
Article

Oxygen Reduction Reaction on Polycrystalline
Platinum: On the Activity Enhancing Effect of
Polyvinylidene Difluoride

Alessandro Zana 1, Gustav K. H. Wiberg 1,2 and Matthias Arenz 1,*
1 Department of Chemistry and Biochemistry, University of Bern, 3006 Bern, Switzerland;

alessandro.zana@dcb.unibe.ch (A.Z.); gustav.wiberg@gmail.com (G.K.H.W.)
2 Department of Physical Sciences, Harold Washington College, Chicago, IL 60601, USA
* Correspondence: matthias.arenz@dcb.unibe.ch; Tel. +41-31631-5384

Received: 20 December 2018; Accepted: 21 January 2019; Published: 24 January 2019
����������
�������

Abstract: There have been several reports concerning the performance improving properties of
additives, such as polyvinylidene difluoride (PVDF), to the membrane or electrocatalyst layer of
proton exchange membrane fuel cells (PEMFC). However, it is not clear if the observed performance
enhancement is due to kinetic, mass transport, or anion blocking effects of the PVDF. In a previous
investigation using a thin-film rotating disk electrode (RDE) approach (of decreased complexity as
compared to membrane electrode assembly (MEA) tests), a performance increase for the oxygen
reduction reaction (ORR) could be confirmed. However, even in RDE measurements, reactant mass
transport in the catalyst layer cannot be neglected. Therefore, in the present study, the influence of
PVDF is re-examined by coating polycrystalline bulk Pt electrodes by PVDF and measuring ORR
activity. The results on polycrystalline bulk Pt indicate that the effects of PVDF on the reaction kinetics
and anion adsorption are limited, and that the observed performance increase on high surface area
Pt/C most likely is due to an erroneous estimation of the electrochemical active surface area (ECSA)
from CO stripping and Hupd.
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1. Introduction

Efficient energy converters, such as the proton exchange membrane fuel cell (PEMFC), are integral
parts in an environmentally friendly hydrogen economy. Although the PEMFC technology has been
around for several decades, it still suffers from relatively high costs [1]. With the aim of making the
fuel cell technology more economical, significant effort has been invested in finding cheaper catalysts
and fabrication techniques, but also in optimizing properties of the solid membrane electrolyte [2–6].
There are several reports stating that the properties of the solid membrane electrolyte can be improved
by including different additives. For example, a performance enhancement of PEMFCs by including
additives such as polyvinylidene difluoride (PVDF) into the membrane has been reported [7].

If such studies are performed in single cell membrane electrode assembly (MEA) tests, it is
very difficult to analyze the origin of observed performance increases. This is due to the complexity
of the MEA system and the influence of multiple structural aspects on its performance. Therefore,
the effect of PVDF additions to the membrane is not yet fully clarified. In PEMFC research, a thin-film
rotating disk electrode (RDE) approach is often applied to reduce the system complexity and to study
electrocatalyst layers in a more fundamental fashion [8]. The previous work of our research group
used such an approach to mix PVDF into the ink of a high surface area catalyst. The electrochemical
properties of catalyst layers prepared by casting the ink on a glassy carbon disk were compared with
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respect to PVDF free films [9]. The specific oxygen reduction reaction (ORR) activity established by
RDE in phosphoric acid electrolytes was found to improve when the catalyst layer contained PVDF.
Further work, however, showed that even in a RDE setup, the apparent (measured) specific ORR
activity is extremely sensitive to the film quality, which in turn depends on ink properties, such as
pH [10]. Thus, the observed activity increase can be due to intrinsic changes, such as oxygen solubility
and suppression of anion adsorption, or it might be due to improved mesoscopic film properties
enhancing the local reactant mass transport. To investigate the possible catalytic enhancement due to
PVDF further, in the presented work we therefore investigated thin PVDF films on a flat surface of
polycrystalline bulk Pt. This system excludes any influence of catalyst film properties, and therefore
focusses on the interface between catalyst and electrolyte.

2. Experiment

2.1. Sample Preparation

To prepare PVDF films onto a Pt surface of an RDE electrode, two different amounts of PVDF
(Polysciences Inc. Warrington, PA, USA) were dissolved in Tetrahydrofuran (THF) to obtain two
solutions containing 0.1 mM and 0.1 M of PVDF, respectively. The electrode tip for the PVDF coating
was a polycrystalline Pt disk inserted in a cylinder of polytetrafluoroethylene (PTFE), in such a manner
that only a circular area of the platinum is exposed. The Pt tip was sonicated in acetone, ethanol,
isopropanol, and MilliQ water, repeating each step three times. Following the sonication, the Pt tip
was dip coated into one of the two PVDF solutions for 30 seconds and pulled out of the electrolyte
with the surface facing down. The PDVF coated Pt electrode tip was left to dry in air in a closed glass
beaker. After drying, the mirror-like shine of the bare Pt surface was lost and the surface exhibited
a pale milky color. In the following, PVDF 1 will refer to the polycrystalline Pt surface dip coated in
the solution containing 0.1 mM PVDF, and PVDF 2 will refer to the Pt surface dip coated in the PVDF
solution containing 0.1 M PVDF. After the drying process, the coated Pt electrode was introduced in
an Ar-saturated 0.05 M H2SO4 electrolyte solution for electrochemical characterization.

2.2. Electrochemical Characterization

The electrochemical characterization was performed by RDE according to the procedure described
in [11,12]. In brief, the electrochemical measurements were conducted in a three- compartment Teflon
cell, using an RDE system (Radiometer Analytical, Europe Hach Lange GmbH Headquarter Willstätterstr.
11, D-40549 Düsseldorf, Germany). A saturated calomel electrode (SCE) and a Pt mesh have been used
as reference and counter electrodes, respectively. The working electrode (WE) was a polycrystalline
Pt disk (Ø = 5 mm, A = 0.196 cm2). All the potentials in the paper are expressed with respect to
the reversible hydrogen electrode (RHE) potential experimentally determined for each measurement
series. The 0.05 M H2SO4 aqueous electrolyte solution was prepared using Millipore Milli Q water
(> 18.2 MΩcm, TOC < 5ppb) and 96% H2SO4 Suprapur (Sigma-Aldrich). The oxygen reduction rate
and specific activity (SA) are typically calculated from the positive-going polarization curves recorded
in oxygen saturated electrolytes at a scan rate of 50 mVs−1 and 1600 rpm rotation rate. In all cases,
a background subtraction was performed to remove any contributions from capacitive and surface
oxidation processes according to [13]. The iR-drop was measured and compensated according to the
methodology used in [13,14]. In brief, the solution resistance was recorded online with the potentiostat
(ECi-200 Nordic Electrochemistry Aps c/o Skelvangsvej 43, DK-8920 Randers NV, Denmark) by
superimposing a 5 kHz, 5 mV AC signal, and compensated for by an analogue positive feedback
scheme. The effective solution resistance was around 2Ω [15]. The electrochemical active surface area
(ECSA) was determined by Hupd integration and CO stripping experiments described in [12,13]. In all
the measurements the potential was cycled in the potential window between 0.05 and 1.05 VRHE.
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3. Results and Discussion

3.1. Surface Characterization in Ar Saturated Electrolyte

In Figure 1, the cyclic voltammograms (CVs) of the bare Pt surface and the two different PVDF
films on polycrystalline Pt recorded in Ar saturated electrolyte solution are shown. The two different
dip coatings were made from solutions containing 0.1 M and 0.1 mM of PVDF solution, respectively.
The voltammetric profiles of polycrystalline Pt are generally divided into three electrode potential
regions: (i) the hydrogen under potential deposition (Hupd) region (0.05–0.3 VRHE), (ii) the double
layer region (0.3–0.7 VRHE), and (iii) the potential region of OHad and Oad formation and reduction
(>0.7 VRHE) [16]. The effect of PVDF can be scrutinized by comparing the different CVs in the respective
potential regions. Starting with the Hupd region, two characteristic peaks of polycrystalline Pt in
contact with a H2SO4 electrolyte solution are present for all samples. However, the Hupd currents
decrease according to the amount of deposited PVDF (concentration of PVDF in the dipping solution).
The formation and reduction oxygenated species exhibit the same trend, i.e., the intensity of the peaks
decreases as more PVDF is deposited. In contrast, the double layer potential region remains similar for
all the samples. Only a small increase in the pseudo-capacity is discernible for the Pt surfaces covered
by PVDF, which might be interpreted by a minor surface roughening or by a small increase in the
concentration of water dipoles close to the electrode surface. However, at the same time, the presence
of PVDF clearly reduces the amount of Hupd and OHad species adsorbed onto the Pt surface. Further,
the analysis of the Hupd peaks is a common method to determine the ECSA used for normalizing the
measured activity of a Pt electrode. Integration of the Hupd peaks and the resulting charge, QHupd ,
can be related to the charge of a freshly flame annealed polycrystalline Pt surface, which has a QHupd

per area unit 210 µC cm−2 [17]. From this analysis, we can determine the loss in ECSA due to the
PVDF coverage to 27 % and 43 % for PVDF 1 and PVDF 2, respectively.
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Figure 1. Cyclic voltammograms recorded in Ar saturated 0.05 M H2SO4 electrolyte solution for
bare and polyvinylidene difluoride (PVDF) modified Pt. The scan rate was 100 mVs−1 and the
measurements were recorded at room temperature. PVDF 1 stands for the film prepared by dip coating
the Pt electrode into 0.1 mM PVDF solution, PVDF 2 for the film prepared by dip coating into 0.1 M
PVDF solution. The roughness factors (Rf), calculated by Hupd for bare Pt, PVDF1, and PVDF2, are:
1.65, 1.20, 0.94. This corresponds to an ECSA loss with respect to the bare polycrystalline Pt electrode
of 27 % and 43 % for PVDF 1 and PVDF 2, respectively.

3.2. CO-Stripping Measurements

CO-stripping is an alternative technique to determine the ECSA [11]. A monolayer of CO is
formed on Pt from a CO saturated electrolyte solution, keeping the electrode at a low fixed potential
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(typically around 50 mVRHE). Thereafter, the dissolved CO is displaced from the electrolyte solution by
saturating it with Ar, and the CO adlayer is oxidized in a positive-going voltage scan. As CO oxidation
is a two electron process, the surface area ACO, relating to the CO oxidation charge (QCO), is calculated
by [17]:

ACO =
QCO

2 × 196 µC cm−2 (1)

In Figure 2, we show the CO stripping profiles for the bare surface and the two PVDF coated
polycrystalline Pt surfaces. At the start of the stripping sweep starting from 0.05 VRHE, the CO covered
Pt electrodes show no features, such as the Hupd, until the characteristic CO oxidation peak at around
0.8VRHE is observed [18]. The presence of the PVDF coating clearly reduces the amount of stripping
charge and at the same time the oxidation onset, as well as the peak position of the maximum being
shifted towards higher potentials. Calculating the ECSA loss from QCO, we determine losses of 17 %
and 64%, respectively (with respect to the roughness factor of the bare Pt surface). This means that the
ECSA loss calculated by Hupd and CO-oxidation led to comparable values, as seen above.
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Figure 2. CO stripping curves recorded for polycrystalline Pt and the two PVDF modified surfaces
at room temperature in Ar saturated 0.05 M H2SO4 electrolyte solution. The scan rate was 50 mVs−1.
PVDF 1 stands for the film prepared by dip coating the Pt electrode into 0.1 mM PVDF solution, PVDF
2 for the film prepared by dip coating into 0.1 M PVDF solution. The roughness factors (Rf) calculated
by CO stripping for the bare Pt surface, PVDF1 and PVDF2 are: 1.40, 1.17, 0.51. This corresponds to
an ECSA loss with respect to the bare polycrystalline Pt electrode of 17 % and 64 % for PVDF 1 and
PVDF 2, respectively.

3.3. Oxygen Reduction

In order to determine the ORR activity, polarization curves of the bare and PVDF coated Pt
surfaces were recorded in an oxygen saturated 0.05 M H2SO4 electrolyte solution, applying different
rotations rates. The resulting background corrected data and their analysis are summarized in Figure 3.

In Figure 3a, the ORR polarization curves of the three samples are separated into positive- and
negative-going curves and compared with each other. Based on the current profiles, two distinct
potential regions can be observed: the kinetic potential region at an electrode potential E > 0.8 VRHE,
and the hydro dynamic mass transport limited potential region at E < 0.6 VRHE. The latter is easily
identified by its strong rotation rate dependency (not shown). The influence of the thick PVDF coating
(PVDF 2) can clearly be seen in the mass transport limited potential region, as well as in the kinetic
region by a significant decrease in current. Furthermore, all curves exhibit a hysteresis, i.e., a difference
in currents between the positive- and negative-going potential scan is observed. This hysteresis is
a typical feature in RDE measurements and can be interpreted due to the fact that the steady state
coverage of oxygenated species is not instantaneously achieved on Pt during potential sweeps when
coming from the reduced or oxidized surface (lower or higher potentials). Thus, the observed ORR
rate is artificially enhanced [19,20] in the positive-going polarization curves, whereas it may be too low
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in the negative-going polarization curves. This is explicitly shown in Figure 3b in a logarithmic Tafel
plot of the kinetic current densities normalized to the geometric electrode area, i.e., JK. Note that the
curves have been corrected for diffusion effects by the use of the Koutecký-Levich equation. In the
positive-going potential sweeps, significantly higher kinetic ORR rates are determined than in the
negative going potential sweeps. However, in the Tafel plot, the curves of the different kinetic currents
form almost parallel lines, indicating that the same ORR reaction pathway is valid for all investigated
surfaces. Furthermore, while larger amounts of PVDF inhibit the observed kinetic ORR current,
the kinetic ORR currents on the bare Pt surface and PVDF 1 almost overlap. This means that although
the ECSA on PVDF 1 is reduced, and the kinetic current is not affected.
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Figure 3. (a) Oxygen reduction reaction (ORR) polarization curves recorded for bare polycrystalline Pt
and PVDF modified Pt surfaces. Dotted and solid lines indicate the positive- and negative-going
potential sweeps, respectively. The scan rate was 50 mVs−1 and the rotation rate 1600 rpm.
The electrolyte was 0.05 M H2SO4 aqueous solution. (b) Tafel plot of the kinetic current.
(c) Koutecky-Levich plot of the currents at 0.35 VRHE.

As we consider the electrode during the negative-going potential sweep to be closer to the steady
state condition, we chose the negative going potential sweeps for further analysis. In this analysis,
we studied the hydrodynamic response of the system by changing of the convection (rotation rate of
the RDE). In Figure 3c, the inverse of the measured current density is plotted versus ω

1
2 , in a so-called

Koutecký-Levich plot based on:

J−1
m = J−1

k + J−1
DL = J−1

k + (BL(ω))−1 (2)

where Jm is the measured current density, Jk the kinetic current density, JDL the diffusion limited
current density, BL the Levich B factor, and ω the rotation rate.

It can be seen that the data points in the Koutecký-Levich plot form parallel lines, which is a
clear indication that the hydrodynamic properties and the number of electrons transferred per oxygen
molecule are not affected by the PVDF [21]. Thus, we conclude that the PVDF coating does not favor
the formation of H2O2. The negative shift of the polarization curves of PVDF 2 can instead be related
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to a reduced interfacial current. The reduced interfacial current can be the result of a 3D PVDF film
that reduces the diffusion to the electrode, or that a large part of the surface is blocked for the reaction
by the PVDF, or a combination of both [22].

So far, we have only analyzed the kinetic current densities normalized to the geometric area, as
is often done when working with bulk metal electrodes. To obtain catalytic turnover rates, or the
equivalent in electrocatalysis, the (surface area) specific activity (SA), the kinetic current needs to be
normalized to the ECSA of the catalyst. The determination of the ECSA of a catalyst is an essential task
that can be challenging, in particular when working with catalysts for which no defined procedure
is yet established [23]. Even though this is not the case for Pt based catalysts, where Hupd and CO
stripping are standard procedures for the ECSA determination, the ECSA determination is not trivial.
The procedure implies that the catalytic reactions with H+ and CO and the ORR probe the same type
of active site on the catalyst surface. In addition, their accuracy is limited. In particular, the charge
related to the Hupd process is sensitive to the lower potential limit of the CV, where Hupd overlaps
with the hydrogen evolution reaction. Furthermore, it has to be mentioned that PVDF retains a dipole
moment that could interact with polar molecules or protons, and thus alter the adsorption process on
a PVDF coated surface. On the contrary, O2 does not retain any dipole moment, and low amounts of
PVDF are not expected to affect the ORR process. Deviations in the ECSA between determination by
Hupd and CO stripping, as shown here, are therefore not surprising, and can be considered within the
accuracy of the method (usually around 10–15 %).

In Figure 4, comparing the JK with the normalized SA (normalized with the CO stripping charge)
for Pt, PVDF 1, and PVDF 2, a complex behavior becomes apparent. In the positive-going potential
scan (which is in general analyzed in RDE measurements), JK decreases with the PVDF content.
However, this decrease is “overcompensated” by the loss in ECSA. This leads to a somewhat higher SA,
especially for PVDF 2. However, in the negative-going potential scan—which resembles most steady
state conditions—an increase in SA is observed for PVDF 1, but almost no increase in SA is observed
for PVDF 2. Taking all results into account, these findings indicate that the ORR kinetics are neither
significantly inhibited nor enhanced by the PVDF films. Improvement in SA seems mostly related to
the fact that the surface area determination is “more affected” by the PVDF than the ORR itself, which
might be related to the fact that for the ECSA determination, different probe molecules are used.
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It was not an arbitrary choice to use H2SO4 as a supporting electrolyte. H2SO4 is known
to be a “strongly adsorbing” electrolyte, and decreased ORR kinetics in H2SO4 as compared to a
“non-absorbing” electrolyte, i.e. HClO4, are observed. This is attributed to the site blocking nature of
the HSO4

− and SO4
2− anions. In literature reporting a positive influence of PVDF on the ORR activity,

it was speculated that PVDF might positively influence (inhibit) anion absorption. However, in the
presented work we never observed an increase in Jk for a PVDF coated Pt surface, and thus conclude
that there is no positive influence of PVDF on anion absorption, as a diminished anion absorption
would result in a decreased overpotential of the ORR. The activity enhancing effect of PVDF that has
been previously observed for high surface area catalysts (i.e. Pt nanoparticles supported on a carbon
support (Pt/C)), therefore, is most likely due to different reasons—a combination of reduced active
surface area and improved film properties that has been seen to strongly influence the apparent ORR
activity of Pt/C in RDE measurements [10].

Lastly, it is seen that the diffusion limited current Jlim is affected by the amount of PVDF used to
cast the Pt surface. This could be the result of two different processes: a change in the reaction pathway
of the ORR, or the formation of a 3D diffusion barrier. As the Levich analysis shows a straight line
with constant B values (Fig. 3) for all the samples, a change in reaction pathway has to be discarded.
We therefore conclude that the main reason for the reduction of Jk is the formation of a permeable 3D
layer, which partially blocks the active catalyst surface.

4. Conclusions

We have examined ORR on polycrystalline Pt with different amounts of PVDF deposited.
The experimental results indicate that PVDF forms a 3D film which disturbs the mass transport
of oxygen to the Pt surface. The PVDF coating also exhibits an active site-blocking effect, as both
the ECSA and the apparent kinetic activity are reduced for thick PVDF layers. However, for a thin
PVDF layer, the kinetic region overlaps with the one measured for bare Pt, even though the ECSA is
decreased. Thus, the SA exhibits a slight increase. However, this increase in SA is associated with the
loss in ECSA rather than a real kinetic enhancement effect. Depending on the scan direction, the same
can be observed for thick PVDF films. Here, the kinetic current is reduced, but this reduction is
overcompensated by the ECSA loss. Thus, we conclude that PVDF does not affect the ORR kinetics in
0.05 M H2SO4. The reduction in ECSA with even low PVDF coverage might be related to a difference
between the interaction of the probe molecules (H+ and CO) with the PVDF covered surface and the
reactant. Thus, PVDF used in small amounts inhibits the adsorption of CO and H+ without strongly
blocking the ORR kinetics. This leads to the “artificial” increase in SA. Therefore, we can conclude that
the addition of PVDF to Pt bulk and Pt-based catalysts does not affect the kinetics of ORR. Previously
reported performance enhancing properties might be due the reduced ECSA, as well as other factors,
like improved film quality.
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