J Solid State Electrochem (2006) 10: 243-249
DOI 10.1007/s10008-005-0674-6

ORIGINAL PAPER

Ren-Bin Lin - Shin-Min Shih

Kinetic analysis of the hydrogen oxidation reaction

on Pt-black/Nafion electrode

Received: 4 February 2005/ Revised: 8 March 2005/ Accepted: 13 March 2005 / Published online: 13 December 2005

© Springer-Verlag 2005

Abstract The hydrogen oxidation reaction on Pt-black/
Nafion electrode was investigated using a rotating disk
electrode and cyclic voltammetry technique. The vol-
tammetric results demonstrated that the electrode can
be prepared with good reproducibility and that Pt-
black particles without direct contact with Nafion were
still electrochemically active in taking part in the H-
adsorption/desorption process. For hydrogen oxida-
tion, the limiting current density was reduced by the
presence of Nafion coating. The H, diffusion resistance
in Nafion film was avoided when the film thickness was
less than 0.2 um for a Pt-black loading of 20 pg.
Moreover, the uncertainties in the kinetic results were
discussed.
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List of symbols

B: Levich constant, mC c¢m mol ™!

BET: Brunauer—Emmett-Teller method

Cy: H, concentration in film, mol cm ™3

Co: H, solubility in electrolyte, mol cm >

D: H, diffusivity in electrolyte, cm® s~

Dy H, diffusivity in film, cm? 57!

E: potential of an electrode versus a reference,
\%

EW: equivalent weight

F: Faraday constant, C mol

GC: glassy carbon

I amplitude of an ac current, mA

iq: diffusion-limited current density, mA cm >

ir: film-diffusion limited current density,
mA cm >
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b kinetic current density, mA cm™
Im: measured limiting current density,
mA cm >
L: film thickness, pum
n: the number of electrons involved in the

reaction, dimensionless

PEMFCs: proton exchange membrane fuel cells

Ou: hydrogen adsorption/desorption charge,
mC

RDE: rotating disk electrode

RHE: reversible hydrogen electrode

SCE: saturated calomel electrode

XRD: X-ray diffraction

Yo Levich intercept, mA~! em?

v: kinematic viscosity, cm?s ™!

w: rotation rate, rpm

Introduction

Fuel cells are promising to be an energy source, as they
show higher energy conversion efficiency due to the di-
rect conversion of chemical energy into electrical energy.
In particular, proton exchange membrane fuel cells
(PEMFCs), operating at relatively low temperatures
with low exhaust, can be miniaturized [1, 2] and are
expected to come into practical application as power
sources for portable, stationary and transportable uses
[1-3].

As of today, platinum still serves as the most wide-
spread electrocatalyst in fuel cells [1-3]. However, cata-
lysts made of Pt are very expensive and lead to a
significant cost problem. Thus, many research works
have focused on enhancing the catalyst activity in order
to lower the precious metal loading. Highly dispersed Pt-
black and Pt nanoparticles supported on carbon (Pt/C)
are found to be highly active due to their high specific
surface areas [1-3]. The way of incorporating the polymer
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electrolyte (e.g. Nafion) into the catalyst layer has been
found to markedly affect the catalyst utilization [4-§].

In studying the effect of the polymer electrolyte on
the electrocatalytic activity of an electrode, most efforts
focus on optimization as a function of Nafion content
[9-13]. Several groups have investigated the influence of
the polymer electrolyte film on the mass transport and
the reaction kinetics. The electrode surface reactions,
including H, oxidation [13, 14] and O, reduction [15—
17], were investigated mainly for polymer electrolyte
modified smooth Pt electrodes. So far, little attention
has been paid to the reactions taking place at electrodes
consisting the dispersed Pt-black or Pt/C catalyst parti-
cles and the solid polymer electrolyte.

Recently, an ingenious and convenient half-cell
method using a rotating disk electrode (RDE) configu-
ration has been employed to measure the electrocatalytic
activity of catalysts under fuel cell relevant conditions
[18-22]. In this method, both catalyst powder and recast
Nafion are immobilized on a rotating disk substrate,
forming a membrane electrode assembly similar to that
used in fuel cells. Gloaguen et al. [18] and Gojkovic et al.
[19] deposited the catalyst powder and Nafion onto a
glassy carbon (GC) RDE at the same time by using a
Nafion solution containing the catalyst suspension.
Whereas, Schmidt et al. [20, 21] deposited the catalyst
(20 wt% Pt/C) powder first and then coated the catalyst
layer with a Nafion film. Generally speaking, because
the mass transport process in a RDE setup is well
known and can be controlled, the RDE method makes
the determination of the kinetic parameters from the
measured current much easier [22].

In this work, the hydrogen oxidation reaction on
the Pt-black/Nafion electrode was investigated using a
RDE and cyclic voltammetry (CV) technique. The
electrocatalytic activity of the catalyst and the
diffusion resistance of the Nafion film were evaluated.
The reproducibility of the electrode preparation and
the uncertainties in the kinetic results were also
examined.

Experimental
Materials

A Nafion solution containing 5 wt% of Nafion dis-
solved in the mixture of isopropanol and water (1100
EW, Ton Power) was used to recast Nafion film. Pt-black
(HiSPEC™1000, Johnson Matthey) was used as the
dispersed  catalyst. GC disk electrode (disk
area=0.1963 cm® and shroud area=1.131 cm? Pine
Instruments) was served as the substrate for the depo-
sition of the catalyst. The disk was polished with a
0.05 pm alumina powder (CHI Instruments) before use.
The electrolyte was 0.5 M H,SO,4 solution prepared
form concentrated sulfuric acid (J.T. Baker) and ultra-
pure water (18 MQ, Millipore). High purity H, gas
(99.999%, San-Fu) was used.

Electrode preparation

An aqueous catalyst suspension of 2 mg ml~! was pre-
pared by mixing 50 mg of Pt-black and 25 ml of de-
ionized water under ultrasonication for about 10 min.
Diluter catalyst suspensions, which were necessary to
form thinner catalyst layer, were prepared following a
similar process with lower catalyst weights. About
12.5~20 pl of the catalyst suspension was pipetted onto
the GC disk surface and dried under room temperature.
After the catalyst was dry, 20 pl of Nafion solution was
put on the top of the catalyst layer. Subsequent
annealing in a vacuum oven (70 °C) was made for at
least 40 min to evaporate the residual solvent in the
resulting thin-film electrode. This annealing renders the
stable films insoluble and with sufficient strength to bind
the catalyst particles [23]. The concentration of Nafion
solution was varied by diluting the 5 wt% Nafion solu-
tion with isopropanol to yield recast films with thick-
nesses ranging from 0.08 to 8 um. The film thickness was
calculated from the mass and the surface area of the
recast film, assuming a dry Nafion density of
1.98 g cm ™ [13, 22]. About 90% of the shroud area was
found to be covered by the Nafion coating, thus the
geometric surface area of the film was estimated to be
1 cm?. The film thickness was further measured using a
surface texture profilometer (Dektak 3030, Sloan Tech-
nology), and the difference between the measured and
calculated values was about 6%.

Electrochemical characterization

A conventional three-compartment glass cell with a
saturated calomel reference electrode (SCE) and a Pt foil
counter electrode was used to study the electrochemical
behaviors of the RDEs. Electrochemical measurements
were conducted at room temperature (25+ 1 °C) using a
potentiostat (Autolab PGSTAT30, Ecochemie) with a
computer-controlled general-purpose electrochemical
system (GPES). Throughout this study, all potentials
were referred to the reversible hydrogen electrode
(RHE) scale. Before electrochemical characterization,
the electrode was immersed for 8~10 h in the deaerated
0.5 M H,SO, solution, which exhibited a very similar
pH value to that of the Nafion film. Characteristic cyclic
voltammograms (CV) were obtained after cycling the
potential of the electrode between 0 and 1.2 V vs. RHE
for 1 h. This long run-in period was necessary to obtain
stable and reproducible data. Experiments for H, oxi-
dation on the rotating thin-film electrodes were per-
formed in the H,-saturated 0.5 M H,SOy electrolyte at
several rotation rates in the range from 400 to
3,600 rpm. H, was passed through the solution for
40 min before the experiment started and above the
solution during the experiment. The potential of the
electrode was changed between 0 and 0.5 V vs. RHE at a
scan rate of 5 mV s~ . The retardation effect attributed
to the adsorption of ionic contaminants or



oxygen-containing species introduced by Nafion coating
[21] was not observed to significantly affect the measured
currents.

Physical characterization

The X-ray diffraction (XRD) pattern of the Pt-black was
obtained with Mac Science M03XHF X-ray diffrac-
tometer with Cu target. The specific surface area of the
catalyst was determined from the nitrogen adsorption
data by the Brunauer—Emmett-Teller (BET) method,
using a Micromeritics ASAP 2010 analyzer.

Results and discussion
Physical characterization of Pt-black

The Pt-black as received exhibited XRD peaks at 20 of
39.98, 46.54, and 67.86, which are characteristic for
crystal planes of Pt (111), Pt (200), and Pt (220),
respectively, indicating a face centered cubic (fcc) lattice.
The average crystal size of Pt-black, 9.4 nm, was ob-
tained from the broadening of the Pt (111) peak using
the Scherrer equation [24].

The BET surface area of Pt-black was 29.74 m” g~ .
The average particle size estimated from the specific
surface area, assuming a spherical particle shape, was
9.34 nm, which is in excellent agreement with that
determined by XRD.

CV and catalyst utilization
Figure 1 shows a typical cyclic voltammogram obtained

for the prepared electrode. As can be seen from this
figure, two well-resolved H-adsorption/desorption peaks
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are observed. One desorption peak is located at about
120 mV and the other at about 250 mV. These two
peaks are referred to be associated with the desorption
of weakly and strongly adsorbed hydrogen atoms,
respectively, in the literature [25].

The hydrogen adsorption/desorption Coulombic
charge, Oy, was evaluated by integrating the charge
transfer in the potential range between 50 and 400 mV
and subtracting the capacitive charge from the double-
layer charging [20, 26]. As shown in Fig. 2, Qy deter-
mined at a scan rate of 25 mV s~ corresponds linearly
to the Pt-black loading of the electrode. Linear regres-
sion through the origin gave a slope of
0.06210+0.00032 mC pg~' with a correlation coeffi-
cient of 0.9997 for the data in Fig. 2. For 100% catalyst
utilization, the value of the slope should be identical
with the value of 0.06245 mC pg~' calculated from the
theoretical surface charge of 210 uC cm ™2 for poly-
crystalline Pt surface [27] and the specific surface area of
the Pt-black (29.74 m? g~!). The agreement between
these two values demonstrates that the utilization of the
Pt-black catalyst is essentially 100%.

In order to investigate the reproducibility of electrode
preparation, Qy measurements were performed for
electrodes prepared independently with a Pt-black
loading of 20 pg (film thickness of ~0.2 pm). The vari-
ation in Qy has a standard deviation of +£3.1%
(1.269 £0.039 mC). This result indicates that the tech-
nique employed is sufficiently accurate for the evaluation
of the electrochemical active surface area of an elec-
trode.

It was found that as the Nafion film became thicker
up to 8 um, the same Qg values (within the experimental
errors) were obtained for electrodes with the same Pt
loading (20 pg) under the same scan rate (25 mV s ).
Although it is accepted that Nafion can block the elec-
trochemical active sites for hydrogen adsorption/
desorption process, it seems also reasonable to assume

Fig. 1 Cyclic voltammogram 0.3
of the Pt-black/Nafion
electrode (Pt-black loading:
25 pg; Nafion film: 0.2 um); 0.2
scan rate 25 mV s~
0.1
E 0.0
— -0.14
-0.2
-0.3
-0.4 -1
0.0

T T T T T T T T T T T
0.2 0.4 0.6 0.8 1.0 1.2

E/V vs. RHE
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Fig. 2 The charge in the
hydrogen adsorption/ 2.5
desorption region versus Pt-
black loading. Nafion film J
~0.2 pm; scan rate 25 mV s !
2.0+
L 154
E
~
T
O 1.0
0.5
0.0 T
0

that only little penetration of the Nafion binder into the
catalyst layer occurs, and the direct contact between the
film and the catalyst layer is limited to the skin surface of
the catalyst layer. Also, when the scan rate is sufficiently
slow, the concentration of diffusing species would be
homogeneous within the whole catalyst layer [25, 28];
hence, the charges measured on the electrodes with the
same Pt loading would be almost constant and inde-
pendent of the Nafion film thickness. It was observed
that when the scan rate was sufficiently high (> 50 mV
s~ 1), the catalyst utilization decreased with increasing
scan rate.

Hydrogen oxidation on RDE

For a RDE without a Nafion film, the measured current
density, iy, for the electrode reaction is given by

R (1)
[

where i, represents the kinetic current density in the
absence of mass transfer effect. The boundary-layer
diffusion-limited current density, iy, can be expressed by
the Levich equation [28]:

ig = 0.62nFD*3v "/ Coo'/? = BCyor'/? 2)

where 7 is the number of electrons involved in the elec-
trode reaction, F is the Faraday constant, D is the
reactant diffusivity in the electrolyte, v is the electrolyte
kinematic viscosity, Cy is the reactant solubility in the
electrolyte, and w is the rotation rate in rpm.

For a RDE with a Nafion film, besides the diffusion
in the aqueous electrolyte, the diffusion in the Nafion
film must be taken into account. The measured limiting
current density, iy, for this case is given by [13, 20]

5 10 15 20 25 30 35 40

Pt-black loading /ug

1 1 1 1 1 1 1
im iqg i i BCyw i I
where ir represents the film-diffusion-limited current

density controlled by reactant diffusion in the Nafion
film. i; is defined as

If = nFCfoL_l (4)

where C; and Dy stand for the concentration and diffu-
sion coefficient of the reactant in the film, respectively,
and L is the film thickness.

Equation 3 is a linear function of w~"/? with a slope
equal to 1/BCy and an intercept, Y, corresponding to

= (5)

1
Yo it + (nFCDy)L™!

According to Eq. 5, 1/Y, approaches to i, when L is
sufficiently small or L~' is sufficiently large. Thus, the
kinetic parameters of a reaction, iy, BCy, and C; Dy, can
be estimated by analyzing the i, data obtained at dif-
ferent rotation rates and film thicknesses using the above
equations.

H, oxidation experiments were conducted on the
electrodes for which the Nafion film thickness ranged
from 0.08 to 8 um. The voltammograms for the elec-
trodes (a Pt-black loading of 20 pg) with film thicknesses
of 0.2 and 8 um are represented in Fig. 3a, b, respec-
tively. The hysteresis loop of H, oxidation currents be-
tween the anodic and cathodic scans was minute. For the
reason of clarity, data for the cathodic scan, representing
by a dashed line, are plotted only for the case of 400 rpm.
One can see that the limiting current increases with
increasing rotating rate and that the limiting current is
smaller when the film is thicker at the same rotation rate.

Figure 4 shows a Koutecky—Levich plot [28] of the
inverse of the limiting current density (1/i,,) at 0.4 V vs.



Fig. 3 Hydrodynamic
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voltammograms for H,
oxidation on the electrodes
(Pt-black loading: 20 pg) with
the film thicknesses of a 0.2 um
and b 8 um in Hj-saturated
0.5 M H,SOy electrolyte; scan
rate 5mV s~

I/mA

3600 rpm
3000 rpm
2500 rpm

2000 rpm
1600 rpm

900 rpm

400 rpm

(a) 0.2 pm film

T T T T T T T
0.2 0.3 0.4 0.5

E/Vvs. RHE

I/mA

3600 rpm
3000 rpm
2500 rpm
2000 rpm|
1600 rpm|

900 rpm)|

400 rpm|

(b) 8 um film

RHE vs. o~/ for several film thicknesses. According to
Eq. 3, a straight line should be obtained for each film
thickness with a slope equal to 1/BC, and an intercept
corresponding to Y,. As demonstrated in the figure, the
data agree very well with Eq. 3 and the slopes of the
linear fitting lines are essentially equal. The average
value of BC, determined, 6.62x10>mA cm 2 rpm
%(£1.4%), is in excellent agreement with the theoretical
value, 6.54x10">mA cm ~ rpm "2, reported by Ga-
steiger et al. [29].

Data of the inverse of Y, vs. L™ ! are plotted in Fig. 5.
One can see that 1/Y, increases linearly in the L' range
from 0 to 0.6 um ™' and levels off after 5 pm~'. Thus, 1/
Y, is equal to ir when L' is smaller than 0.6 um~' (or
L>1.7 ym) and equal to i, when L' is larger than
5um~! (or L £0.2 um), according to Eq. 5. This result
demonstrates that the electrocatalytic activity of the
catalyst can be evaluated without the interference of the

T T T
0.2 0.3 0.4 0.5
E/Vvs. RHE

film diffusion for a film thickness smaller than 0.2 um.
The critical film thickness of 0.2 pum is corresponding to
a Pt-black loading of 20 pg; if the loading is lower, i
would be smaller, and the critical thickness would be
larger.

The average value of i evaluated from the data
(L™ '>5 pm™") in Fig. 5 was 88.6 mA cm 2, which is
higher than the values (40-60 mA cm?) obtained for
smooth Pt RDEs [13, 22, 29]. In additional experiments,
the 7, values obtained were in the range from 82.4 to
100 mA cm 2. Thus, the average mass-specific current
of the Pt-black was determined to be 0.91 A mg~' with
+10% error.

From the nonlinear regression of the data points in
Fig. 5 using Eq. 5, the value of CiD; was determined to
be 5.2x107> mM cm? s~ !. Schmidst et al. [20] reported a
CiDy value of 7.8x107° mM cm? s~ (their original value
should be corrected by multiplying with 10) for a similar
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Fig. 4 Koutecky-Levich plots 1.0
for H, oxidation at 0.4 V vs.
RHE on the electrodes J A 8 um film
(Pt-black loading: 20 pg) with o 4 umfilm
several film thicknesses 0.8 .
: O 3 upmfilm
| v 0.2 um film
g
-5 064
T
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Fig. 5 The inverse of Levich 100
intercept as a function of the
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RDE configuration using a 20 wt% Pt/C catalyst.
Comparing with those obtained in prior investigations
[13, 14, 30, 31], however, our CiD; value is higher. For
instance, a C¢Dy value of 4.7x10"® mM cm? s~! was re-
ported by Watanabe et al. [13] using a Nafion coated
smooth Pt electrode. This discrepancy probably can be
explained by the difference in the structural properties of
the Nafion film, such as the pore size and porosity,
which are known to affect the diffusion of the reactant
significantly.

It must be noted that the value of i\ estimated at a high
overpotential is many-fold smaller than the true kinetic
current density of Pt estimated at that overpotential,
according to Schmidt and Gasteiger [22]. Hence, they

attributed their i values determined at 0.2 V vs. RHE to
the error in Y, and the residual resistance due to the thin
Nafion film. However, Watanabe et al. [13] attributed the
low values of i, determined at 0.4 V vs. RHE to repre-
senting some rate-limiting chemical processes preceding
or following the electron transfer process in H, oxidation
reaction. Our results, showing + 10% error in Y, seem to
agree with the latter explanation.

Because the value of iy is much larger than that of i,
the value of i determined from the data of i, is inher-
ently subjected to a large uncertainty. The uncertainty
can be reduced by reducing the i/i,, ratio, by means of
using lower catalyst loading, higher rotation rate, and
thinner polymer film.



The geometric structure of the Pt-black/Nafion de-
posit on the disk is also an important factor affecting the
uncertainty of the 7, value. In deducing the value of i by
means of Egs. 3, 4, 5, the mass-transport equations
representing iy (Eq. 2) and i (Eq. 4) are valid only for
uniform layer thickness and flat surface. But, the devi-
ation from the idea case is unavoidable in practice and
different extent of deviation may result, depending on
the operation of the deposition process. Thus, the
carefulness in the deposition process will reduce the
uncertainty and improve the reproducibility of the i
value determined.

Conclusions

We have investigated the electrochemical behavior of Pt-
black (specific surface area=29.74 m”> g~ ") and its
electrocatalytic activity towards H, oxidation when it is
covered by Nafion, using a RDE and CV technique.
This method has been demonstrated to be efficient and
accurate for characterizing the electrochemical surface
area of the catalyst and evaluating its intrinsic activity
under fuel cell relevant conditions.

The voltammetric results showed that Pt-black
without direct contact with Nafion is still electrochemi-
cally active in taking part in the H-adsorption/desorp-
tion process. For H, oxidation, the limiting current
density was reduced by the presence of Nafion coating.
The effect of H, diffusion resistance in the Nafion film
became negligible when the film thickness was smaller
than 0.2 um for a Pt-black loading of 20 pg.

This study provides the basic data for designing an
electrode for PEMFCs using Pt-black catalyst.
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