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Abstract Influence of chemical composition of the ionomers
(polyvinyl alcohol (PVA) or Nafion®) on the oxygen reduc-
tion reaction (ORR) kinetics has been studied. The 5 wt%
Nafion-Vulcan showed higher electrochemical activity toward
ORR compared with that for the 5 wt% PVA-Vulcan. Four
different Nafion® amounts were used to intermixing a
carbide-derived carbon (CDC) or Pt-modified CDC catalysts
and the highest electrochemical activity toward ORR was
established for the 30 wt% Nafion-Pt/CDC catalyst.
Influence of the different amounts of Nafion® ionomer in
the catalyst is moderate compared to the effect of variation
of the carbon support (Vulcan vs. CDC) or the ionomer
(PVA vs. Nafion®). The Randles–Ševcik relationship was
used to estimate the effective electrochemical active surface
area (Seff) of the electrodes, depending on the chemical com-
position of the ionomer studied.
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Introduction

The properties of the carbon-based electrodes (the specific
surface area, porosity, electrical conductivity, ratio of sp2 and
sp3 hybridized carbon) are influenced by chemical composi-
tion and amount of an ionomer in the catalyst [1–7]. It has
been recognized that the optimum Nafion® amount varies
from 30 to 36 wt%, depending on the platinum content in
the catalyst material [4, 8, 9] as well as on the properties of
the supportive carbon used. Passalacqua et al. [9] demonstrat-
ed that the real active catalyst area in contact with Nafion®
ionomer is insufficient to provide adequate electrolytic con-
ductance, if low Nafion® amount (14%) inside a catalyst has
been used. On the other hand, if the Nafion® amount in a
catalyst is too high, then the catalytically active particles are
somewhat more hindered and the interaction of an active site
with an oxygen molecule is obstructed [9, 10].

The effects of the carbon supports on the Pt distribution,
different perfluorosulfonic acid ionomers and an ionomer cov-
erage on the electrochemical properties were investigated by
Park et al. [11, 12]. These investigations led to the conclusion
that the ionomer, which covers uniformly and continuously
the surfaces of the Pt particles and carbon, improves the effi-
ciency of the catalyst electrocatalytic activity toward oxygen
reduction [11, 12].

An intensive research has focused at the same time on the
replacement of the Nafion® ionomer due to its poor mechan-
ical stability (brittleness) and non-homogeneous distribution
(i.e. differences in the local ion conductivity vs. matrix con-
ductivity) in the fuel cell electrodes [13–15]. Therefore, poly-
vinyl alcohol (PVA) has been used as a binder in catalyst layer
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showing a good film formation capacity, hydrophilic proper-
ties and high biodegradability [16–18]. In addition, the
current-voltage characteristics for KOH doped PVA
membrane-based fuel cell showed higher power compared
with the Nafion® ionomer-based classical polymer electrolyte
fuel cell [19].

Masa et al. [20], Ward et al. [21, 22] and Menshykau et al.
[23] intensively simulated simple electrode processes occur-
ring at stationary, partially active, non-flat electrodes by the
rotating disc electrode or voltammetry analysis. Thus, under
certain circumstances, the classical Koutecky–Levich and
Randles–Ševcik relationships for rough surfaces are justified
for analysis.

In this work, the influence of the ionomer chemical com-
position (PVA vs. Nafion®) and Nafion® ionomer amount
(wt%) using an intermixing approach for preparation of the
in catalyst ink has been investigated to improve the electrocat-
alytic activity toward oxygen reduction reaction (ORR) in
0.1M KOH aqueous solution. The platinum nanoparticles
modified rough electrode surfaces have been characterized
by electrochemical and physical techniques.

Experimental

Materials

The meso-microporous carbide-derived carbon (CDC) pow-
der, synthesized frommolybdenum carbide by using the high-
temperature chlorination method (at 750 °C) [24], and the Pt
nanoparticles modified carbide-derived carbon catalyst (Pt/
CDC; 0.2 ± 0.02 mgPt cm

−2) synthesized using the sodium
borohydride reduction method [25–30], have been used. Also,
the commercially available VulcanXC72-based electrodes
(Fuel Cell Earth LLC) were studied.

Preparation of the catalyst ink

Two different ionomers (Nafion®117 (Sigma-Aldrich) or
polyvinyl alcohol (PVA, Sigma-Aldrich, Mw 89,000–
98,000)) were used as a binder in the catalysts. The catalyst
inks were prepared by the intermixing technique, using a car-
bon powder, PVA or Nafion® ionomer, isopropanol solution
(Sigma-Aldrich, >99.0%) and Milli-Q water (18.2 MΩ cm at
25 °C). Received catalyst ink contains 5 wt% of the ionomer
(referred to the total electrode weight), noted as 5%PVA-
Vulcan or 5%Nafion-Vulcan, respectively. Four different
Nafion® amounts (5, 20, 30 and 50 wt%) in the catalyst inks
were used for preparation of the unmodified CDC (noted as
5%Nafion-CDC, 20%Nafion-CDC, 30%Nafion-CDC,
50%Nafion-CDC) and Pt/CDC electrodes (noted as
5%Nafion-Pt/CDC, 20%Nafion-Pt/CDC, 30%Nafion-Pt/
CDC, 50%Nafion-Pt/CDC). The catalyst suspension (9 μl)

was deposited onto the glassy carbon substrate electrode
(5 mm diameter, Pine Instrument Company).

Physical and electrochemical characterisation techniques

The electrodes (5%PVA-Vulcan and 5%Nafion-Vulcan) were
analysed by various physical characterisation methods: the
scanning electron microscopy with energy-dispersive X-ray
spectroscopy (SEM-EDX, The Helios NanoLab™ 600,
FEI), Raman Spectroscopy (Renishaw inVia Raman
Microscope with 514 nm laser line), time-of-flight secondary
ion mass spectrometry (TOF-SIMS, PHI TRIFT V nanoTOF
and using Ga+ 30 keV primary ions) and X-ray photoelectron
spectroscopy (XPS) [30, 31]. The surface station equipped
with an electron energy analyser (SCIENTA SES 100) and a
non-monochromatic twin anode X-ray tube (Thermo XR3E2)
in ultra-high vacuum conditions were used for XPS measure-
ments. The atomic concentrations of different compounds and
elements were analysed with Average Matrix Relative
Sensitivity Factors procedure [32]. Experimental data were
processed by removing of Kα and Kβ satellites, background
and the component fitting using Casa XPS software [33].
Thereafter, for fitting of the XPS spectra, Shirley background
and the Gauss-Lorentz hybrid function (GL 70, Gauss 30%,
Lorentz 70%) were used. Vulcan, unmodified CDC and Pt
nanoparticles modified CDC powders were initially character-
ized by the X-ray diffraction analysis, transmission electron
microscopy and nitrogen sorption methods (previously
discussed in other publications) [28, 29].

The potentiostat Reference 600™ (Gamry Instruments Inc)
combined with rotating disc electrode (RDE) assembly was
applied for the electrochemical measurements. RDE and cy-
clic voltammetry (CV) measurements were performed at tem-
perature 22 ± 1 °C in 0.1M KOH electrolyte (Sigma-Aldrich,
99.99%) saturated with argon or oxygen. RDE measurements
were performed at different electrode rotation rates from 0 to
3000 rev min−1 at electrode potential scan rate ν = 10 mV s−1.
The cyclic voltammograms were measured at different poten-
tial scan rates from 5 to 200 mV −1 in Ar or O2-saturated
solutions at the stationary electrode (rotation rate
ω = 0 rev min−1). Electrode potentials were measured against
the Hg|HgO|0.1 M KOH reference electrode connected to the
cell through a long Luggin capillary. At least five independent
measurements for every systemwere carried out and averaged
to give the overall result of the study [27–30].

The very high frequency series resistance, obtained from
the impedance measurements, was found to be 40 ± 3Ω for
0.1 M KOH solution and was used for iR-drop correction of
the measured data [27–30]. Thus, the presented RDE and CV
data have been corrected with iR-drop values and background
current densities obtained for systems in Ar-saturated 0.1 M
KOH solution.
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Results and discussion

Physical characteristics for Vulcan-based systems

The scanning electron microscopy with energy-dispersive X-
ray spectroscopy data for Vulcan electrode mixed with differ-
ent ionomers (PVA or Nafion®) demonstrates the similar
structure (Fig. 1). The scanning electron microscopy (SEM)
images (Fig. 1a, b) for systems studied show that surfaces are
quite rough and to the first approximation comparable each
other, i.e. both surfaces have the nearly similar structure.

The SEM-EDX data in Fig. 1c, d demonstrate that the
exposition of elements depends on the ionomer (PVA or
Nafion®) used. For 5%Nafion-Vulcan some fluorine and sul-
phur (average 2.21 and 0.59 wt%, respectively, from Nafion®
binder), oxygen (average 5.6 wt%; probably functional groups
containing oxygen on the Vulcan surface), and copper (from
sample plate) have been observed. Detailed analysis of the
two selected areas of the 5%PVA-Vulcan electrode surface
shows that the oxygen amount (average 7.9 wt%) is somewhat
higher for 5%PVA-Vulcan than that for the 5%Nafion-Vulcan
electrode due to the oxygen in the OH group in PVA.

The detailed analysis of the samples (Vulcan powder,
5%Nafion-Vulcan and 5%PVA-Vulcan) has been conducted
using the time-of-flight secondary ion mass spectrometry

method within the mass range from 0 to 400 amu z−1

(Fig. 2). The negative and positive secondary ions were
analysed in areas of 25 × 25 μm2 using a raster of
512 × 512 measured points. The intensive 19F isotope and
38F2 component peaks state clearly the features of the
Nafion® ionomer within the 0–50 amu z−1 range measured
(Fig. 2b), compared to the spectra measured for the Vulcan
powder (Fig. 2a). The partial negative TOF-SIMS spectra for
5%PVA-Vulcan electrode (Fig. 2c) show relatively intensive
peaks of oxygen isotope and existence of the oxygen contain-
ing functional groups in PVA. It should be noted that the both
ionomers (PVA and Nafion®) were homogeneously distribut-
ed into the Vulcan powder. This result has been confirmed by
SEM data, given in Fig. 1c, d.

The X-ray photoelectron spectroscopy was used for in-
vestigation of the electronic states and elemental composi-
tion of the samples, and influence of the ionomers used
(Fig. 3a–c). XPS spectra were collected at a pass energy
of 200 eV with a step size 0.5 eV over a binding energy
range from 600 to 0 eV (not shown here for shortness).
XPS data for Vulcan powder show the presence of carbon
(C1s) and oxygen (O1s) within the energy range from 295
to 280 eV (step size = 0.1 eV) (Fig. 3a). In addition, several
contributions from different chemical functional groups
and carbon electronic configurations can be deconvoluted
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Fig. 1 SEM images (a, b) and
SEM-EDX data (c, d) for
5%PVA-Vulcan (a, c) and
5%Nafion-Vulcan (b, d)
deposited onto copper sample
plate
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in the C1s spectra [29]. Following oxygen containing spe-
cies were found in the C1s spectra: C–O (286.4 eV), C = O
(287.8 eV), O–C = O (288.2 eV), carbonates (290 eV) and
π-π* (291.7 eV) [34–38]. Signals corresponding to sp2 and
sp3 hybridized carbons can be found at 284.1 and 285.4 eV,
respectively (Fig. 3a–c). The ratio between sp2 and sp3

hybridized carbon was estimated to be 7:1 in the Vulcan
powder, 3:1 in 5%Nafion-Vulcan and 1:1 in 5%PVA-
Vulcan-based electrodes, respectively. The increase of the
sp3 hybridized carbon peak intensity in the XPS spectrum
is apparent, thus, the change of the sp2/sp3 hybridized car-
bon ratio is influenced by the different distribution charac-
teristics of the ionomers used in the catalyst ink. The

additional signal from -CF2 group is presented in the spec-
tra for 5%Nafion-Vulcan (Fig. 3b).

The Raman spectrometry was used for characterisation of
prepared inks (5%PVA-Vulcan, 5%Nafion-Vulcan). Neither
PVA nor Nafion® ionomer characteristic peaks for residuals
were observed at the fixed wavelengths (514 and 785 nm)
(e.g. the depth resolution of the Raman spectrometry depends
upon the wavelength of the laser used, being ~0.7 at 532 nm),
indicating that due to very low wt% of the ionomer mixed in
the catalyst ink, there is no formation of the thick ionomer film
on the carbon particles [39].

However, it is necessary to emphasize that the ionomer film
formation depends significantly on the carbon support
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Vulcan (c) catalysts
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characteristics (e.g. ionophobic/ ionophilic properties) and on
the chemical composition of the ionomer used [11].

Detailed physical characterization of CDC and Pt/CDC
catalysts has been discussed in our previous works [27–29].

Electrochemical characterisation

Influence of the PVA or Nafion® ionomer on the ORR
characteristics

The RDE data (corrected for iR-drop and background current
values) for 5%PVA-Vulcan and 5%Nafion-Vulcan electrodes
in O2-saturated 0.1 M KOH solution at the electrode rotation
rate ω = 500 rev min−1 and at the electrode potential scan rate
ν = 10 mV s−1 are presented in Fig. 4. The electrochemical
activity toward ORR is defined by the ionomer chemical com-
position used. The half-wave potential value (E1/2) for PVA
containing electrodes is shifted toward more negative elec-
trode potentials due to changes in the chemical composition

and the conductivity of the electrode material studied [40].
The corrected current density value (jc) at fixed electrode po-
tential (E = −0.25 V vs. Hg|HgO|0.1 M KOH) assigned to the
mixed kinetic current region is found to be −3.3 and
−11.6 A m−2 for the 5%PVA-Vulcan and 5%Nafion-Vulcan
electrodes, respectively. The jc values analysed for the
5%Nafion-Vulcan system within diffusion limiting current re-
gion showed 1.5 times higher values than that obtained for
5%PVA-Vulcan. The corresponding jc values at E = −0.51 V
vs. Hg|HgO|0.1 M KOH are found to be −11.9 and -
18.3 A m−2 for 5%PVA-Vulcan and 5%Nafion-Vulcan, re-
spectively. Thus, the 5%Nafion-Vulcan system is electro-
chemically more active toward ORR compared to the
5%PVA-Vulcan electrodes within the electrode potential
range from −0.20 to −0.75 V vs. Hg|HgO|0.1 M KOH, due
to better electronic and ionic conductivity within Nafion®
ionomer-based electrode.

The Tafel-like relationships (inset in Fig. 4) were construct-
ed using the calculated kinetic current density values (|jkin|)

Fig. 3 Detailed XPS spectra of
C1s for Vulcan powder (a),
5%Nafion-Vulcan (b) and
5%PVA-Vulcan (c) catalysts
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obtained from the intercept of the Koutecky-Levich (jc
−1 vs.

ω-1/2) plots. At less negative electrode potentials, the Tafel-like
plots for both systems studied are linear with the slope value
about −60 mV dec−1 independent of the ionomer used. It
should be noted that wider (about 60 mV) mixed kinetic cur-
rent region is established for 5%Nafion-Vulcan (from −0.11 to
−0.31 V vs. Hg|HgO|0.1 M KOH) compared with that for the
5%PVA-Vulcan (from −0.13 to −0.27 V vs. Hg|HgO|0.1 M
KOH) (inset in Fig. 4) indicating that the multiple-electron
transfer process takes place within wider electrode potential
range for 5%Nafion-Vulcan. Thus, the improved electronic
and ionic conductivity has been achieved by mixing the
Nafion® ionomer with the Vulcan powder. In the high current
density region, the slope values of the Tafel-like plots change
and, therefore, the Langmuir mechanism within the low cur-
rent density region is replaced by the more complex ORR
mechanism [27, 41–45].

The cyclic voltammetry curves for the Vulcan-based sys-
tems intermixed with the different ionomers (Nafion® or

PVA) show remarkable differences, leading to the conclusion
that the chemical composition and most likely the structure of
the electrode have a great influence on the catalyst perfor-
mance (Fig. 5). The Randles–Ševcik relationships are present-
ed in the inset in Fig. 5. The peak current (Ipeak) vs. v

1/2 plots
are linear (i.e. diffusion controlled ORR process takes place)
for both electrodes, yet the 5%PVA-Vulcan system shows
about four times lower slope value compared to that obtained
for the 5%Nafion-Vulcan electrode. For further analysis, the
following equation has been used [21]:

Ipeak ¼ −0:496nSFcsys

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

nFvDsys

RT
;

r

ð1Þ

where n is the number of electrons consumed in the
electroreduction (n = 2 for Vulcan and CDC or n = 4 for Pt/
CDC), S is the geometric surface area of a substrate electrode
(0.196 cm2), F is the Faraday constant and α is the electron
transfer coefficient (α = 0.5). The diffusion coefficient (Dsys)
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and oxygen concentration (csys) are the media-specific param-
eters; therefore, three theoretical lines taking into account the
respective Dsys and csys values (Table 1) in the 0.1 M KOH
solution [26–30], Nafion® [46] or PVA ionomer [47] have
been constructed (dashed lines, inset in Fig. 5).

The experimental Ipeak vs. v1/2 plot for 5%PVA-Vulcan
electrode coincides approximately with the constructed theo-
retical line for KOH solution, indicating that the dissolved
oxygen in the electrolyte solution (0.1 M KOH) determines
mainly the diffusion process characteristics for 5%PVA-
Vulcan system. Increased ionic conductivity of the system
refers to the interaction between the PVA ionomer and KOH
electrolyte solution [19]. In contrast, the experimental Ipeak vs.
v1/2 plot for 5%Nafion-Vulcan electrode is shifted from the
constructed KOH theoretical line as well as from the
Nafion® theoretical line. This refers to the influence of anoth-
er parameter, namely the effective electrochemical surface ar-
ea (Seff) which probably differs from the geometric surface
area of the glassy carbon electrode (S).

Although, the Randles–Ševcik equation is valid only for
energetically homogeneous and geometrically flat electrode
surfaces rather than for porous systems, Ward and Compton
[22] simulated the voltammetry data for the porous
electroactive surfaces and the Randles–Ševcik equation anal-
ysis was justified in the limit of low electrode potential scan
rates [21, 22]. The Randles–Ševcik equation was used to

analyse the differences between the electrode geometric sur-
face area (S) and effective electrochemical surface area (Seff)
values. It should be mentioned that the calculated Seff value
can be used only as an approximate parameter for comparison
of different systems under study. The calculated Seff value for
5%PVA-Vulcan material is approximately equal to S, indicat-
ing that the 5%PVA-Vulcan catalyst behaves more like a flat
electrode. The estimated effective electrochemical surface ar-
ea value for the 5%Nafion-Vulcan is about 3 times higher than
that for 5%PVA-Vulcan. This result shows that the surface of
the 5%Nafion-Vulcan electrode is macroscopically rough and
energetically inhomogeneous, and therefore, the rate of the
electrochemical reactions depends on the surface region,
where the reduction of O2 or intermediates takes place
[48–52]. Thus, the non-linear Poisson–Boltzmann theory
[48], taking into account the effective Debye screening length
(depending on the surface charge density (being different at
various surface areas, i.e. sp2 or sp3 carbon areas)), should be
introduced into complex models discussed in Refs. 22, 53.

Influence of Nafion® ionomer amount in the catalyst on ORR
characteristics

The optimisation of the Nafion® ionomer amount in a catalyst
is carbon specific; therefore, in this work, the CDC powder
and Pt/CDC catalysts intermixed with different Nafion®
amounts (5, 20, 30 and 50 wt%) were studied in 0.1 M
KOH solution and compared with 5%Nafion-Vulcan elec-
trode data, applying the RDE method (Figs. 6 and 7). As
presented in Fig. 6., the ORR kinetic and the diffusion current
densities for 5%Nafion-CDC are noticeably higher than those
for the 5%Nafion-Vulcan electrode due to the well-developed
meso-microporosity in the CDC-based electrode. In addition,
it was established that the 20 or 30 wt% Nafion® amount in

Table 1 The media-specific parameters

Media Dsys/cm2 s−1 csys/mM

0.1 M KOH electrolyte [26–30] 1.8 × 10−5 1.13

Nafion® ionomer [46] 9.95 × 10−7 9.34

PVA ionomer [47] 1.8 × 10−5 0.019
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the catalyst is optimal for the unmodified (Fig. 6) and also for
the Pt nanoparticles modified (Fig. 7) CDC-based electrodes.
Thus, the established results for CDC-based catalysts coincide
with the data given in literature [8, 9].

jc
−1 vs. ω-1/2 plots for Pt/CDC catalysts mixed with differ-

ent Nafion® amounts are very similar and coincide with the
theoretically calculated Koutecky–Levich plot (n = 4,
Dsys = 1.8 × 10−5 cm2 s−1and csys = 1.13 mM) (given inset
in Fig. 7), indicating that four electron transfer process of
ORR is valid for all Pt/CDC catalysts studied.

The Tafel-like relationships for various systems are pre-
sented in Fig. 8. The slope values of the Tafel-like plots cal-
culated for the unmodified (−60 ± 3 mV dec−1) and Pt nano-
particles modified (−81 ± 3 mV dec−1) CDC catalysts are
practically independent of the Nafion® amount in the catalyst
within the low current density region. Thus, the rate determin-
ing step of ORR for CDC and Pt/CDC electrodes is not

influenced by the Nafion® amount used [54]. According to
the several authors [55–57], the Tafel-like slope value of
−120 mV dec−1 indicates that the Langmuir mechanism is
valid and thus, the first electron transfer is the rate determining
step of ORR. The slope value of Tafel-like plots
−60 mV dec−1, however, follows the Temkin isotherm behav-
iour and the rate determining step for ORR is the multiple-
electron transfer process. The slope values for Tafel-like plots
−81 ± 3 mV dec−1 indicate the more complicated ORR mech-
anism for Pt/CDC electrodes.

It is interesting to mention that similarly, the value of the
electrochemically active surface area 17 ± 1 m2 g Pt

−1 calcu-
lated from the cycling voltamogramms (ν = 5 mV s−1) for the
Pt/CDC catalyst with different amount of intermixed Nafion®
is independent of the amount of the ionomer used in the cat-
alyst ink. However, slight influence of the electrochemically
active surface area due to differences in the lengths or
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structures of the same ionomer has been reported by Park et al.
[11] being somewhat lower for the long-side chains of
ionomer (57 m2 gPt

−1) compared to that for the short-side
chains of ionomer studied in acidic media.

According to the cyclic voltammetry data, the reduction
peak potential value Epeak = −0.19 ± 0.01 or −0.04 ± 0.01 V
(vs. Hg|HgO|0.1 M KOH) for CDC or Pt/CDC systems, re-
spectively, is independent of the Nafion® amount in the cata-
lyst (Figs. 9 and 10). However, the absolute value of the re-
duction peak current density (|jpeak|) depends on the Nafion®
amount in the CDC and Pt/CDC systems, achieving a maxi-
mum for the 30 wt% of the Nafion® amount in the catalyst.
CV and RDE methods confirm that the 30 wt% of the
Nafion® amount in a catalyst provides the highest electro-
chemical activity toward ORR. It is important to mention that
|jpeak| for 30%Nafion-CDC system is significantly higher than
that observed for 30%Nafion-Pt/CDC catalyst, probably
caused by the different electrical double layer properties of

the electrode surface. On the other hand, Menshykau et al.
[23] demonstrated a significant effect of the electrode rough-
ness on the shape of cyclic voltammograms and peak currents
only at relatively high values of electrode roughness. In that
sense, a further analysis of the Randles–Ševcik plots for
30%Nafion-CDC and 30%Nafion-Pt/CDC systems was con-
ducted, and the results deviate remarkably from the construct-
ed KOH theoretical lines, taking into account either two or
four electron transfer mechanism per one oxygen molecule
(Fig. 11). The calculated Seff values (according to Eq. 1) in-
crease in the fol lowing sequence: 5%Nafion-Pt /
CDC ≤ 50%Na f i o n -P t /CDC ≤ 20%Na f i o n - P t /
CDC ≈ 3 0%Na f i o n - P t / CDC < < 5%Na f i o n -
CDC < 50%Nafion-CDC < 20%Nafion-CDC < 30%Nafion-
CDC system, being higher than the geometric area of the
glassy carbon substrate electrode (S = 0.196 cm2). A similar
tendency has been observed for systems described in our pre-
vious works [25–29].
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Comparison of catalyst activity toward ORR

The determined electrode potential values for all catalysts
studied at the constant current density (jc = 10 A m−2),
ω = 500 rev min−1 and ν = 10 mV s−1) have been given in
Fig. 12. The diagram demonstrates that more positive elec-
trode potential values have been obtained for 20%Nafion-Pt/
CDC and 30%Nafion-Pt/CDC, indicating that the Pt/CDC
catalyst with the optimum amount of Nafion® ionomer pro-
vides the higher activity, i.e. the higher number of the triple
phase boundaries, and therefore, has a higher electrochemical
activity toward ORR [27, 29]. Similarly, to our work, Park
et al. [11, 12] have shown the importance of the uniform and
continuous ionomer coverage over the surfaces of the Pt par-
ticles and carbon support in order to improve the efficiency of
the ORR.

It is important to mention that the optimisation of Nafion®
amount in the catalysts has noticeably lower effect on the

electrode potential value compared with the case if the carbon
support (CDC vs. Vulcan) or ionomer (PVAvs. Nafion®) has
been replaced. The major change in the electrode potential
value is caused either by modification of the CDC support
with the Pt nanoparticles (~130 mV shift toward less negative
electrode potentials) or by replacing PVA with Nafion®
ionomer in the Vulcan-based system (~140 mV shift).

Conclusion

The polyvinyl alcohol (PVA) or Nafion® ionomer-based cat-
alysts have been studied using various physical and electro-
chemical characterisationmethods. The electrochemical activ-
ity toward ORR of the catalysts in oxygen-saturated 0.1 M
KOH aqueous solution noticeably depends on the chemical
composition of the binder (PVA or Nafion®).

The variation of the amount of the Nafion® ionomer
intermixed with CDC or Pt/CDC catalysts influences the
ORR kinetics. The highest electrochemical activity toward
ORR was established for 30%Nafion-Pt/CDC catalyst due to
the higher number of electrochemically active sites in the cat-
alyst surface. The calculated electrochemically active surface
area values for the Pt/CDC catalysts are independent of the
Nafion® amount intermixed in the catalyst ink.

We also conclude that the variation of the Nafion® amount
in the catalyst has a moderate effect compared to the influence
of replacing either the carbon support (CDC vs. Vulcan) or
ionomer (PVA vs. Nafion®).

A significant effect on the ORR peak current values in
cyclic voltammograms was observed and the estimated Seff
values for all catalyst systems (except for 5%PVA-Vulcan)
were higher than the geometric area of the glassy carbon
electrode.
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