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Chapter 1 Introduction

1.1 Polymer electrolyte fuel cell
Nowadays, fossil fuels, such as oil, coal, and natural gas constitute the major
energy sources that our society depends on. However, as the population of the world,
as well as the global living standard increase, the energy demand will continue to
grow and the limited non-renewable fossil fuels will not satisfy this demand. In order
to meet the growing demand of energy, new types of energy systems have to be
employed. As a renewable energy technology, fuel cell technology has attracted much
attention in recent years. A fuel cell is an electrochemical device for direct conversion
of chemical energy to electric energy. In principle, no moving parts are needed and
the theoretical conversion efficiency is far higher than any practical combustion
process based on the Carnot cycle. In addition, as there is no combustion occurring in
a fuel cell, there is no production of harmful substances such as SOx, NOx or PM
during operation.
The polymer electrolyte fuel cell (PEFC) is a low temperature fuel cell operating at
temperatures below 60-80 oC, which allows for potentially faster startup than high
temperature fuel cells. Moreover, the high power densities make the technology
potentially attractive for mobile devices such as fuel cell vehicles. The structure and
operating principle of a typical PEFC is shown in Fig. 1-1. The anodic and cathodic
reactions as well as the overall cell reaction are shown in equations (1-1), (1-2) and
(1-3), respectively. The reacting gases, H2 at anode and O2 at cathode are kept
separated by the membrane. Electrons and protons are electrocatalytically produced at
2

the anode from hydrogen (Eq. 1-1), the electrons then perform electrical work through
an outer circuit and return to the cathode to produce water when reacting with oxygen
and protons (Eq. 1-2). As the reactions occur at low temperature, catalysts such as Pt
or Pt alloys have to be used in order to increase rate of chemical reactions. In
particular, the oxygen reduction reaction (ORR) at the cathode (Eq. 1-2) is a slow
reaction, thus large amounts of Pt need to be used.

Fig. 1-1 Structure and operating principle of a typical PEFC.

Anode

H2 → 2H+ + 2e-

(1-1)

Cathode

1/2 O2 + 2H+ + 2e- → H2O

(1-2)

Overall

H2 +1/2 O2 → H2O

(1-3)

The fundamental problems of PEFCs are the lack of practical efficiency caused by
the high over-potential for the oxygen reduction reaction at cathode, the high amount
3

of noble metal catalysts used and the degradation of catalyst during long-time
operation [1, 2]. As both half-cell reactions at anode and cathode suffer from losses,
the cell voltage also decreases with increasing current density. The theoretical open
circuit voltage is not realized, as deviation from this potential occurs, known as
over-potential. This is depicted in Fig. 1-2 where the losses due to the cell resistance
and mass transport are shown [3]. The large initial loss on the cathode plot is caused
by the slowness of the reactions taking place on the surface of the electrode. To solve
this problem, raising cell temperature, using effective catalyst and increasing the
reaction surface area are the main approaches [3].

Fig. 1-2 Schematic of a fuel cell polarization curve compared to ideal voltage [3].

1.2 Cathode catalyst in polymer electrolyte fuel cells
1.2.1 Carbon supported Pt catalyst (Pt/C)
The oxygen reduction reaction at cathode is a sluggish reaction and typically the
4

major contributor to the efficiency loss in an operating PEFC as mentioned above.
Thus, the cathode side usually has a higher catalyst loading than the anode [4]. In
general, the catalyst used at the cathode in a PEFC is carbon black supporting finely
dispersed Pt nanoparticles, 3-6 nm in size (Pt/C). Carbon blacks, such as Ketjen Black
or Vulcan XC72 have almost spherical primary particles around 25-100 nm in size.
Fig. 1-3 shows a typical transmission electron microscope (TEM) image of a
commercial Pt/C catalyst (TEC10E50E, TKK).

Fig. 1-3 Typical transmission electron microscope image of Pt/C catalyst. The black
specks are Pt nanoparticles finely divided on the carbon support.

Although Pt/C is regarded as the most effective catalyst in PEFC, there is a strong
need to minimize the use of Pt in the catalyst to decrease the cost of PEFC systems.
The Pt nanoparticle size has been extensively optimized, and general agreement is
5

that a ~3 nm particle size on a suitable carbon support is close to optimal (i.e. the
activity per mass of platinum is near optimal under these conditions). There have been
numerous efforts to substitute other materials for platinum, most of these attempts
focused on platinum alloys (usually with transition metals). So far, these efforts have
not demonstrated a decisive cost advantage over pure Pt.

1.2.2 Degradation of Pt/C catalyst during operation
Numerous studies on catalyst degradation in PEFC demonstrated that its cause can
be attributed mainly to a loss of electrochemically active surface area at the cathode.
It is generally accepted that there are four mechanisms considered relevant to cathode
catalyst degradation as shown in Fig. 1-3; (1) crystallite migration on carbon supports
forming larger particles, (2) platinum dissolution and its re-deposition on larger
particles (electrochemical Ostwald ripening), (3) platinum dissolution and
precipitation in ion conductors, and (4) the detachment and agglomeration of platinum
particles caused by carbon corrosion [5].
The migration of Pt nanoparticles on carbon support results in particle growth by
collision of small particles as shown by Fig. 1-3a. The underlying driving force is the
reduction of total surface energy as the surface energy of the nanoscale particles
declines with the particle growth. The second mechanism involves the dissolution of
Pt during long-term operation of PEFC. The dissolved Pt species diffuse into the
membrane and are reduced chemically by hydrogen permeating from the anode. The
direct evidence supporting this mechanism is the observation of Pt particles in
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membrane after fuel cell operation which is known as the so-called Pt band [6]. The
driving force underlying the crossover of dissolved Pt species into the membrane is
electro-osmotic drag and/or the concentration gradient diffusion. The third mechanism
involves the dissolution and re-deposition of Pt onto large particles. Pt and its
oxidized species are partially soluble in electrolytes, and smaller particles will
preferentially dissolve [7, 8]. Dissolved Pt species move to the surface of larger
particles through the electrolyte.

Fig. 1-4 Typical degradation images of Pt/C catalyst at cathode: (a) Pt nanoparticles
migrate on the surface of carbon support and coalesce; (b) Pt dissolves to the
electrolyte; (c) Dissolved Pt re-deposits onto the surface of larger particles
(electrochemical Ostwald ripening); (d) Pt nanoparticles detach from the carbon
support and/or agglomerate due to carbon corrosion.
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Carbon corrosion is also a significant degradation factor for Pt/C catalyst (Fig. 1-3d).
It can be observed after fuel cell operation as a decrease of the electrode thickness and
reduced hydrophobicity due to formation of oxidized surface species [9]. Carbon
corrosion can lead to aggregation/dissolution of Pt nanoparticles and is certainly one
important factor that contributes to degradation of catalyst [5, 10]. Furthermore, the
presence of Pt on carbon increases the rate of carbon corrosion significantly [11-14].
Hence, it is necessary to develop novel catalyst supports for PEFC systems to provide
improved stability compared to porous carbon.

1.2.3 Approaches to stabilize Pt nanoparticles
As discussed above, the dissolution and aggregation of Pt nanoparticles are the vital
problems leading to the degradation of Pt/C catalyst. To stabilize Pt nanoparticles, Pt
catalyst have been alloyed or modified by other metals to inhibit Pt migration and
growth. This strategy also helps to lower the Pt loading because it can increase the
oxygen reduction reaction activity. The most attractive elements to alloy with Pt are
transition metals such as Co, Fe and Pd etc. [15-19]. However, the potential drawback
of these alloy metals is that the second metal such as Fe or Co is unstable in acidic or
oxidizing conditions. Therefore, oxides, such as TiO2 [20-23], SiO2 [24-26], WO3 [27,
28] are stable under acidic and oxidizing conditions have been suggested to enhance
the durability of Pt as cathode catalysts. For example, TiO2 added to Pt/C was
suggested to anchor platinum particles, preventing agglomeration and coalescence
during durability testing [21, 23]. Carbon supported Pt covered with a thin layer of
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SiO2 has been shown to exhibit high stability during potential cycling in H2SO4
electrolyte [24, 26]. The reason that oxides can stabilize Pt nanoparticles is often
attributed to a strong metal-support interaction (SMSI) of oxide to Pt [29-32].
In general, to synthesize the Pt-MOx catalyst systems, metal salt impregnation or
polyol solution methods are used [21, 23, 29]. These methods are followed by a
calcination/reduction step to create Pt nanoparticles deposited on oxide. Poor
dispersion and size control of the resultant nanoparticles are potential drawbacks to
these approaches. Furthermore, due to the poor electronic conductivity of the oxides,
the initial properties of Pt/C are often inevitably obstructed, which includes the loss of
initial electrochemical surface area and oxygen reduction reaction activity with the
addition of oxides. A novel 2-dimensional nanoscale material, namely nanosheet, with
extremely thin thickness of ~1 nm is expected to solve these problems. For a catalytic
material, the single monolayer nanosheet yields accessible mass transport and
enhances the chemical and physical reactivity during catalytic process compared to
bulk material.

1.3 Oxide nanosheets modified Pt/C cathode catalysts
1.3.1 Oxide nanosheet
Nanosheets are novel nanoscale material with a thickness of ~1 nm and lateral size
of typically hundreds of nanometers. Nanosheets are generally obtained from
monolayer exfoliation of ion-exchangeable layered materials which consists of
two-dimensional oxide slabs. Diverse layered metal oxides, e.g., K0.45MnO2 [33, 34],
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K4Nb6O17 [35], RbTaO3 [36], Na0.9Mo2O4 [37], K0.2RuO2.1·nH2O [38], H2Ti4O9 [39],
have been delaminated into their elemental layers, i.e., nanosheets. A common feature
of these layered oxides is their cation-exchange property involving interlayer alkali
metal ions. Ion-exchange and intercalation properties facilitate the process for
chemically modifying the composition of the interlayer space while retaining the host
slab units. The final result yielded from the series of ion-exchange processes is a
monolayer of negatively charged oxide nanosheets. The electrostatic repulsion
between the negatively charged oxide nanosheets generates a stable aqueous colloidal
suspension. The utilization of negatively charged oxide nanosheets for PEFC cathode
catalysts is anticipated to act as the trapping sites to attract the positively charged
dissolved Pt cations.

1.3.2 RuO2 nanosheets modified Pt/C cathode catalysts
RuO2 is a good electrode material in electrochemical devices that provides distinct
physical and chemical properties including exceedingly high electronic conductivity,
high thermal stability, and high resistance to chemical corrosion [40, 41]. RuO2
nanosheets

are

yielded

from

the

exfoliation

of

layered

ruthenic

acid

(H0.2RuO2.1·0.9H2O) [38]. Compared with bulk RuO2, RuO2 nanosheets have ultimate
specific surface area and maintain the original properties such as high electronic
conductivity and resistance against chemical corrosion [42].
Due to the series of excellent properties, RuO2 nanosheets have been used as an
effective additive for Pt/C cathode catalyst to improve the oxygen reduction reaction
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activity and durability [43-45]. Fig. 1-4 shows a typical TEM image of Pt/C modified
with RuO2 nanosheets [45]. The ORR activity retention of Pt/C modified by different
amount of RuO2 nanosheets as shown in Fig. 1-5 revealed higher amount of RuO2
nanosheet contents led to better durability [45]. TEM images indicated that nanosheet
modified Pt/C catalyst had smaller Pt particle size compared to pristine Pt/C after
durability testing. This suggested that RuO2 nanosheet may function as a stabilizer for
Pt based catalyst [44, 45]. It was suggested that RuO2 nanosheet might avoid the
diffusion of cationic Pt generated during durability test. In addition, the nanosheet size
was found to greatly influence the catalytic properties with smaller RuO2ns giving
better performance than larger ones [43]. The mechanism for the enhanced durability
of RuO2 nanosheet modified Pt/C cathode catalyst was regarded as nanosheet
stabilizing the Pt nanoparticles, however, there is no confident evidence to confirm
the supposition. It is necessary to employ other analytical methods to clarify the
unknown mechanism and increase the understanding of involved catalytic processes.
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Fig. 1-4 A typical TEM image of RuO2 nanosheet modified Pt/C [45].

Fig. 1-5 Relation between the ORR activity retention of Pt/C modified with different
amount of RuO2 nanosheets [45].
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1.3.3 Alternative materials for RuO2 nanosheet
Although RuO2 nanosheet possesses excellent properties and can improve the
durability and activity of Pt/C catalyst, the usage of a noble metal oxide (RuO2) in
commercial catalyst is a potential drawback to decrease the cost of PEFCs. Thus, the
investigation of using other inexpensive metal oxide nanosheets to replace RuO2
nanosheet is necessary.
TiO2 is an inexpensive, abundant and environment friendly material which is stable
in acidic environment. TiO2 has been demonstrated as a cost-efficient additive or
support material for noble metal in catalysts [46, 47]. The addition of TiOx to a Pt/C
catalyst has been investigated for its oxygen reduction activity and durability [48, 49,
20-24]. Although TiO2 has poor electronic conductivity, TiO2 films thinner than 18 nm
were found to be proton-conducting [20]. Therefore, TiO2 nanosheet exfoliated from
layered titanic acid (H2Ti4O9·xH2O) with thickness of ~1 nm [39] may be an ideal
substitute for RuO2 nanosheet. In fact, PtRu/C anode catalyst modified with small
amounts of TiO2 nanosheets has been shown to possess higher methanol
electrooxidation activity and better stability [50]. It is possible that ultra-thin TiO2
nanosheets added to Pt/C cathode catalyst can stabilize the Pt nanoparticles without
disturbing the oxygen reduction reaction.

1.4 Model electrode studies
1.4.1 Why model electrode?
A model system is a modified, often structurally simplified and well-defined
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system with which it is possible to isolate important phenomena for practical systems.
If parameters such as amount of materials, composition, structure and temperature can
be controlled while the processes occurring can be quantified and well-characterized,
then a model system can provide new and valuable information. This can in turn
enable a deeper understanding of fundamental phenomena and be used to improve and
optimize practical systems in a systematic way. Nevertheless, the drawbacks
exemplify that model systems are different from practical systems and processes
important for the real application might be lost or changed and new phenomena might
be introduced. Consequently, it is important to renew the viewpoints to understand
model systems and have feedback between the model and the practical system. The
basic working scheme with model systems is schematically illustrated in Fig. 1-6.

Fig. 1-6 Basic structure of the model system approach.
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For polymer electrolyte fuel cells, model systems that comprise a simplified
electrode may be referred to as a model electrode. Because the active catalyst
nanoparticles in a real fuel cell are in the nanometer range, it is preferable to fabricate
nanoscale model electrodes. The requirement for an ideal model electrode is that the
electrode should be accessible to certain analytical techniques before, during and after
the involved catalytic process. The achieved knowledge from model electrode study is
then fed back to practical catalyst to support development of catalyst with better
properties.

1.4.2 Model electrode fabrication and characterization
Model electrodes are generally fabricated by depositing platinum nanoparticles on
two-dimensional, planar carbon substrate, such as glassy carbon (GC) or highly
orientated pyrolytic graphite (HOPG) by electro-deposition [51-55], vapor deposition
[56, 57] or lithography [58, 59]. Surface analysis methods, such as scanning tunneling
microscopy (STM) or atomic force microscopy (AFM), scanning electron microscopy
(SEM) are used to characterize the electrochemical processes of model electrodes
[51-59]. To fabricate a nanoscale model electrode, one common approach is using
self-assembly technique. This method utilizes the inherent self-organizing capabilities
of the constituents (or building blocks, typically molecules or colloids) to define
patterns on a surface and/or define the shape and structure. Control over the produced
structures is obtained by using different molecules and/or changing the operational
parameters. Physical vapor deposition (PVD) methods, such as evaporation or
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sputtering of material in vacuum are also often used for model electrode fabrication.
When the vaporized material lands on the substrate, the atoms have certain mobility
on the surface. They will diffuse until they have lost their initial energy or reached a
site with sufficiently high bonding strength to immobilize them, such as defects or
step-edges, or other atoms already present on the surface. This leads to nucleation and
island growth. Depending on the substrate material and temperature, evaporated
material, and the impinging energy of the evaporated atoms, the growth process will
follow different mechanisms (i.e. Frank-van der Merwe, Volmer-Weber, or
Stranski-Krastanov growth) [60]. The Frank-van der Merwe, or 2D growth mode
arises because the atoms of the deposit material are more strongly attracted to the
substrate than they are to themselves. In the opposite case, where the deposit atoms
are more strongly bound to each other than they are to the substrate, the
Volmer-Weber, or 3D growth mode results. An intermediate case, the
Layer-plus-Island, or Stranski-Krastanov growth mode is much more common.
The main advantages with ultra-thin film deposition is that it is very fast, does not
require any other materials (like polymers or surfactants) that might contaminate the
catalyst, and that the particle size is roughly on the same order as realistic catalysts.
The fact that the films are non-continuous allows catalyst-support interactions to be
investigated.
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1.5 Purpose of this study
Developing cathode catalyst with high durability and low Pt loading is a vital
factor to realize the commercialization of PEFC. Pt/C cathode catalyst modified by
RuO2 nanosheet has been identified to possess enhanced durability than pure Pt/C
catalyst. However, due to the complex structure of the porous carbon support in
practical catalyst coupled with the ultimate thickness of the nanosheet of 1 nm, it has
been difficult to obtain conclusive evidence to explain the mechanism of the
improvement on the catalyst durability. Fundamental understanding of the catalyst
durability and the interaction between Pt and RuO2 nanosheet through model
electrode studies are necessary to design more active and durable catalysts. In this
thesis, the tools of nanotechnology have been used to fabricate model electrodes. The
electrodes have been utilized to clarify the mechanism of the enhanced durability
shown by RuO2 nanosheet modified Pt/C catalyst compared to pure Pt/C catalyst.
TiO2 nanosheet is also evaluated using the similar method as a possible inexpensive
substitute for RuO2 nanosheet. It is anticipated to increase the understanding and
insight on the fundamental catalytic processes via these model electrode studies. Then,
the achieved knowledge will be fed back to practical system that is expected to lead to
more efficient catalysts. A major part of the work has been devoted to fabrication and
characterization of model electrodes that give the possibility to explore phenomena
that are difficult to study with practical catalysts.
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Chapter 2

Experimental section

18

Chapter 2 Experimental section

2.1 Synthesis of RuO2 nanosheet
Ruthenium oxide nanosheets were synthesized by elemental exfoliation of an
ion-exchangeable layered potassium ruthenate (K0.2RuO2.1·nH2O) [38, 61]. The
layered potassium ruthenate was synthesized by calcination of a pelletized mixture of
K2CO3 and RuO2 (5:8 molar ratio) at 850 oC for 12 h under a flow of Ar. The product
was ground into a fine powder then washed with copious amounts of water.
Proton-exchange of the interlayer potassium was conducted with 1 mol dm-3 HCl for
3 days at 60 °C, resulting in the layered ruthenic acid (H0.2RuO2.1·0.9H2O). The
layered ruthenic acid was added to a tetrabutylammonium hydroxide (TBAOH)
aqueous solution with the molar ratio of TBA ions to the exchangeable protons in
H0.2RuO2.1·0.9H2O adjusted to TBA+/H+ = 1.5. The dispersion was vigorously shaken
for 10 days to exfoliate the layered ruthenate into elementary RuO2ns. Non-exfoliated
impurity was removed by centrifugation at 2000 rpm for 30 min. The as-exfoliated
RuO2 nanosheet colloid was finally diluted to 0.1 (g-RuO2) L-1 with ultrapure water
(Milli-Q, ＞18 MΩ cm) for the fabrication of model electrode. Fig. 2-1 shows a
typical SEM image of RuO2 nanosheet.
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Fig. 2-1 Typical SEM image of RuO2 nanosheet [38].

2.2 Synthesis of TiO2 nanosheet
TiO2 nanosheet was prepared by exfoliating a tetrabutylammonium-Ti4O9
intercalation compound, which was prepared by a series of ion-exchange reactions, as
reported previously [39]. First, K2Ti4O9 was obtained by the reaction of K2CO3 and
TiO2 in a molar ratio of 1:3.5 under the heat treatment at 800 oC for 40 h in air and
then for another 20 h after grinding. Proton exchange of K2Ti4O9 (ca. 1 g) was
performed in 100 cm3 of 0.5 M HC1 at 60 oC for 3 days. The acid solution was
changed everyday. The product was washed with distilled water and dried under
vacuum at 30 oC and the layered tetra-titanic acid hydrate (H2Ti4O9·xH2O) was
obtained. An ethylammonium-Ti4O9 intercalation compound was prepared by reaction
of H2Ti4O9·xH2O with an aqueous 50% ethlyammonium solution at room temperature
for 24 h. Guest-exchange of the interlayer ethylammonium was conducted by reaction
with an aqueous tetrabutylammonium hydroxide. The solid product was collected by
centrifugal separation at 15000 rpm. The tetrabutylammonium-Ti4O9 intercalation
20

compound was dispersed in ultrapure water (Milli-Q, ＞18 MΩ cm) and subject to
ultrasonification for 30 min to obtain a white suspension. The suspension was
centrifuged at 2000 rpm for 30 min to remove the nonexfoliated material. Like the
case of RuO2 nanosheet, the as-exfoliated TiO2 nanosheet colloid was also diluted to
0.1 (g-TiO2) L-1 with ultrapure water. Fig. 2-2 shows a typical SEM image of TiO2
nanosheet.

Fig. 2-2 Typical SEM image of TiO2 nanosheet [39].

2.3 Fabrication of model electrodes
2.3.1 Highly oriented pyrolytic graphite substrate
Highly oriented pyrolytic graphite (HOPG) is a material that consists of many
atomic layers of carbon highly oriented among each other. It is a form of high purity
carbon and provides a renewable and smooth surface. Properties such as atomically
flat surface and good conductivity make it the best material for STM calibration. In
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this study, A HOPG (Bruker, ZYH-grade, 12 × 12 mm2) was used as the substrate for
nanosheet or Pt to fabricate model electrode.

2.3.2 Vacuum evaporation
Vacuum evaporation is a common method to prepare nanoscale thin film. The
source material is evaporated in a vacuum to avoid reaction between the evaporated
atoms or molecules and atmosphere and allow the source material to travel directly to
substrate, where they condense back to a solid state. In general, evaporation involves
three processes: creation of an evaporant from the source material, transport of the
evaporant from the source to the substrate, and condensation of the evaporant onto the
substrate. The deposition of source material on substrate is generally referred to as
nucleation and growth. The morphology of deposition has a close relation with the
affinity between source material and substrate. This will be discussed in chapter 4.
In this study, a vacuum evaporation equipment (Shimadzu, E-250A, shown in Fig.
2-3) was used to deposit Pt on the surface of nanosheet coating HOPG to fabricate
model electrode. A Pt wire (Nilaco, 0.5 mm in diameter, ~10 mm in length, 99.95%)
rolled by double W wires (Nilaco, 0.5 mm in diameter, ~140 mm in length, 99.95%)
acted as the evaporation source. The amount of Pt (Ma: atoms cm-2) was monitored by
a quartz thickness monitor (Anelva, INFICON SQM-160). The loading of Pt atoms
can be derived from the following equation:
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Ma =

ρ NA N dv
Aw v2

ρ: Density of the quartz crystal (2.65 g cm-3 )
NA: Avogadro’s constant (6.02×1023 mol-1 )
N: Frequency constant (1.67×105 Hz cm)
dv: Variation in frequency
Aw: Atomic weight of deposited metal (Pt: 195.08 g mol-1 )
v: Intrinsic frequency of quartz crystal (6×106 Hz)
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Pt Wire
W Wire

nanosheet/HOPG
Quartz crystal

Thickness
monitor
Vacuum pump

Fig. 2-3 Digital photograph and schematic of vacuum evaporation apparatus.
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2.3.3 Preparation of model electrodes
For the nanosheet coated HOPG model electrode, HOPG was freshly cleaved using
adhesive tape and then immersed into the diluted nanosheet colloid (RuO2 nanosheet
or TiO2 nanosheet) for 2 minutes to coat nanosheet (nanosheet/HOPG). Dissolved Pt
ions were generated electrochemically by potential cycling a Pt mesh working
electrode 500 times between 0.05 to 1.4 V at a scan rate of 100 mV s-1 in a
three-electrode electrochemical cell in O2 saturated 0.5 M H2SO4 (60

°

C).

nanosheet/HOPG was immersed in this solution to investigate the interaction of Pt
ions and negatively charged nanosheet. This experimental process is shown in Fig.
2-4.

Nanosheet colloid

H2SO4 containing Pt n+

Fig. 2-4 Schematic for the process of preparing model electrode to investigate the
interaction of Pt ions and negatively charged nanosheet.

Using vacuum evaporation method, Pt was deposited on the surface of HOPG
which was partially covered by nanosheet as shown by Fig. 2-5. The evaporation rate
was controlled as 5 Hz min-1 by a quartz thickness monitor. Thus, it is possible to
investigate the interaction between Pt and two different substrates, HOPG or
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nanosheet under the completely same conditions.

Evaporated Pt

Fig. 2-5 Schematic for the deposition of Pt on nanosheet/HOPG in vacuum.

2.4 Characterization of model electrodes
2.4.1 Scanning tunneling microscopy (STM)
STM relies on a precise scanning technique to produce very high-resolution,
three-dimensional images of sample surfaces. The STM scans the sample surface
beneath the tip in a raster pattern while sensing and outputting the tunneling current to
the control station. Samples to be imaged with a scanning tunneling microscope must
conduct electricity. The sample surface must be conductive enough to allow a few
nano-amperes of current to flow from the bias voltage source to the area to be scanned.
In this sudy, STM was used to characterize RuO2 nanosheet coated HOPG (both RuO2
nanosheet and HOPG are conductive) and high-resolution images were obtained.
STM measurements were performed in this study using a scanning tunneling
microscope (Bruker, Digital Instruments Nanoscope III D ADC 5) equipped with a 10
μm scanner (HD-8I, 2399DI) with the set point current of 1 nA. For the measurement
in electrolyte solution, the tip of the PtIr probe (Bruker, Pt-ECM10, 14 mm length)
26

was partially coated by nail polish as an insulating layer in order to avoid the
disturbance of Faraday current on tunneling current.

2.4.2 Electrochemical atomic force microscopy (EC-AFM)
AFM system is comprised of the scanner and the AFM detection system. The
scanner houses the piezoelectric transducer. The piezo element physically moves the
sample in the X, Y and Z direction. The detection system consists of a laser which
generates a spot of light that is reflected off of a micro-fabricated cantilever onto a
mirror and finally into a photodetector. In the measurement, AFM system maintains
the tip at the end of the cantilever in contact with the sample surface. The sample is
scanned under the tip and features on the sample surface deflect the cantilever, which
in turn change the position of the laser spot on the photodiodes. Unlike STM, AFM
has no requirement for the conductivity of sample.
Recently, tapping mode AFM is often used as surface analysis method. One
advantage of tapping mode AFM is the reduction of frictional forces on the cantilever.
This can avoid damaging the sample by tip. The tapping mode keeps the cantilever
oscillating at a constant amplitude while the tip scans the surface of sample. As the
cantilever vibrates, the laser spot oscillates across the photodiode and the signal
coming from sample is recorded.
Using electrochemical atomic force microscopy (EC-AFM) is an important route to
observe in-situ electrochemical processes. Because of the measurement in this study
involves electrochemical reaction in liquid electrolyte, a fluid cell consisting of a
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small glass piece with a stainless steel wire clip for holding an AFM cantilever was
used. The EC-AFM measurement process in liquid electrolyte is shown in Fig. 2-6. In
this study, an electrochemical atomic force microscope (Bruker, Digital Instruments
Nanoscope III D ADC 5) equipped with a bi-potentiostat was used to characterize the
model electrodes involved in the electrochemical reaction. Images were recorded
using SiN probe (Bruker, SNL-10) which can be used both in air and in liquid.
Laser Diode
Photodetector

Mirror

Glass Piece

Electrolyte
Cantilever

O-ring Seal

Sample

Fig. 2-6 Schematic for EC-AFM measurement process in liquid electrolyte.

2.5 Electrochemical test
2.5.1 Electrochemical cell
For the generation of dissolved Pt ions and the investigation of oxygen reduction
reaction, a typical three electrode electrochemical cell was used in this study. The cell
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consisted of a working electrode, Carbon fiber (Toho, Tenax®-J, HTS40 E13) and a
reversible hydrogen electrode (RHE) were used as the counter and reference
electrodes, respectively. The working electrode was the nanosheet/HOPG model
electrode or a Pt mesh (for the generation of dissolved Pt ions). The fluid cell used in
EC-AFM measurement was also a three electrode electrochemical cell. The testing
model electrode acted as the working electrode and two high purity Pt wires with
diameter of 0.5 mm and 0.1 mm acted as the reference and the counter electrodes,
respectively (Fig. 2-7). The geometric area of the working electrode in contact with
the electrolyte was 0.5 cm2. All the potentials in this EC-AFM measurement have
been converted to reversible hydrogen electrode (RHE) scale by adding 0.90 V to the
values measured with the Pt quasi-reference electrode which was calibrated against a
reversible hydrogen electrode.

Counter Electrode
Reference Electrode
Gold-plate

Electrolyte outlet port
Glass Piece
Electrolyte inlet port

Fig. 2-7 A fluid cell for EC-AFM measurement.
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2.5.2 Cyclic voltammetry
Cyclic voltammetry (CV) is an important and widely used electrochemical
technique in the area of electrochemistry. With limited effort, a survey of the
potentials at which electrochemical processes occur can be rapidly attained. For this
reason, it is widely used for the study of redox processes, understanding reaction
intermediates and for obtaining stability of reaction products. The technique is based
on varying the applied potential on the working electrode periodically between an
upper and a lower limit at a constant scan rate while monitoring the current.
Repetition of the potential waveform allows the system to come to a steady state. In
general, cyclic voltammetry is performed using a three-electrode electrochemical cell.
The variable potential is applied to the working electrode and current flows between
the working and counter electrode. The changes in the potential are measured with
respect to a reference electrode, which receives almost no current, so current only
flows between the working and counter electrodes. Linear sweep voltammetry (LSV)
can be regarded as a special cyclic voltammetry with the potential changing as a linear
sweep for one direction (increasing or decreasing) in a setting region.
In chapter 3 of this thesis, CVs were performed in three electrode electrochemical
cell to generate dissolved Pt ions by cycling a Pt mesh (0.05-1.4 V vs. RHE, 100 mV
s-1, O2-sat. 0.5 M H2SO4 (60 oC), 500 cycles). Electrochemical reduction of adsorbed
Pt ions on nanosheets was conducted by slow-scan LSV from 1.1 to 0 V (cathodic
scan) at 0.25 mV s-1. LSV was then conducted at 10 mV s-1 from 0.05 to 1.2 V vs.
RHE in O2-saturated 0.5 M H2SO4 (25 °C) to evaluate the ORR activity of reduced Pt
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ions. In chapter 4, CVs were performed (0-1.2 V vs. RHE, 50 mV s-1, 0.5 M H2SO4 at
room temperature in air) during in-situ AFM measurement to investigate the
electrochemical behavior of deposited Pt on HOPG and nanosheet. LSVs were
performed to evaluate the ORR activity of the model electrodes. All the LSV data
collected in N2-saturated electrolyte was used as background and subtracted from the
data recorded in O2-saturated 0.5 M H2SO4.

31

Chapter 3
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Chapter 3 Interaction between RuO2 nanosheet and dissolved Pt
ions

Previous reports have demonstrated that the ORR activity and durability of
commercial Pt/C is improved by the modification with RuO2 nanosheets (RuO2ns)
[43-45]. Because of the complex structure of the porous carbon support in commercial
catalyst coupled with the ultimate thickness of the nanosheet of 1 nm, it was difficult
to obtain conclusive evidence to explain the mechanism of the improvement on the
catalyst durability. Therefore, studies of a simple model electrode system are desired
to understand the enhanced durability of Pt/C catalyst modified with RuO2ns.
In this chapter, model electrode studies with HOPG substrate were performed to
investigate the interaction between RuO2 nanosheets and dissolved Pt ions which
were generated electrochemically in an attempt to clarify the enhanced durability of
Pt/C catalyst modified with RuO2 nanosheet. As the possible substitute for RuO2
nanosheet, the interaction between TiO2 nanosheet and dissolved Pt ions was also
investigated. STM or AFM was utilized to observe the adsorption and reduction
behavior of dissolved Pt ions on RuO2 or TiO2 nanosheet.

3.1 Nanosheet coating HOPG model electrode
A typical STM image of RuO2 nanosheet supported on HOPG observed in 0.5 M
H2SO4 is shown in Fig. 3-1. The height profiles of a number of specimens show that
RuO2 nanosheets have a thickness of 1 ± 0.1 nm with several hundreds of nanometers
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in lateral size. Respective STM images in air were also collected and were in good
agreement to previous AFM data [42, 61]. The thickness of the RuO2 nanosheets both
in air and in 0.5 M H2SO4 were the same. This indicates that the RuO2 nanosheets are
fairly well fixed on the HOPG substrate and does not drift away from the substrate in
aqueous solution. This allows investigating the adsorption of dissolved Pt ions on the
surface of RuO2 nanosheets using STM or AFM.

Fig. 3-1 Typical STM image of RuO2ns supported on HOPG in 0.5 M H2SO4. (a)
topographic image and (b) height profile. The z-range is 20 nm.

34

3.2 Adsorption of Pt ions on the surface of RuO2ns
Spontaneous formation of Pt nanoparticles on as-cleaved HOPG surface in chloride
electrolytes containing PtCl62- is known to occur [62, 63]. The driving force for this
process has been suggested to be related to the presence of incompletely oxidized
functionalities existing at terraces and kink sites on freshly cleaved HOPG surface
[62]. Here, Dissolved Pt ions were generated electrochemically by potential cycling a
Pt mesh working electrode 500 times between 0.05 to 1.4 V at a scan rate of 100 mV
s-1 in a three-electrode electrochemical cell in O2 saturated 0.5 M H2SO4 (60 °C). An
as-cleaved HOPG was immersed into 0.5 M H2SO4 containing electrochemically
dissolved Pt ions to evaluate the chemical interaction between dissolved Pt ions and
HOPG. As seen in Fig. 3-2, individual Pt nanoparticles can be observed at the edge
sites on the HOPG surface, which indicates that dissolved Pt ions have properties
similar to PtCl62-. The individual Pt nanoparticles have an average diameter of 10-20
nm with height of about 1.5 nm, similar in geometry to Pt nanoparticles reduced on
the edge sites of HOPG from PtCl62- [62, 63]. It is assumed that the dissolved Pt ions
are spontaneously reduced by the incompletely oxidized functionalities at the edge
sites, analogous to the case for PtCl62- [62]. The characteristic plate-like morphology
may come from the high mobility of as-reduced Pt on the HOPG surface leading to a
two-dimensional growth.
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Fig. 3-2 AFM image of as-cleaved HOPG surface after immersed in 0.5 M H2SO4
containing Pt ions. The z-range is 20 nm.

In order to investigate the interaction between RuO2 nanosheet and dissolved Pt
ions, the RuO2ns/HOPG was immersed into the 0.5 M H2SO4 solution containing
dissolved Pt ions, dried, and characterized by STM. Fig. 3-3a shows a 3D topographic
STM image of RuO2ns/HOPG after adsorption of dissolved Pt ions, showing
island-like deposits on the surface of RuO2ns. Fig. 3-3b shows the top-view STM
image corresponding to Fig. 3-3a. The deposits are aligned parallel to each other,
possibly reflecting the atomic arrangement of the RuO2 nanosheet surface. Note that
no deposits appear on the surface of HOPG. The height profile (Fig. 3-3c) shows that
the island-like deposits are several tens of nanometers in diameter and ~1.8 nm in
height.
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Fig. 3-3 (a) 3D topographic STM image, (b) top-view image, and (c) height profile of
dissolved Pt ions adsorbed on RuO2ns in 0.5 M H2SO4. The z-range is 20 nm.
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Dissolved Pt ions in sulfuric acid have been detected as cationic Pt2+ and Pt4+ species
[64]. The solvation shell of hydrated Pt ion was calculated as eight water molecules,
making the diameter of the hydrated Pt ion to be approximately 0.79 nm [65]. A dense
monolayer of hydrated Pt ion should then give a coverage of 1.85×106 Ptn+ µm-2. As
the average height of the island-like deposits is ~1.8 nm (Fig. 3-3), the deposits
should be formed by 2 or 3 layers of hydrated Pt ion. The coverage of the deposits
was 22%, which translates to the coverage of 50 % for a monolayer adsorption. The
amount of hydrated Pt ion on the surface of RuO2 nanosheet is thus calculated to be
0.93×106 Ptn+ µm-2.
Next, the theoretical amount of Ptn+ adsorption possible based on the surface charge
of RuO2 nanosheet is considered. Assuming that the crystal structure of RuO2ns is
close to rutile-type RuO2 (density of 6.97 g cm-3), the amount of Ru atoms in a 1 nm
thick sheet is calculated as 3.07×107 atoms µm-2. RuO2 nanosheet has a formal
composition of (RuO2.1)0.2- [42], which means that the number of negative charge will
be 6.14×106 sites µm-2. Considering that only one side of the nanosheet is exposed to
the electrolyte, the actual number of negative charge should be half, thus giving
3.07×106 sites µm-2. Then, the saturated adsorption amount for Pt2+ and Pt4+ should be
1.54×106 and 0.77×106 atoms µm-2, respectively. Since the ratio of Pt2+ to Pt4+ has
been detected as approximately 1:3 in H2SO4 [64], the final amount of adsorbed Pt
ions should be 0.96×106 atoms µm-2. Thus, the amount of hydrated Pt ion adsorbed on
RuO2 nanosheet estimated from the STM images (Fig. 3-3) shows a close match to
the estimated saturated adsorption amount of cationic Pt ions on nanosheet surface.
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This undoubtedly implies that the adsorption of Ptn+ on the surface of RuO2 nanosheet
is due to the strong electrostatic interaction between hydrated Pt cations and
negatively charged RuO2 nanosheet.

3.3 Electrochemical reduction of adsorbed Pt ions
The adsorbed Pt ions on RuO2 nanosheet were then electrochemically reduced by
performing a cathodic scan from 1.1 to 0 V at a slow scan rate of 0.25 mV s-1. Fig. 3-4
shows the tapping-mode AFM image after electrochemical reduction. Pt nanoparticles
with average height of 2.0±0.7 nm and width/length ranging from 2 to 20 nm were
observed on the nanosheet surface. Fig. 3-5 shows LSV of RuO2nanosheet/HOPG
with adsorbed Pt ions after electrochemical reduction. It is clear that Pt nanoparticles
supported on the nanosheet shows ORR activity. The ORR activity shown by the
reduced Pt nanoparticles on nanosheet is considered to contribute to the higher ORR
activity retention rate in practical catalyst. As discussed in previous papers [43-45],
RuO2 nanosheet modified Pt/C catalyst shows enhanced durability compared to
non-modified Pt/C. Certainly, the degradation rate of carbon blacks used in practical
catalysts and HOPG used in this model electrode study should be quite different due
to the difference in degree of graphitization. Nonetheless, this model electrode study
reveals that there is a strong electrostatic interaction between the additive RuO2
nanosheets and dissolved Pt ions. Therefore, the enhancement in durability by
addition of RuO2 nanosheet to practical Pt/C catalyst can be attributed, at least in part,
to the negatively charged RuO2 nanosheets acting as trapping sites to mitigate the

39

migration of adsorbed Pt ions into the electrolyte.

Fig. 3-4 AFM image after electrochemical reduction of dissolved Pt ions adsorbed on
RuO2ns. The z-range is 20 nm.

Fig. 3-5 LSV for Pt-RuO2ns/HOPG after electrochemical reduction (10 mV s-1, O2-sat
0.5 M H2SO4 (25°C).
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3.4 Electrochemical behavior of the reduced Pt nanoparticles
To investigate the stability of the reduced Pt nanoparticles on RuO2 nanosheet
under potential cycling conditions, in-situ EC-AFM experiment was performed for
structural characterization in various potential cycling region. Fig. 3-6 shows
sequential images of the reduced Pt nanoparticles on RuO2 nanosheet after potential
cycling between 0 and the upper vertex potential, which is stepwise increased from
1.1 V to 1.4 V. By inspecting the changes in Fig. 3-6a and Fig. 3-6b in detail,
disappearance and appearance of nanoparticles can be determined, as shown by the
black arrows and white arrows in the images, respectively. Since tapping mode AFM
has been confirmed to allow scanning without displacing the particles supported on
graphite surface [66], the disappearance and appearance of Pt nanoparticles is
assumed to be related to the potential cycling, is accordance with a previous report
[12]. When the upper potential increases to 1.4 V, dissolution of Pt nanoparticles can
be confirmed as pointed by arrows in Fig. 3-6 c and d. In summary, the reduced Pt
species show good stability under potential cycling condition which is attributed to
the strong interaction between RuO2 nanosheet and Pt.
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Fig. 3-6 AFM images of reduced Pt nanoparticels on RuO2 nanosheets in 0.5 M
H2SO4 from 0 cycling to the upper potential of a) 1.1 V, b) 1.2 V, c) 1.3 V, d) 1.4 V.
Scan rate: 50 mV s-1, cycling number: 20 cycles.
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3.5 Interaction between TiO2 nanosheet and Pt ions
3.5.1 TiO2 nanosheet/HOPG model electrode
Similar with the case of RuO2 nanosheet, a sub-monolayer film of TiO2 nanosheet
was fabricated on the as-cleaved HOPG surface (TiO2 nanosheet/HOPG) by dipping
method. A typical AFM image and the height profile of the TiO2 nanosheet/HOPG
surface are displayed in Fig. 3-7. The image and height profile reveal the presence of
nanosheets with the thickness of ~1.2 nm and several hundreds of nanometers in
lateral size. It also can be seen from the AFM image that TiO2 nanosheet has a
parallel string like crystalline structure which is similar with the (1 × 2) surface of
TiO2(110) as reported previously [67-70].

43

Fig. 3-7 Typical AFM image (above) and height profile from X to Y (below) of
TiO2ns/HOPG in air. The z-range is 10 nm.

3.6.2 Adsorbed Pt ions on TiO2 nanosheet
TiO2 nanosheet exfoliated from layered H2Ti4O9·xH2O has been confirmed to be
negatively charged like most of nanosheets [39]. Multilayer nanosheet film can be
fabricated using the electrostatic interation between the negatively charged TiO2
nanosheets and polycations such as poly(diallyldimethylammonium chloride) (PDDA)
via layer by layer method [71, 72]. Hence, it is possible that TiO2 nanosheet can
attract the dissolved Pt cations generated during potential cycling like RuO2 nanosheet.
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Fig. 3-8 shows the AFM image of TiO2 nanosheet/HOPG in 0.5 M H2SO4 solution
containing dissolved Pt ions. Compared to Fig. 3-7, deposits can be seen on the
nanosheet surface which are considered to be agglomerates of adsorbed Pt cations.
Due to the rough surface of TiO2 nanosheet as shown in Fig. 3-7, it is difficult to
calculate the amount of adsorbed Pt ions accurately like RuO2 nanosheet as shown in
3.2. After electrochemical reduction treatment, Pt nanoparticles appeared on TiO2
nanosheet surface as shown in Fig. 3-9. These Pt nanoparticles have the height of
0.5-1.0 nm and the diameter of 10-15 nm. Note that no Pt nanoparticles appear on the
surface of HOPG. This property is similar with RuO2 nanosheet.

Fig. 3-8 AFM topographic image of TiO2 nanosheet/HOPG in 0.5 M H2SO4 solution
containing dissolved Pt ions. The z-range is 5 nm.
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Fig. 3-9 AFM image of TiO2 nanosheet/HOPG in 0.5 M H2SO4 solution containing
dissolved Pt ions after electrochemical reduction treatment. The z-range is 5 nm.

3.6 Conclusions
A RuO2 nanosheet/HOPG model electrode was prepared by dip-coating HOPG into
an aqueous solution of RuO2 nanosheet. The adsorption of electrochemically
generated dissolved Pt ions in sulfuric acid on RuO2 nanosheet/HOPG was detected
by STM. Based on the geometries of the deposits, the amount of hydrated Pt ion on
the surface of RuO2 nanosheets was estimated to be 0.93×106 Ptn+ µm-2. This value
closely matched the full saturated adsorption of Pt ions of 0.96×106 Ptn+ µm-2
estimated based on the negative charge of the nanosheets. Thus we conclude that the
driving force for adsorption of Pt ions on RuO2 nanosheets is the strong electrostatic
interaction between positively charged Pt ions and negatively charged RuO2
nanosheets. The adsorbed Pt could easily be reduced to Pt nanoparticles by
electrochemical reduction, which exhibited ORR activity. The electrostatic interaction
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between Pt ions and RuO2 nanosheets should facilitate trapping and re-deposition of
the Pt ions on RuO2 nanosheets, thereby impede loss of Pt during potential cycling in
practical supported catalysts. In addition, like RuO2 nanosheet, negatively charged
TiO2 nanosheet was also confirmed to show electrostatic interaction for Pt ions. After
electrochemical reduction, the adsorbed Pt ions on TiO2 nanosheet could be reduced
to Pt nanoparticles. It is likely that TiO2 nanosheet may play the similar role like RuO2
nanosheet to enhance the durability of Pt/C.
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Chapter 4 In-situ AFM study of RuO2 nanosheet supported Pt

Density functional theory has predicted that Pt grows in a 2-dimensional fashion
due to the strong adsorbed strength on RuO2(110), suggesting that the presence of
RuO2 in the catalyst layer may enhance the activity for the oxygen reduction reaction
[73]. Since RuO2 nanosheet is a 2-dimensional RuO2 nanocrystal which is synthesized
by chemical exfoliation of a layered ruthenic acid (H0.2RuO2.1·0.9H2O) [38], it is
possible that RuO2 nanosheet has some similar properties like bulk RuO2. Therefore,
in this chapter, experimental evidence of a strong metal-support interaction (SMSI)
between RuO2 nanosheet and metallic Pt has been obtained, which should be another
reason for the enhanced durability of RuO2 nanosheet modified Pt/C. A new model
electrode system was designed and employed to evaluate the difference in the
adsorption strength of metallic Pt on RuO2 nanosheet and carbon surfaces. HOPG
with a sub-monolayer coverage of RuO2 nanosheet was prepared as mentioned in
chapter 3, then Pt was vacuum deposited on its surface (Pt-RuO2ns/HOPG). This
allowed the characterization of the morphology of Pt on nanosheet and HOPG by
atomic force microscopy (AFM) concurrently under the entirely same conditions.
In-situ electrochemical-atomic force microscopy (EC-AFM) measurements were
performed to investigate the electrochemical behavior of Pt dissolution/re-deposition
on the surface of nanosheet and HOPG during potential cycling.
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4.1 Pt-RuO2ns/HOPG model electrode
Fig. 4-1 shows typical AFM images and height profiles of RuO2 nanosheet/HOPG
model electrodes with different amounts of deposited Pt (Pt-RuO2 nanosheet/HOPG),
Ma = 0.22×1015 and 1.33×1015 atoms cm-2. On bare HOPG, The deposited Pt
aggregates to form islands. On the contrary, Pt forms a well-defined over-layer on the
nanosheets. For the model electrode with lower amount of Pt (Ma = 0.22×1015 atoms
cm-2), the Pt islands on HOPG has a height of 1.1±0.7 nm and the height of RuO2
nanosheet covered with Pt is 1.2±0.4 nm (Fig. 4-1a). Since the thickness of RuO2
nanosheet is 1.0±0.1 nm as shown in chapter 3, the Pt over-layer should be ~0.2 nm
thick. Taking into account of the diameter of Pt atom as 0.28 nm, the Pt over-layer
deposited on RuO2 nanosheet is close to a thin continuous monolayer (ML) film. For
the model electrode with more Pt (Ma = 1.33×1015 atoms cm-2), the height of Pt
deposits on HOPG was 1.5±0.8 nm (Fig. 4-1b). The height of RuO2 nanosheet with Pt
over-layer was 1.6±0.7 nm, thus the thickness of Pt over-layer should be ~0.6 nm.
This thickness is about twice the atomic diameter of Pt (0.28 nm), thus the Pt
over-layer is considered as a 2 ML film. The 3-dimensional growth of Pt deposits on
HOPG and 2-dimensional growth on RuO2 nanosheet indicate two different film
growth modes, namely Volmer-Weber growth (3-dimensional growth) and Frank-van
der Merwe growth (2-dimensional growth) [74]. The two different growth modes
reveal that RuO2 nanosheet has a stronger adsorption strength or affinity to Pt
compared to HOPG. This is in good agreement with density functional theory
calculations that predicted strong adsorption of Pt on RuO2(100) leading to
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energetically favorable 2-dimensional growth of up to 1.25 ML [73]. RuO2 nanosheet
evidently has similar properties with bulk RuO2.

Fig. 4-1 AFM topographic images (above) and height profiles from X to Y (below) of
Pt-RuO2 nanosheet/HOPG in air. The amount of deposited Pt (Ma: atom cm-2)
shown in (a) and (b) are 0.22×1015 and 1.33×1015 atoms cm-2, respectively.
The z-range is 10 nm.

4.2 In-situ EC-AFM study of Pt-RuO2ns/HOPG model electrode
The electrochemical stability of Pt aggregated on HOPG (Pt/HOPG) compared to
Pt on RuO2 nanosheet (Pt/RuO2 nanosheet) was studied by in-situ EC-AFM. Fig. 4-2
shows a sequence of in-situ EC-AFM images and the respective height profiles of the
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Pt-RuO2 nanosheet/HOPG model electrode (Ma = 1.33×1015 atoms cm-2) with
potential cycling (0-1.2 V vs. RHE, 50 mV s-1) in 0.5 M H2SO4 at room temperature.
The topographic images clearly show that the amount of Pt on bare HOPG gradually
decreases and more HOPG surface is exposed with increasing number of potential
cycling. On the other hand, the maximum thickness of the Pt over-layers on
nanosheets increases with potential cycling from ~0.9 nm for the 10th cycle to ~1.4
nm after 40 cycles as shown in the height profiles in Fig. 4-2. This result can also be
identified clearly from the comparison of the height profiles shown in Fig. 4-3. This
strong affinity of RuO2 nanosheet with metallic Pt is indication of the so-called strong
metal-support interaction (SMSI) as found in oxides such as CeO2 [30] and TiO2 [31,
32]. It is noted that the Pt deposit on HOPG shown in Fig.4-3 is moving to the right
with potential cycling, which indicates that the deposited Pt on HOPG migrates
easily; i.e. Pt nanoparticles have weak affinity to HOPG.
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Fig. 4-2 In-situ EC-AFM topographic images and height profiles from X to Y in 0.5
M H2SO4 (25 °C, in air) after potential cycling (0 - 1.2 V vs. RHE). (a) after 10 cycles,
(b) after 20 cycles, (c) after 30 cycles, (d) after 40 cycles. The z-range is 10 nm.
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Fig. 4-3 Comparison of the height profiles of initial, after 10, 20, and 30 cycles of
AFM images in Fig. 4-2.

Fig. 4-4 shows the cyclic voltammograms (CVs) of the Pt-RuO2 nanosheet/HOPG
model electrode in 0.5 M H2SO4 corresponding to Fig. 4-2. The negative shift in
currents observed below 0.8 V vs. RHE is due to oxygen reduction reaction, since
measurements were conducted in atmospheric conditions. De-aeration of the
electrolyte was difficult to do to the small size of the EC-AFM cell. Distinctive peaks
attributed to surface redox process on RuO2 nanosheet are observed at half wave
potential of E1/2=0.11 and 0.62 V vs. RHE in the CVs. The redox pair at E1/2=0.62 V
vs. RHE does not change, indicating the stability of the RuO2 nanosheets with
potential cycling. On the other hand, the current below 0.2 V decreases with potential
cycling. The current observed in this region is due to double-layer charging, hydrogen
adsorption/desorption on Pt, and pseudocapacitance of RuO2 nanosheets. Since the
RuO2 nanosheets do not degrade, the decrease in current can be attributed to loss in
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electrochemically active surface area of Pt due to Pt dissolution or aggregation. This
phenomenon can also be seen from the decrease in anodic current >1.0 V vs. RHE,
which is related to the oxidation of Pt. It is assumed that both Pt on HOPG and Pt on
RuO2 nanosheet/HOPG are active. Further model electrode studies with different
RuO2 nanosheet coverage should allow a more quantitative discussion on the degree
of mitigation of Pt loss with RuO2 nanosheets.

Fig. 4-4 CVs (scan rate: 50 mV s-1) recorded for Pt-RuO2ns/HOPG in 0.5 M H2SO4
(25 °C, in air) during in-situ AFM experiments (black line: after 10 cycles, green line:
after 20 cycles, blue line: after 30 cycles, red line: after 40 cycles).

4.3 ORR activity of RuO2 nanosheet supported Pt
The ORR activity of Pt nanoparticles supported on RuO2 nanosheet was
investigated with a mirror-like polished glassy carbon (GC, diameter 5 mm) substrate
so as to enable the use of rotating disk electrode. First, RuO2 nanosheets were coated
on GC electrode surface and then Pt was deposited on the electrode surface at
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composition of RuO2:Pt = 0.3:1. Electrochemical measurements were performed in a
standard three-electrode electrochemical cell and 0.5 M H2SO4 was used as electrolyte.
LSV was recorded at 10 mV s-1 from 0.05 to 1.2 V vs. RHE at a rotating rate of 1600
rpm in 0.5 M H2SO4 (25 oC). The LSVs show that Pt-RuO2ns/GC has higher ORR
activity than Pt/GC (Fig. 4-5).

Pt/GC
Pt-RuO2ns/GC

Fig. 4-5 LSVs of Pt/GC and Pt-RuO2ns/GC (from 0.05 to 1.2 V vs. RHE @ 1600 rpm,
10 mV s-1, 0.5 M H2SO4 (25 oC)).

The limiting current-corrected current (IC) at 0.8 V vs. RHE was calculated
according to equation 4-1. The calculated mass activity (A / mg-Pt) based on IC for
Pt/GC and Pt-RuO2ns/GC were 0.66 A / mg-Pt and 0.77 A / mg-Pt, respectively. In
other words, in this case the ORR activity of Pt supported by RuO2 nanosheets
increased 14.3% compared to the Pt supported on GC directly.
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IC = IL × I(0.8 V) / ( IL － I(0.8 V))

(4-1)

IL: Diffusion limited current (mA cm-2)
I(0.8 V): Current at 0.8 V vs. RHE (mA cm-2)

4.4 SMSI between TiO2 nanosheet and metallic Pt
Fig. 4-6 shows a typical AFM image and height profile of Pt-TiO2ns/HOPG model
electrode with the amount of deposited Pt Ma = 1.14×1015 atom cm-2. According to the
height profile, the TiO2 nanosheet with Pt overlayer has an average thickness of ~1.6
nm. Since TiO2 nanosheet has a thickness of ~1.2 nm as shown in Fig. 3-7, the Pt
overlayer should have a thickness of ~0.4 nm. Pt deposited on bare HOPG aggregated
and grew to irregular island-like deposits, revealing that Pt tends to grow by the
Volmer-Weber growth mode (3-dimensional growth) on HOPG in vacuum.
Conversely, there are no Pt islands or particles appearing on the surface of TiO2
nanosheet. It is likely that Pt tends to deposit as a uniform overlayer and represents a
Frank-van der Merwe growth (2-dimensional growth) mode on TiO2 nanosheet
surface. This result indicates that TiO2 nanosheet also shows strong attraction for Pt
atoms namely SMSI, as in the case of RuO2 nanosheet.

57

Fig. 4-6 AFM topographic image (above) and height profiles from X to Y (below) of
Pt-TiO2ns/HOPG in air. The amount of deposited Pt is Ma = 1.14×1015 atom cm-2. The
z-range is 10 nm.

Fig. 4-7 shows a sequence of in-situ EC-AFM images of a Pt-TiO2ns/HOPG model
electrode under the condition of potential cycling (0.6 - 1.2 V vs. RHE, 100 mV s-1) in
0.5 M H2SO4 (in air). As shown by the dotted line in Fig. 4-7a, there is one nanosheet
with larger lateral size at the top of images and three small nanosheets below the
larger one. Note that supported ultrathin Pt overlayer on TiO2 nanosheet aggregated to
nanoparticles with the diameter about several tens nanometers. Ultrathin Pt overlayer
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supported on TiO2 nanosheet in sulfuric acid solution formed nanoparticles, which is
different with RuO2 nanosheet. This is attributed to TiO2 having a weaker interaction
to Pt compared to RuO2 [73, 75, 76].

Fig. 4-7 In-situ EC-AFM topographic images of Pt-TiO2ns/HOPG in 0.5 M H2SO4
after potential cycling (from 0.6 to 1.2 V vs. RHE). (a) initial, (b) after 50 cycles, (c)
after 100 cycles, (d) after 200 cycles. The z-range is 10 nm.
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After 50 cycles of potential cycling as shown in Fig.4-7b, it is clear that the count
of Pt nanoparticles on nanosheet increased obviously. The driving force is attributed
to the SMSI behavior of TiO2 nanosheet for Pt Overall, it can be concluded from Fig.
4-7 that Pt nanoparticles supported on TiO2 nanosheet increased gradually while Pt on
HOPG decreased conversely during potential cycling. In other words, a great amount
of Pt removed from HOPG to TiO2 nanosheet after potential cycling. This indicates
that TiO2 nanosheet possesses a stronger interaction to attract Pt compared to carbon
material. However, different with RuO2, TiO2 has a poor electronic conductivity.
Therefore, it is necessary to investigate the negative effect coming from the poor
electronic conductivity of TiO2 nanosheet on the catalytic properties in future.

4.5 Conclusions
Pt was vacuum deposited on model electrodes composed of HOPG partially
covered with crystalline RuO2 nanosheets to investigate the difference in the
interaction between Pt with RuO2 nanosheet or HOPG. AFM images show that on
HOPG, Pt aggregates and forms 3-dimensional islands via Volmer-Weber growth,
whereas Pt is deposited as a thin over-layer on the RuO2 nanosheet surface via
Frank-van der Merwe growth (2-dimensional growth). The two different growth
modes reveal that Pt has a stronger adsorption strength or affinity to RuO2 nanosheet
compared to HOPG, i.e. strong metal-support interaction. In-situ EC-AFM
experiments reveal that Pt nanoparticles on HOPG are more susceptible to loss of
electrochemically active surface area than the Pt over-layer on RuO2 nanosheet. The
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results suggest that RuO2 nanosheet supported Pt is likely to be a more stable catalyst
than carbon supported Pt. RuO2 nanosheet can be anticipated to play multiple roles in
enhancing the durability of practical carbon supported Pt catalysts for polymer
electrolyte fuel cells, including strong metal-support interaction, electrostatic
interaction with dissolved Pt cations, and also as a stable oxide support.
Deposited Pt on TiO2 nanosheet tended to form uniform film, indicating that TiO2
nanosheet also showed strong interaction for Pt atoms. Unlike the Pt supported on
RuO2 nanosheet, the Pt overlayer on TiO2 nanosheet formed nanoparticles
spontaneously after immersed in sulfuric solution. The number of Pt nanoparticles on
TiO2 nanosheet increased with potential cycling, indicating that TiO2 nanosheet acted
as an anchor to stabilize and attract more Pt nanoparticles. Therefore, TiO2 nanosheet
supported Pt is anticipated to be a more stable catalyst than pure carbon supported Pt
in PEFCs.
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Chapter 5 Conclusions and outlook

Nano-structured model electrodes are valuable tools for studies of electrode
reactions. The obtained results are of fundamental interest and add important
understanding to the investigated processes. This thesis focuses on the clarification of
the enhanced durability of RuO2 nanosheets modified Pt/C catalyst. Model electrode
studies were performed to investigate the electrostatic interaction between RuO2
nanosheet and electrochemically dissolved Pt ions. The strong metal-support
interaction (SMSI) between RuO2 nanosheet and metallic Pt was also detected by
AFM. The major results of this work are summarized as below.

The electrostatic interaction between RuO2 nanosheet and electrochemically
dissolved Pt ions in sulfuric acid is investigated. STM images show that RuO2
nanosheet has the same thickness either in air or in sulfuric acid solution. This
indicates that the RuO2 nanosheets do not drift away from the substrate in aqueous
solution. Hence, it is likely to investigate the adsorption of dissolved Pt ions on the
surface of RuO2 nanosheets using surface analysis methods such as STM or AFM.
The adsorbed hydrated Pt ions on RuO2 nanosheet were detected by STM. Based on
the geometries of the deposits, the amount of Pt ion on the surface of RuO2 nanosheet
was estimated to be 0.93×106 Ptn+ µm-2 which closely matched the full saturated
adsorption of Pt ions of 0.96×106 Ptn+ µm-2 estimated based on the negative charge of
the nanosheets. The driving force for adsorption of Pt ions on RuO2 nanosheets is the
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strong chemical interaction between positively charged Pt ions and negatively charged
RuO2 nanosheets. After electrochemical reduction, the adsorbed Pt could be reduced
to Pt nanoparticles which exhibited ORR activity. The electrostatic interaction
between Pt ions and RuO2 nanosheets should facilitate trapping and re-deposition of
the Pt ions on RuO2 nanosheets, thereby impede loss of Pt during potential cycling in
practical supported catalysts. As the possible substitute for RuO2 nanosheet, the
electrostatic interaction between TiO2 nanosheet and Pt ions was investigated. The
results showed that Pt ions were adsorbed on TiO2 nanosheet surface and the adsorbed
Pt ions could be reduced Pt nanoparticles.
The interaction behavior between RuO2 nanosheet and metallic Pt, namely strong
metal-support interaction (SMSI) is investigated by AFM. Pt was deposited on RuO2
nanosheet/HOPG by vacuum evaporation. AFM images show that the Pt on HOPG
aggregated and formed 3-dimensional island deposits, while on the RuO2 nanosheet
surface, Pt deposited as a 2-dimensional well-defined ultra-thin film. These two
different growth modes are related to the different affinity of Pt to the two materials.
In-situ EC-AFM images clarify that Pt supported on HOPG decreases while Pt on
RuO2 nanosheet increases with potential cycling. Pt can be adsorbed strongly on the
RuO2 nanosheet surface, which reveals that RuO2 nanosheet supported Pt is likely to
be a more stable catalyst than pure carbon supported Pt. This strong adsorption of Pt
on RuO2 nanosheet is another significant factor for the enhanced durability of Pt/C
modified with RuO2 nanosheet. Similar with RuO2 nanosheet, deposited Pt tended to
form an uniform over-layer on TiO2 nanosheet surface, which indicated TiO2
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nanosheet also had a strong affinity to attract Pt. In-situ EC-AFM images showed that
Pt nanoparticles on TiO2 nanosheet surface increased with potential cycling.
According this strong interaction behavior between TiO2 nanosheet and Pt, it is
believed that TiO2 nanosheet can act as an anchor to stabilize Pt in practical catalysts.
However, due to the poor conductivity of TiO2, excessive TiO2 nanosheet added in
Pt/C catalyst may yield an inverse effect such as the loss of electrochemically active
surface area. In summary, TiO2 nanosheets are a potential substitute for RuO2
nanosheet to design new catalyst with high properties.
According to the results in this study, the enhanced durability of RuO2 nanosheet
modified Pt/C is attributed to the strong electrostatic interaction between dissolved Pt
ions and RuO2 nanosheet, as well as the strong metal-support interaction (SMSI) of
RuO2 nanosheet for metallic Pt. In addition, TiO2 nanosheet may be a potential
substitute for RuO2 nanosheet to enhance the durability of Pt/C.

One of the significant subjects about this study in future is how to apply the
knowledge obtained from these model electrode studies to serve for the design of
practical catalyst. It has been revealed that RuO2 nanosheet played an important role
to decrease the loss of Pt by adsorbing dissolved Pt ions. However, in practical
catalyst systems, these properties of RuO2 nanosheet have not yet been utilized
efficiently. Hence, new methods to prepare composite catalyst with commercial Pt/C
catalyst and RuO2 nanosheet should be attempted. A proposal for solving this problem
is to prepare a catalyst layer with a gradient on the distribution of RuO2 nanosheet
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instead of an uniform mixture. For example, in a single cell, if RuO2 nanosheets are
inserted between catalyst layer and electrolyte membrane, the nanosheet can prevent
the Pt ions from diffusing to electrolyte membrane. RuO2 nanosheets should have
little effect on the diffusion of proton because it has good proton conductivity. Thus,
the advantages of RuO2 nanosheet are utilized and the drawback of addition of RuO2
nanosheet can be avoided. In addition, RuO2 nanosheet has been identified to show
SMSI for metallic Pt which is anticipated to stabilize Pt in practical catalyst.
Therefore, an attempt to prepare a catalyst with a composite support containing RuO2
nanosheet and carbon balck is necessary.
TiO2 nanosheet has been discussed as a possible inexpensive subsititute for RuO2
nanosheet. In this thesis, only the electrostatic interaction between TiO2 nanosheet
and Pt ions, the SMSI between TiO2 nanosheet and metallic Pt have been investigated.
To replace RuO2 nanosheet, it is necessary to investigate the negative effect from poor
electronic conductivity in the future.
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