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Effect of Sputtering Power on the Electrochemical Properties
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ABSTRACT

A series of thin Pt films were deposited by dc magnetron sputtering with different power directly on a commercial
hydrophobic carbon paper substrate at room temperature. Their electrochemical properties toward the oxygen
reduction reaction were investigated in 0.5M H,S0O,4 solution by means of cyclic voltametry (CV) and linear sweep
voltametry (LSV) on rotating disc electrode (RDE). It was found that the increase of power leads to rise in the
electrochemical active surface area (EASA) slightly up to 25 W, but further increase in power decreases surface area
significantly. Electrochemical surface area is reaching a maximum of 29.68m?gp~! for 25W. Rotating disk
electrode experiments, also, show that increase of power yield more active catalyst toward to oxygen reduction
reaction. As a result, 25 W coating power is the optimum for the preparation of the smallest and the most active Pt

particle in catalytic film.

© The Electrochemical Society of Japan, All rights reserved.
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1. Introduction

Fuel cells have been receiving significant attention in the recent
decades due to their high efficiency and environmental compati-
bility.! Among all fuel cell systems, proton exchange membrane fuel
cells (PEMFCs) have shown a great promise as an alternative power
sources, particularly for stationary power generation and trans-
portation applications because of their low operating temperature,
fast start-up, high power density, and low emission of pollutants.
Nevertheless the achieved substantial progress the PEMFCs are
not broadly utilized since their cost and durability are still not
satisfactory.

These are considered as the most serious impediments for the
commercialisation of PEMFCs.? Platinum has been regarded as the
most active catalyst both for the hydrogen oxidation reaction (HOR)
and the oxygen reduction reaction (ORR). Much of the research on
the PEMFCs is focused on improving the catalytic activity of the
cathode electrocatalysts where the oxygen reduction reaction takes
place, because ORR slow kinetics is responsible for about 70% of
the total losses that occur in PEMFCs.*¢

The thin film deposition method of magnetron sputtering (MS)
which is widely used for integrated circuit manufacturing, recently
finds application as an alternative catalyst preparation and electrode
assembling technique. The method is particularly favourable for
applications in hydrogen energy converting electrochemical cells
with polymer electrolyte membrane (PEM), including fuel cells,
water electrolysers and unitized regenerative fuel cells. It allows
deposition of thin compact films upon a selected substrate material
and ensures simplicity of the catalysts preparation as well as
improved stability, durability, and utilisation.”!8 The sputter
conditions are easily controlled in obtaining homogeneous, well
dispersed and reproducible thin films of various single and
composite materials with a very low loading. Using this method
an essential decrease in the fuel cell cathode Pt loadings without
reduction in performance has been already achieved.””''"'* It has
been demonstrated that the sputter method insures very efficient
usage and high mass activity of the platinum.'>"'7 The technique
was also applied for deposition of thin iridium oxide electyro-
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catalytic films as anode material for PEM water electrolysis and a 10
fold decrease of the catalyst loading has been reported compared to
conventional iridium anodes.'® On the other hand, how the sputter
parameters effect the catalysts condition is still an enigma. It has
been proven that sputter parameters such as dc or rf power, gas
pressure, temperature, distance between the target and the substrate
influence the not only film composition, but also its structure and
morphology.

In a recently published paper, Huang et al.? have investigated the
influence of rf power and argon partial pressure on the fuel cell
performance, since they influence strongly the specific surface area
and the electrochemical activity. The authors have observed that the
rf power has much less effect on the properties of the sputtered Pt
film than argon partial pressure. Wan et al.! have, also, studied the
influence of low and high sputtering pressure on the deposition rate,
porosity, and surface morphology and shorter deposition times at
higher pressure value.

In the present paper, the catalytic efficiency and stability of thin
sputter deposited Pt films, coated with different power, are
investigated as catalyst for oxygen reduction reaction. The aim is
to study the role of sputtering power on the electrochemically active
surface area and the catalytic activity toward the oxygen reduction
reaction in terms of exchange current density, j,, as well as to access
the catalytic performance characteristics at real operating conditions
in a hydrogen PEMFC.

2. Experimental

A series of thin Pt films, the Pt loading is constant (22 pg cm™2),
were deposited by magnetron sputtering in argon plasma using a
BesTec 222 UHV sputtering system. Pt targets with 6N grade purity
are mounted on a two closed DC sputter gun, and loaded by Pt was
run with 10, 15, 25, 50, 100 W. The sputtering chamber has a base
pressure of 5 x 10~ mbar and during the sputtering process (after
feeding the chamber with Ar gas) it was between 1.4 x 1073 and
1.5 x 103 mbar. The distance between metal targets and the
substrate was set to 65mm directly on a 5cm? commercial
hydrophobic carbon paper covered with a thin microporous film
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Figure 1. (Color online) XRD diffractograms of sputtered Pt layers.

of Vulcan-XC72 (13/C1, Freudenberg) at room temperature. The
carbon paper discs were positioned in precision-made stainless steel
holders to exposure only their top surface to the sputtered flux.
X-ray diffraction (XRD) analysis were performed on RIGAKU
Smartlab, X-ray diffractometer using CuKa: radiation (o = 1.54 A).
The XRD data were collected in the range of 10°-90° 260 and
continuous scan mode. SEM and EDX experiments were performed
by a Philips XL 30 model scanning electron microscope (SEM).

During depositions, the platinum coverage were monitored by the
quartz crystal microbalance (QCM) in conjunction with Ag 3ds,,
XPS as a function of Pt deposition. The parameters of QCM are
calibrated by photoemission attenuations besides its default values.
In order to determine the deposition ratios of the Pt film, the
pure silver substrate is used to observe the attenuations of silver
atoms photoemission as a function of additional material onto the
substrate. For thickness determination using XPS signals both
Ag 3ds), attenuation as a function of, as well as the Pt 4f;/, to
Ag 3ds;, intensity ratio for a given films were compared.? In
converting these ratios to films thickness, the electron mean free
path was calculated by using the TPP formula developed by
Tanuma, Powell, and Penn.?’

The catalytic efficiency of the films toward ORR in 0.5M H,SO4
solutions was investigated by means of cyclic voltametry (CV) and
linear sweep voltametry (LSV) on rotating disc electrode (RDE),
using Pine Instrument Bipotentiostat, model AFCBP1 controlled by
PC and commercial software. The experiments were carried out in a
three electrode electrochemical cell with Pt wire counter electrode
and saturated Ag/AgCl reference electrode. All potentials in the
paper were referred vs. RHE. In order to obtain reproducible data
prior to ORR measurements the electrodes were electrochemically
pre-treated by cycling the potential in the range —0.25 to 1.3V for
50 cycles at scan rate of 100mV s~!. RDE polarization curves were
recorded in oxygen saturated solution. The potential was swept
in the range from —0.12V to + 1.0V (vs. RHE) at scan rate of
10mVs~!. The RDE polarisation curves were obtained at constant
rotating speed 1600 rpm. The kinetic current density extracted from
Koutecky Levich (K-L) plots was applied to construct the mass
transfer corrected Tafel plots and to calculate the apparent exchange
current density, j,%, of the ORR.

Cyclic voltammograms in deaerated 0.5 M H,SO4 at 100 mV s~
were recorded and used to assess the electrochemically active
surface area, EASA, of the films via integration of the area under the
hydrogen adsorption/desorption peaks.

3. Results and Discussion

The XRD patterns of the carbon-supported Pt coated with
different powers are shown in Fig. 1. The diffraction peaks at
~20 = 18°, 24.6°, and 44.51° angles for all type of catalysts arise
from the reflection of the support. All diffraction patterns display

Table 1. EASA (m®gp, "), apparent exchange current density and
exchange current density calculated from the cyclic voltammetry
tests and linear sweep voltammetry.

Sputtering Power EASA JoP Jo d (nm)
10 27.65 1.51 x 1072 546 x 1078 6.3
15 2883 382x 107 132x 1077 5.2
25 29.69 4.57 x 1072 1.53 x 1077 6.8
50 2069 295 x 107 142 x 1077 7.9
100 20.09 5.00 x 107* 248 x 107 134
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Figure 2. (Color online) Cyclic voltammograms of the test

samples recorded in 0.5M H,SO, at 30°C; scan rate 100mV s~

the typical diffraction peaks ((111), (220), and (311)) of the fcc
structure of platinum. Particle sizes of electrocatalyst were
calculated from the broadening of (111) diffraction peak in XRD
pattern of all catalysts by using Scherrer equation. Particle sizes of
Pt are given in Table 1. It is seen that increasing of power does not
change the particle size up to 25 W significantly. Otherwise, for
50W and 100 W powers cause the bigger Pt particles.

The surface composition and the structure of the catalyst are the
major parameters which affect its electrochemical performance. CV
responses of the sputtered Pt films are presented in Fig. 2.

It can be seen that all CV curves have the shape of the pure Pt
voltammogram which is well characterized in the literature,?!
implying that Pt atoms represent the main active sites for the redox
reactions proceeding on the catalyst surface. Moreover, no anodic
current that can be ascribed to the oxidation/dissolution except Pt,
is demonstrating that the sputter magnetron is a clean process to
prepare catalyst. Hydrogen adsorption/desorption region between
0.04 and 0.4 V vs. RHE is well depicted for all samples. The current
peak associated with the reduction of oxygen is in the region above
0.8V vs. RHE. The cyclic voltammograms are used to calculate the
electrochemically active surface area of the electrodes under study,
applying the well established procedure of integration the area under
the hydrogen adsorption/desorption peaks and using the value of
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Figure 3. SEM images of the samples Bare Carbon Paper (a),
10W (b), 15W (c), 25 W (d), 50W (e), 100 W (f).

210pCem™2 (the charge required for adsorption of hydrogen
monolayer on 1 cm? of smooth Pt electrode) as a correction factor.??

The calculation shows that the £4S4 increases gradually with the
increasing power, reaching a maximum of 29.69 m? gp,~! for sample
prepared with 25 W, but it was observed that further increase in
sputtering power causes the decrease of electrochemical active
surface area seriously. These observations clearly indicate that used
power influences the film structure and morphology. Higher applied
power results in higher acceleration of the ionized argon toward
the target leading to sputtering of platinum particles with increased
kinetic energy and longer mean free path. This reduces the
probability of collisions with the Argon background gas. This
higher kinetic energy leads to hit these Pt atoms or cluster the
substrate surface with a higher probability for hopping events, lattice
rearrangements, and surface remodelling. Those effects in turn,
cause the formation of more densely packed of Pt atoms or clusters.
This trend can be clearly seen from SEM images in Fig. 3. Rising
the power from 10 W to 100 W Pt particles start to agglomeration
and lost their EASA. The observed changes in the surface structure
and morphology of the sputtered Pt films lead to essential variations
in the electrochemically active surface area.

The electrocatalytic activity of the sputtered Pt films toward the
oxygen reduction is assessed applying the method of linear sweep
voltammetry and Koutecky—Levich plots based on Eq. (1). Figure 4
shows the RDE polarization curves for all catalysts under study.

The RDE polarization curves show characteristic behaviour
reported in the literature for ORR on Pt in acid solutions with well
distinguished regions of kinetic, mixed, and diffusion limited
reaction rate. At very low overpotentials the process is governed
by the charge transfer, then in the range down to 0.75-0.5V the
ORR reaction proceeds under mixed diffusion-kinetic control, after
which the current starts to level out reaching diffusion limited values
at potentials of 0.25-0.2'V.

The exchange current density, j,, is a qualitative measure for
the intrinsic activity of the catalyst. In order to calculate j,, it is
necessary first to construct the mass-transfer corrected Tafel slopes
which in turn, requires determination of the kinetic current density.
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Figure 4. (Color online) RDE polarization curves in 0.5M H,SO4
at 30°C; rotation rate 1600 rpm.
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Figure 5. (Color online) Mass transfer corrected Tafel plots for
the sample coated with 25 W.

One of the common approaches to calculate jyi,, is to solve Eq. (1)
regarding the kinetic current at different potentials and given
rotating speed. This relation is known as mass-transport correction

for rotating disk electrodes.*?*
Jin = 2 )
Jlim —J

Where j is the experimentally measured current density, i, - the
measured diffusion-limited current density, and ji;, - the kinetic
current density.

The obtained mass transfer corrected Tafel plot for sample coated
with 25 W is presented in Fig. 5. Figure 5 shows a wide linear range
(over 200 mV), which allows to determine the values of the Tafel
slope and the apparent values of the exchange current density, j,%.
Since the apparent exchange current density does not reflect the true
situation of ORR, hereafter all reference to exchange current density
will be to the intrinsic exchange current density is to solve Eq. (2).
All experimental results are summarized in Table 1.

jor = (EASA)JO.( 1')3002) 2
0y

For all samples a single Tafel slope was obtained with a value close
to 120mV dec™!, indicating the first electron transfer reaction as a
rate determining step:

Oy +e = O s ©)

Usually, the presences of oxides on the Pt surface alter the kinetics
of the ORR and yield a different Tafel slope.’* Since this is
obviously not the case for the sputtered deposited ultra thin Pt
catalytic films, the observed promotion of the ORR must have
another origin. The values of the exchange current density j, in
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Table 1 indicate a crucial increase in the intrinsic catalytic activity of
Pt with rising power up to 25 W, but decrease with the increase of
the power in consistent with the order of CV results. On the other
hand, the polarization curves in Fig. 4 demonstrate that the oxygen
reduction is most intensive for the 25 W sputtering powers, the
catalyst that has the highest apparent exchange current density. The
rate determining step and the ORR mechanism are identical on all
power values. This means that the chemical rate constant and the
potential dependent exponential terms are essentially the same,
and the differences in the reaction kinetics must lie in the pre-
exponential coverage-dependent term, which is determined by the
OH™,4 coverage. As expected, the increase of the sputtering power
leads to an increase in EASA of the catalytic films and an
improvement of the electrochemical activity toward ORR up to
25W due to the increased number of active sites available.
Therefore, the reactants can easily adsorb on the catalyst which
intensifies the corresponding electrochemical reactions. On the other
hand, at higher power than 25 W, both £ASA4 and apparent current
density decrease. The higher is the sputtering power the longer is the
mean free path between the collisions of the sputtered particles with
Ar atoms and radicals. This results in a higher kinetic energy when
they reach the substrate. This higher energy makes the particles be
capable to hop and rearrange thus, forming more dense metal film.
Therefore, the optimum sputtering power was chosen as 25 W.

4. Conclusion

The research performed shows the possibilities to fabricate highly
active and cost efficient Pt catalytic thin films with precisely
controllable ultra low and homogeneous highly developed surface.
It demonstrates that EASA4 increases gradually with the increasing
power and reaching a maximum of 29.68 m? gpfl for sample
prepared with 25 W. On the other hand, further increases in power
causes the decreases of EASA seriously. For all samples a single
Tafel slope was obtained with a value close to 120mV dec™!
indicating the first electron transfer reaction as a rate determining
step. It proves that a crucial increase in the intrinsic catalytic activity
of Pt with rising power up to 25 W, but decrease with the increase of
the power in consistent with the order of CV results. This is due to
the increased number of active sites available for adsorption of the

reactands on the catalysts. This same trend is clearly observed with
SEM images. Rising power value causes the bigger catalyst particles
and causes lower £ASA4 and exchange current density. According to
these results 25 W is the most effective dc power value for sputter
magnetron coating technique.
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