig. 1 shows a schematic diagram of the thermal
cracking source. It consists of a Pt capillary tube with 0.4 mm inner
diameter and 0.7 mm outer diameter. The tube can be heated
to1600 K by passing a direct current with or without the flow of
oxygen. A cylindrical shield with an aperture is used to cover the
Pt tube so that only material coming out from the inner tube can
reach the sample.

3. Results and discussion

First of all, we  would like to describe the properties of the crack-
ing source. We  use a quadrupole mass spectrometer to monitor
the gas composition as a function of the capillary tube tempera-

ture and gas flow rate. Fig. 2a shows the gas composition when
oxygen is passed through the Pt tube without heating. The total
pressure inside the vacuum chamber during the measurement is
8.3 × 10−7 mbar, and this is mainly due to molecular oxygen. O2

 using −0.5 V sample bias and 0.3 nA tunnel current. Inset at the lower left corner
,  of the area inside the black square in (a). Inset shows the height profile along line
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Fig. 5. (a) STM image, 1000 nm × 1000 nm,  of HOPG after co-deposition of Pt/PtO and atomic oxygen. Image acquired using +0.5 V sample bias and 0.03 nA tunnel current.
( M ima
t he are
t en ato

t
i
s
i
c
a
n
o

b)  Same as (a) but image acquired after 5 min  scanning at room temperature. (c) ST
erraces  and re-deposition at step edges. (d) Zoomed-in view, 180 nm × 180 nm,  of t
unnel  current. The bright spots on the terraces are due to chemically bonded oxyg

ogether with its cracking product, atomic oxygen produced in the
onisation chamber of the mass spectrometer, is observed along-
ide CO, H2, and H2O. There is also CO2, but its signal is low and
s not visible on the same scale. Fig. 2b shows the measured gas

omposition when the Pt tube is heated to 1423 K. The temper-
ture of the Pt tube is measured using an optical pyrometer. We
otice a significant increase in the signals corresponding to atomic
xygen at mass 16 amu  and CO2 at mass 44 amu. Although we
ge, 1000 nm × 1000 nm,  showing the displacement of material by the STM tip from
a inside the black square in (c). Image obtained using +0.4 V sample bias and 0.6 nA
ms. (e) Height profile along line AB in (a). (f) Height profile along line CD in (c).

expect the production of atomic oxygen via thermal cracking, we
do not think the increased O signal is due to the direct interception
of O from the Pt tube by the mass spectrometer. This is because
the mass spectrometer is not arranged in direct line-of-sight con-

figuration with the Pt tube, hence atomic oxygen from the tube
cannot reach the mass spectrometer without bouncing from some-
thing else in the vacuum chamber. The increased level of O signal,
we believe, comes from an increased fraction of thermally excited
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Fig. 6. (a) STM image, 1000 nm × 1000 nm,  of HOPG with deposited PtO following thermal annealing to 473 K in UHV. Image was obtained using −0.5 V sample bias and
0.03  nA tunnel current. (b) The same sample after thermal annealing to 773 K. (c) The same sample after thermal annealing to 973 K. (d) Height measurement for line AB,
C d STM
s

m
l
c
a
w

D,  and EF respectively. (e) Height distribute statistics of (a). (f) Atomically resolve
howing  the detailed structure induced by the adsorption of atomic oxygen.

olecular oxygen. The higher concentration of excited molecu-

ar oxygen alters the cracking pattern of O2 inside the ionisation
hamber of the mass spectrometer in favour of the production of
tomic ions. Some excited molecules on contact with the chamber
alls will dissociate, resulting in the formation of atomic oxygen.
 image obtained using −0.2 V sample bias and 0.8 nA tunnel current, 3 nm × 3 nm,

Subsequent reaction between atomic oxygen and carbon contain-

ing species produces CO2 as observed with the mass spectrometer.

Accompanied by the increase in atomic oxygen signal, there is
a drop in molecular oxygen signal. This drop occurs at ∼1300 K
and seems to be independent of the oxygen flow rate. Fig. 3 shows



5 ce Sci

h
fl
c

t
b
o
r
g
c
t
e
p
i
f
i
r

i
w
o
t
H
i
t
p
s
F
s
l
a
p
i
p
a
a
d
i
t
a
p

H
a
t
i
a
p
H
o
t
a
5
t
P
s
t
f
F
∼
h
T
w
i
i
b

416 J. Gao, Q. Guo / Applied Surfa

ow O2 signal decreases with temperature for a range of oxygen
ow rates. The equilibrium partial pressure of O2 inside the vacuum
hamber is used as a measure of the flow rate.

The drop of O2 partial pressure can be contributed by more
han one factor. The most obvious one is the consumption of O2
y thermal cracking into atomic oxygen inside the Pt tube. Atomic
xygen then reacts on chamber walls giving out CO and CO2. A
elated factor is the formation of thermally excited molecular oxy-
en. As mentioned earlier, some of the excited oxygen molecules
an dissociate into atomic oxygen after they leave the tube. The
hird factor is the evaporation of Pt and subsequent reaction of the
vaporated Pt atoms with molecular oxygen. All the above three
rocesses consume molecular oxygen. Judging from the character-

stics of the deposited material on HOPG as will be shown in the
ollowing, Pt evaporation has indeed occurred. At the present time,
t is not clear which of the three processes contributes most to the
emoval of molecular oxygen.

Fig. 4 shows STM images of the HOPG sample with Pt deposited
n the absence of oxygen. This experiment was conducted in UHV

ithout any oxygen flowing through the Pt tube. The temperature
f the Pt tube was raised to 1423 K and the HOPG sample was
hen turned to face the opening end of the tube for 3 min. The
OPG sample was held at 723 K during the whole process. STM

maging was performed after cooling the sample down to room
emperature. The STM image in Fig. 4a shows the aggregation of Pt
articles along the step edges and grain boundaries. Inset in Fig. 4a
hows the morphology of the HOPG surface before Pt deposition.
ig. 4b shows a zoomed-in image from the area marked by the black
quare in Fig. 4a. Inset in Fig. 4b shows a height profiles along the
ine AB. According to this height profile, the Pt particles on aver-
ge are ∼1.7 nm in height. The average lateral dimension of these
articles is ∼5 nm without correcting for tip convolution. By count-

ng the number of particles and using the average volume of the
article based on the height profile data, we estimated that the
mount of Pt deposited on HOPG is equivalent to 0.1 ML  and hence

 deposition flux 5 × 1012 atoms cm−2 s−1. The formation of three-
imensional nanometer-sized metal particles at HOPG step edges

s a well-known phenomenon [32–34].  The absence of particles on
he flat terraces is a result of very weak metal-substrate interaction,
nd only impinging particles with excessive kinetic energy can get
inned on the terrace upon landing [24].

We then repeated the above experiment on a freshly cleaved
OPG sample, but this time with oxygen flowing through the tube
nd sample kept at room temperature. The flow rate was adjusted
o give an equilibrium partial pressure of oxygen 5 × 10−7 mbar
n the UHV chamber. The temperature of the Pt tube was 1423 K
nd the sample was exposed for 3 min. Fig. 5a shows the mor-
hology of the surface after deposition. The material deposited on
OPG in this case is Pt oxide. Even if there are Pt atoms coming
ut of the tube, they must have been oxidised once they land on
he HOPG surface due to the presence of the background oxygen
tmosphere. If we assume that the flux of Pt atoms stays the same,

 × 1012 atoms cm−2 s−1, there are more than two orders of magni-
ude of excess molecular oxygen available to oxidise the Pt. Some
t oxide is formed inside the tube while the rest is formed on the
urface of HOPG. The deposited PtO seems to be weakly attached to
he substrate and tip-induced material movement is clearly mani-
ested by the streaky lines along the fast scan direction in the image.
ig. 5b is an image taken from the same area as that in (a) but after
5 min  of continuous scan. As a result, some weakly adsorbed stuff
as been swept away from this area and the image becomes clearer.
he swept away material is seen to be re-deposited at step edges

here some very bright (tall) features have appeared. Fig. 5c is an

mage taken after an additional ∼min  of scanning. By now, there
s hardly any material left on the flat terraces and the number of
right features along the step edges has clearly increased. Fig. 5d
ence 258 (2012) 5412– 5417

is a zoomed-in view of the area inside the black square in (c). In
this image, there is no PtO in view, the small bright spots in Fig. 5d
are due to atomic oxygen attached to carbon atoms. The linear fea-
ture running diagonally from top left to lower right is a mismatch
boundary between two  grains of graphite.

In order to evaluate the thermal stability of the oxide particles,
the sample was  annealed in vacuum first at 473 K, and then at 773 K
and 973 K, 30 min  at each temperature. Following the annealing at
each temperature, the sample was  scanned and the corresponding
STM images are shown in Fig. 6. Fig. 6a was obtained after annealing
to 473 K. This annealing process has stabilised the small particles
which appear much more stable under the STM scan. On the ter-
races, one can see the branched islands. Each island consists of a
number of linked small particles. Fig. 6b was obtained after anneal-
ing to 773 K. According to a recent study [34], PtO on a Pt(1 1 1)
surface decomposes at 700 K, but nanoparticles of PtO supported
on silica is stable up to 800 K. At the lower half of image in Fig. 6b,
there are a few relatively large fractal islands. Each fractal island
consists a large number of linked small particles. The existence
of fractal islands suggests that the particles in the islands are still
metal oxide in nature. Pt metal would form compact islands at this
temperature.

Annealing to 973 K has caused more dramatic changes as shown
in Fig. 6c. Now the fractal islands have disappeared and only iso-
lated particles and small bright spots are found in STM images. The
small bright spots are from oxygen atoms attached to carbon atoms.
The isolated particles are of metallic Pt because 973 K is above the
decomposition temperature of PtO nanoparticles [34]. When we
deposited Pt metal onto HOPG at 723 K, we  found no stable struc-
ture of Pt on the terraces, Fig. 4. However, stable structure of Pt
metal is observed in Fig. 6c. Here the stability of Pt clusters on the
terrace is due to the presence of oxygen atoms. Oxygen atoms form
chemical bond with surface carbon atoms. At the same time, oxy-
gen atoms can trap Pt atoms. Fig. 6d displays height profiles for
PtO and Pt particles at different stages of thermal annealing. Fig. 6e
shows the particle height distribution for PtO particles based on
images similar to that shown in Fig. 6a. We  have performed a sim-
ple experiment in which we use the STM tip to physically push the
Pt atoms away. Every time we do this, we  find an oxygen-induced
bright spots at the location where the Pt cluster sat. One of such
oxygen-induced features is shown in Fig. 6f.

4. Conclusions

A thermal cracking source has been developed to co-deposit
Pt and atomic oxygen onto graphite. The binding of atomic oxy-
gen to surface carbon atoms on HOPG creates strong pinning sites
where PtO particles are attached. Thermal annealing experiments
show that the PtO particles are stable up to 773 K. Higher temper-
ature causes thermal decomposition of the PtO, which leads to the
formation of dispersed metallic Pt particles at the initial pinning
sites.
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