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Plasma Deposited Electrocatalytic Films with
Controlled Content of Pt Nanoclusters

Elena Dilonardo,* Antonella Milella, Pinalysa Cosma, Riccardo d’Agostino,
Fabio Palumbo

Combining platinum sputtering with plasma polymerization in argon—ethylene plasmas,
nanocomposite Pt-hydrocarbon thin films, useful as catalytic layers for proton exchange
membrane fuel cells, can be deposited. Pulsing the ethylene flow rate allowed for a fine tuning
of the Pt amount in deposited films at low RF input

power. The proposed deposition process seems to be an - RF
efficient strategy to control the metal content over a *  Electrode
wide range of atomic percentages (5-80%). Deposited
films were characterized in terms of their chemical,
electrochemical and structural properties. The XPS
spectra revealed that platinum is included in the films
in metallic state. SEM and TEM analyses showed that
nanosized Pt clusters (3—7 nm diameter) are uniformly
distributed in a porous columnar film structure. The
best electrochemical activity (202 cm?-mgyt) was
achieved with a 500nm thick thin film containing
0.56 mgp; - cm ™2 of catalyst.
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Introduction

For several years, there has been a growing interest in
polymeric materials with embedded metallic nanosized
particles as promising candidates for advanced electronic,
optical devices and protective coatings against corrosion.!*~!
Of particular interest is the application of these nanocom-
posites in catalysis, especially highly dispersed nanoscale
platinum particles, because of their unique physical and
chemical properties. The uniqueness of nanoparticles is
mainly due to their large surface area and specific functions
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which are different from those of either bulk metal. In
conjunction with a solid porous support, Pt nanoparticles
are applicable in fuel cell technology.!*"®! What is most
desirable for this application is the control over particle size,
as well as, the oxidation state which affects nanoparticle
performances (e.g. catalytic activity).[”! While the prepara-
tion of the catalytically active Pt nanoparticles on solid
supports is well established utilizing wet chemical
process>#1 or physical deposition techniques,!**272%]
precise control over the particle size, shape and content in
the support still remains a challenge. Beside this issue the
development of new and environment friendly catalyst
preparation methods remains a research task aimed at
simplifying the industrial process, reducing fabrication
costs and preparation times, while increasing the catalytic
efficiency.

Plasma technologies have been involved in catalysis
with some success.!*®) Most of the studies are related to
ultra-fine particles production, direct catalyst deposition on
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a support?” and also assistance of catalytic reaction.
Although very few studies are devoted to low pressure
plasma deposition of catalytic thin films, the latter is
expected to be advantageous to reduce the catalyst content
and to control the nanoparticles distribution in thin films
(thickness lower than 2 pm).*®! Another positive aspect of
plasma processing is the conformal deposition on micro-
textured devices, such as micro-fuel cells.

In recent papers,[**2% we proposed a one-step plasma
process, consisting of simultaneous plasma polymerization
of ethylene and sputtering from a platinum target, to
deposit thin Pt-containing hydrocarbon films to be used as
PEM fuel cell electrocatalysts. These previous works showed
that the platinum content could be easily controlled by
changing the radiofrequency (RF) power and an homo-
geneous distribution of metal nanoparticles in porous
columnar films with good catalytic properties were
obtained. The main process drawback was that the Pt
content was mainly controlled by the competitive deposi-
tion at the target limiting hence its sputtering rate,and as a
consequence, high RF power values were needed to get an
electrochemically active coating (higher than 500 W), while
the monomer flow rate was kept low.

The purpose of the present work was then to get a
platinum amount high enough to have an high catalytic
activity but at mild plasma deposition conditions (i.e. low
input power). To achieve this control we tried to act on the
competition between the plasma polymerization process
and sputtering one through the 100% modulation of the
monomer flow rate, as previously presented by Despax
et al.?»22 The process originality relies on pulsing the
monomer mass flow rate that permits an accurate and
reproducible control of the metal content over a wide range
of concentrations at low power. The key feature of this
method is that while the dischargeis on, periods over which
the monomer is flowing (ON time, Toy) are alternated to
periods where the monomer is not flowing (OFF time, Togg).
In this way the plasma polymerization can be reduced
enhancing the contribution of metal sputtering enriching
the matrix in Pt clusters.

In the present research we investigated the influence of
monomer flow rate modulation on the film chemistry,
morphology and catalytic activity toward the hydrogen
oxidation in acid aqueous solution.

Experimental Part

Films Preparation and Characterization

Pt-containing hydrocarbon films were deposited by simultaneous
plasma enhanced chemical vapour deposition (PECVD) of ethylene
and sputtering of a Pt target using the RF capacitively coupled
asymmetric parallel plate reactor described in ref.**! An input
power of 250 W was applied to the platinum target through the
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impedance-matching network, while the opposite grounded
electrode held the samples. The gas feed was introduced by means
of electronic mass flow meters (MKS instruments) through a
shower ring positioned close to the upper electrode. Deposition
processes were performed at 9 Pa with mixture of Ar (145 sccm)
and C,H, (1.6 sccm). The amount of the latter was regulated by
pulsing the mass flow rate, changing the ON time (Toy) in the range
1-5s,withaperiod (T = Ton + Torr) 0f 5 5. The Toy parameter, which
is the duration of the monomer injection, favours the polymeriza-
tion whereas during the OFF time (Tops) the target sputtering
prevails, as depicted in Figure 1.[2+:22

To improve process repeatability, before each experiment the
target was cleaned by Ar-sputtering at 600 W and 7 Pa for 10 min.

The chemical characterization of deposited films was performed
by X-ray photonelectron spectroscopy (XPS), using a Theta Probe
spectrometer (Thermo VG Scientific) with a monochromatic Al Ko
radiation (1486.6 €V) operating at 100 W, at a spot size of 400 pm
and at a take-off angle of 53° with respect to the surface normal.

Cleaning of the samples was accomplished prior to the analysis
by 10s sputtering with 1kV Ar" and a beam current of 500 nA.
Survey (0—1200 eV) and high resolution (C1s, O1s and Pt4f) spectra
were recorded with a pass energy of 200 and 50 eV, respectively. In
order to investigate process reproducibility, selected experiments
were repeated four times and the differences in atomic percentages
among the different samples were 3% maximum. Angle resolved
(AR) XPS analyses in the range 28-78° were also carried out in order
to investigate the in-depth distribution of Pt nanoparticles. In this
range of angles the maximum thickness collected was estimated to
be around 6-7 nm.

Bulk chemical composition of deposited films was performed by
Fourier rransform-infrared spectroscopy (FT-IR). FI-IR analyses
were carried out with an Equinox55 spectrometer (Bruker). Spectra
were recorded from 400 to 4000 cm ™ * at a resolution of 4cm ™. In
order to minimize interference from contaminants (i.e. water
vapour and carbon dioxide), the spectrometer was purged with
nitrogen for 15 min between each measurement. Baseline correc-
tion was applied to the spectra, which were then normalized to the
film thickness.
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I Figure 1. Schematic representation of pulsed monomer flow rate
(period: T=55=Ton + Tore).
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Film morphology was studied by scanning electron microscopy
(SEM), atomic force microscopy (AFM), and transmission electron
microscopy (TEM). SEM observation was performed with a Carl
Zeiss FESEM-SIGMA scanning electron microscope (at 3kV) on
samples metalized with gold by sputter coating. AFM images were
acquired with an Autoprobe CP Research (ThermoMicroscope-
VEECO) in non-contact mode using conical gold coated silicon tips
with a resonance frequency around 80 kHz. TEM analyses were
performed on 20—40 nm thick films deposited directly onto carbon
coated copper grids. A Joel-JEM-2010 electron microscope was
utilized, operating at 200 kV, with a point-to-point resolution close
to 0.2 nm. Images were acquired with a Gatan 794 slow scan CCD
and processed with the DiffTool package.l?* Bright field images and
selected area diffraction (SAD) patterns were obtained in order to
check platinum nanoparticle clusters dispersed in the hydrocarbon
matrix, and to measure their size and crystalline structure. High
resolution (HR) images were also obtained to visualize the
crystalline structure of the clusters at nanometer scale.

Film thickness was measured by an a-step 500 (TENCOR)
profilometer.

The Pt loading in the coating was measured using inductively
coupled plasma atomic emission spectroscopy (ICP-AES) analysis,
according to the procedure described in ref,[2%24 dissolving the
Pt-nanocomposite film in 5 mL of aqua regia (HCl 37%, HNO; 70%,
in a 3:1 v/v ratio).

Electrochemical Analyses

All cyclic voltammetry (CV) experiments were carried out using a
computer controlled PGSTAT10 potentiostat (Autolab Eco-Chemie)
at a temperature of 293 +2K. Chemicals of analytic grade were
used. In particular all solutions were prepared in bi-distilled water
and were deaerated with the use of high purity argon. The
background electrolyte was a 0.5M H,50, solution. A classical
3-electrode glass cell was used. A saturated Ag/AgCl electrode was
used as reference electrode, while the counter electrode was a
platinum wire. The working electrode was a circular sample
(geometric area of 0.07065 cm?) maintained in a PTFE holder, which
contained a stainless steel screw as electrical contact. The sample
was held in place by a bayonet connector, coupling of the stainless
steel contact into the working electrode holder, assuring experi-
mental reproducibility when performing multiple experiment. The
specific electrochemically active surface area (SECSA) of Pt-
embedded hydrocarbon films was determined by CV experiments
from the charge in the hydrogen desorption potential region
(Qtides), according to the procedure described in ref.[2>2!

The calculated charge associated with the desorption of the
hydrogen is an indication of the number of surface catalyst atoms
present. The electrical charge, Q, is defined as the integral of cell
current, I, with respect to time, t. With respect to surface area, the
specific electrochemical and geometric values can differ by orders
of magnitude. Since the desorption process and the catalytic
reaction rates are based on the SECSA, it is important to be able to
measure this value. The most widely used electrochemical method
to determine the SECSA is as follows. The desorption charge,
associated with desorbed hydrogen on a known platinum black
electrode surface used as reference, Quges =210 wC - cm 2, and the
measured charge associated with the hydrogen desorption from
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the surface of deposited films, O, can be related to the total

electrochemical surface area S (cm?), by

0]
S =— 1
OHdes ( )

Then a roughness factor, Ry, is defined in the equation below:

S
Rf =

= 2
Sgeometric ( )
where Sgeometric is the geometric area of the electrode.
Normalizing the roughness factor to the catalyst loading the
SECSA is obtained:

R¢
ECSA = &
SECS W (3)

where W is the catalyst loading (mgp;- cm2).

The behaviour of the electrodes was investigated by sweeping
the potential from —0.2V to 1.2V versus Ag/AgCl sat. at a linear
scan rate of 500mV -s™* for 200 cycles, followed by a 10 cycle CV

between the same potential limits at a scan rate of 10mV-s™*.

Results and Discussion

The surface chemical composition of films deposited by
pulsing C,H, flow rate with a period of 5 s and variable ON
time was investigated by XPS and results are shown in
Figure 2. The Pt content is high and constant below Toy of
3 s;abovethis valueit decreases almostlinearly.Inthe same
ON time interval carbon atomic concentration has an
opposite trend, increasing almost linearly for ON time
longer than 3s. These results can be rationalized consider-
ing that, at constant pulse period, an increase of Toyn
(duration of the monomer injection) results in an higher
average monomer flow rate. Since more hydrocarbon
precursor is then available in the plasma, the contribution
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B Figure 2. XPS atomic percentages versus Toy With a period of 5.
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of polymerization both on the target and in the coating is
more pronounced. Correspondingly the Pt content in the
deposited films should decrease.

Some considerations can be further elaborated compar-
ing the pulsing parameters with the monomer residence
time, 7, (i.e. the mean time the gas molecules remain in the
process chamber before being pumped away). Based on the
volume of the reactor chamber™®! and the monomer flow
rate of 1.6 sccm, the residence time is 2.5s. The described
process consists of periods where the monomer flow is on,
along with that of Argon, alternating with those during
which only Ar is flowing. However, when the monomer is
switched off a time equal to ris roughly necessary to pump
out C,H,. Since the period of modulation is fixed to 5, for
ON time as long as 2.5s the residual Topr is enough for
complete evacuation of the monomer, allowing the
effective sputtering of the target, carried out mostly by
argon ions, while the plasma polymerization is reduced. On
the other hand when the ON time is higherthan 2.5 s, Togr is
shorter than t and during the single pulse the monomer
cannot be exhausted efficiently, and it can even accumu-
late. In these conditions the contribution of hydrocarbon
polymerization becomes important even during the OFF
time, and the Pt/C ratio should decrease.?”!

It can be also observed, that, when processing the
samples in pulsed mode, the atomic metal content can be
changed in the range 25-80%, while in continuous mode
(Figure 1, at Toy =T =55) at the same power the platinum
content is lower than 10%.

Figure 2 also shows that a residual amount of oxygen
(lower than 7%) is always present in the film. Since XPS
depth profiles indicate that oxygen is present only at the
surface of the film, in the topmost 10-20 nm, it can be
argued that the oxygen content is due to uptake upon
exposure to the atmosphere. Even if the presence of oxygen
islimited tothe topmostlayers, and its concentrationislow,
adeeper evaluation of its bonding environment was carried
out. To have indication about the oxygen bonding the best-
fitting of C 1s signal was performed.[?®?°! The latter was
accomplished with two components at 285 eV (C—C, C—H)
and 287eV (C=0, C—0). The peak area in atomic percent
relative to the oxygenated carbon at higher binding energy
was always close to the oxygen amount in the film, thus
allowing to rule out any Pt oxidation. This is an important
issue for catalytic applications, where the active species is
mainly non-oxidized platinum.!**! A detailed XPS study was
also carried out on the Pt4f peak, which consists of a doublet
due to spin—orbit splitting: Pt4fs,, at 74.5 eV and Pt4f;/, at
71.2eV.43132] Binding energy (BE) and full width half
maximum (FWHM) of Pt4f,,, are reported in Table 1. It can
beobserved that the BE and the FWHM values for composite
films are systematically higher than those of bulk platinum
and increase as Pt content decreases. The shift and
broadening of XPS Pt signal can be caused by different
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Table 1. XPS Pt 4f,,, peak parameters for nanocomposite films
deposited at different Toy.

Ton XPS Pt Ptaf,,, BE Ptaf,,, FWHM
s % eV Units
5 9 72.1 1.98
4 46 72.0 1.88
3.5 54 719 1.71
3 72 71.7 1.66
2.5 79 71.5 1.65
0 100 71.2 1.64

factors: (i) presence of oxidized metal, (ii) differential
charging on insulating samples, (iii) nanoparticle size
effect.**3%] Since oxygen was demonstrated to be bonded
to carbon and no differences were detected by recording XPS
signals with and without the flood electron gun to
compensate an eventual differential charging, variations
in the Pt4f;, peak position and broadening can be ascribed
only to particle size effects. It is well known,*27># in fact,
that the BE and FWHM of signals generated by nano-
dispersed metal clusters systematically increase as the
average cluster sizes decreases. This size effect has been
attributed to the reduced ability of small particles to screen
the final state potential arising in the core-hole after the
photoionization process by means of the conduction
electrons.[**

Film ageing upon storage in air was studied by XPS.
Analyses performed after one month from the deposition
did not show any appreciable variation in terms of atomic
concentration with respect to the analyses performed on
the as-deposited films, in that atomic concentrations vary
within the experimental error.

The deposition rate of films obtained by pulsing the
monomer flow rate was determined and resulted to be
16 +1nm- -min %, independently from the ON time. This
value is higher than that of film deposited at the same
plasma conditions but with a continuous monomer flow
(9nm - min ).

Based on the above-mentioned results, pulsing the
monomer flow rate apparently prevents the target
contamination and, as a consequence, the sputtering is
always efficient, maintaining the overall deposition rate
constant.*!

Considering that the process is carried out in pulsing
mode, it is reasonable to suppose that the coating could
consists of alternating layers with different Pt content.
Since the investigation of the chemical composition
through the film profile gives information about a possible
variation of the species concentration along the film
thickness, an angle resolved XPS analysis was performed
asnot destructive analysis method. XPS atomic percentages
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of 500 nm thick film, deposited at 3.5 s Ton, were analysed at
different take-off angles. Based on the depositionrate, afilm
thickness of about 1 nm should be deposited over a pulsing
period of 5s. This validated the use of AR-XPS analysis to
investigate the multilayer formation, collecting a max-
imum thickness of 6—~7 nm. Figure 3 reports the atomic
percentages as a function of the take-off angles. The angle
resolved analysis reveals a certain not homogeneous Pt
content throughout the collected film thickness. This result
can bejustified with the variation of the monomer flow rate
over the pulsing period. More specifically the maximum
variation in the Pt percentage was found to be 15%.

Bulk chemical composition of the deposited films was
investigated by FT-IR. Spectra of films obtained at two
different Toy, 2.5 and 4.5 s, are reported in Figure 4. As for
previous plasma deposited nanocomposite films,**! FT-IR
spectroscopy revealed the hydrocarbon nature of the
polymeric matrix, despite the difficult assignments of the
absorption signals due to a tail of plasmon absorption
interference and vibrations of the embedded platinum.
Furthermore, some O-containing functional groups are
evidenced by the absorption band relative to O—-H
(3400cm™1), C=0 (1700cm ) and C-0
(1200 cm™?), confirming the presence of
carbon atoms bonded to oxygen, as found
by XPS analyses. Comparing these two FT-
IR spectra, it can be observed that at low
Ton (2.5 s) the absorption of hydrocarbon
bands becomes very low, which is reason-
able considering that the film mainly
consists of platinum atoms.

Film ageing in air was also studied by
FTIR. Any appreciable variation was not
detected after one month of film storage
in air with respect to the as deposited
films.
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SEM images in Figure 5 show the cross-section of
nanocomposite films with different Pt amount. The film
deposited at a Toy of 2.5 (Figure 5A), containing a high Pt
content, is characterized by a definite, homogeneous
columnar microstructure, typical of sputtered films. The
morphology of film deposited at high Ton with a very low Pt
content (Figure 5B), is more compact without a definite
microstructure, typical of PECVD processes. The difference
in the film morphology can be ascribed to the variation of
the film chemical composition that, in turn, depends on the
predominance of the sputtering or polymerization pro-
cess.1%2¢] AFM images, reported in Figure 6, confirmed the
results obtained by SEM analyses. The increase of surface
roughness with the increase of Pt content indicates the
evolution of the film morphology towards more porous
films characterized by progressively larger nodular struc-
tures.

In Figure 7, HR-TEM images of films deposited at 5 and
3.5 s are reported. TEM analysis and diffraction patterns in
the inset revealed that nano-crystalline Pt aggregates in
clusters uniformly dispersed in an amorphous hydrocarbon
matrix. The dimension of these aggregates of nanoparticles

Figure 5. SEM images of Pt-embedded hydrocarbon films deposited at ON time of (A)
2.55 (79% Pt) and (B) 4.55 (26% Pt).
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Figure 7. HR-TEM images and SAD (inset) of films deposited at ON time of (A) 55 (9% Pt)
and (B) 3.5 (54% Pt).

increases with the metal content. Comparison of the
present results with those reported in a previous work!*®!
suggests that Pt particles size distribution and crystallinity
are only affected by the deposited metal content and not by
the process deposition conditions.

Cyclic voltammetry (CV) analyses were carried out to
determine the specific catalytic active area of selected
samples deposited at different Toy. The active Pt surface
was obtained by measuring the charge required for the
hydrogen desorption from the Pt surface in sulphuric acid
solution. In Table 2 the roughness factor (R¢) and the specific

Table 2. Electrochemical measurements of Pt-containing hydro-
carbon films deposited at different Toy.

Ton XPS Pt Ptloading R SECSA

s %  mgp-ecm > cm® Pt-em? cm? mgpl
2.5 79 0.56 113 202

3.5 54 0.42 78 186
4.5 26 0.20 32 160

5 9 0.07 8 114

Plasma Process. Polym. 2011, 8, 452—458
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0.5 pm

electrochemically active surface area
(SECSA) of 500nm thick films with
different Pt loading, measured by induc-
tively plasma atomic emission spectro-
scopy (ICP-AES) are reported. The R¢factor
increases with the Pt content in the film.
The small roughness factor at low Pt
loading can be ascribed to the minor
amount of catalyst, to a reduced electrical
conduction since the hydrocarbon matrix
is aninsulator, and to the amorphous and
compact film structure. The increase of R¢
factor with the amount of deposited Pt is
probably due to the high catalyst loading
which apparently prevails over the nega-
tive effect of the cluster size enlargement,
as witnessed by TEM and AFM analyses. Furthermore, it
should also be considered that the film porosity at high Pt
content positively affect the catalytic activity. According to
the reported results, the catalytic efficiency of Pt catalyst
depends on the catalyst loading and also on film
morphology, metal cluster dimension and film porosity.

The plasma deposited thin nanocomposite films have
comparable or higher values of Rf and SECSA than those
normally obtained with commercial electrocatalyst found
in literature and much thinner.*”! In comparison with the
process reported in previous work,**) the one proposed in
this paper permits to deposit in milder plasma deposition
condition (i.e. lower input power) films with comparable
catalytic activity.

Conclusion

In summary, we have illustrated a plasma deposition
method to obtain hydrocarbon thin catalytic films with
controlled metal content and film morphology. The
methodology for depositing these nanocomposite films is
based on a one step plasma process, where the relative
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contribution of plasma polymerization with respect to
platinum sputtering is controlled by pulsing the monomer
flow rate. The balance between the monomer residence
time and the duration of the ON time, with a fixed pulse
period, allows to tailor the platinum concentration in the
coating. At the same time the morphology, structure and
electrochemical behaviour of the layers depend on the Pt
content. Thin electrocatalytic layers with activity similar to
commercial ones were obtained with a versatile process.
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