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Abstract

The loss in electrocatalytic activity of Pt particles in carbon matrix electrodes has been experimentally and
theoretically investigated as a function of Pt particle size. The measurement of the cathodic potentiostatic current
transient showed that a decrease in oxygen reduction current due to carboxyl group formation, relative to the
oxygen reduction current in the absence of carboxyl group, increased with a decreasing Pt particle size. This relative
value is a measure of the loss in speci®c activity. A model describing the electrocatalytic activity loss has been
proposed by introducing a new parameter, characterising the e�ective dead active area produced by the carboxyl
group formation, relative to the total active area free of the carboxyl group. The agreement of the experimentally
determined relative current decrease with the calculated relative value of the e�ective dead active area con®rms the
model.

1. Introduction

Platinum-dispersed carbon (Pt/C) is used as a phospho-
ric acid fuel cell (PAFC) cathode catalyst. Over the last
two decades, many studies [1±5] have focused on the
corrosion of the carbon supports for Pt particles, since
the corrosion of the carbon supports is one of the main
causes of loss of electrocatalytic activity for oxygen
reduction with time in a PAFC [6, 7]. At the operating
potential for PAFC cathodes in the range of 0.7±0.9
V vs RHE, carboxyl group is a main constituent of the
corrosion product on the carbon support. The forma-
tion potential Ef of a carboxyl group lies between 0.6
and 0.7 V vs RHE. Furthermore, it was shown that the
carboxyl group formation and dissolution plays a major
role in the decrease and enhancement of electrocatalytic
activity of Pt/C catalysts, by reducing and increasing its
active area, respectively [8].
Several authors [9±14] have reported that the speci®c

activity of the catalyst decreases with a decreasing
catalyst particle size. This is sometimes called the
`crystallite size e�ect'. In particular, they suggested that
as Pt particle size decreases, the oxygen reduction rate
decreases due to either the reduction in surface area of
the Pt particles, that is, sintering e�ect [9], or to the
increase in the interaction between Pt crystallites, that is,
reduction in intercrystallite distance [11, 13]. In their
study they should have also taken into account the
corrosion of the carbon supports, because the loss in

electrocatalytic activity of the catalyst is also accompa-
nied by the corrosion of the carbon supports.
Therefore, in the present work we investigated theo-

retically and experimentally the loss in electrocatalytic
activity of a 10 wt% Pt/C catalyst as a function of Pt
particle size in a 85% H3PO4 solution at 145 �C. For
this purpose we introduced a parameter characterising
the dead active area produced by the carboxyl group
formation in the early stage of carbon corrosion, under
operating conditions for the PAFC. At the same time we
employed a potentiostatic current transient technique,
X-ray di�ractometry (XRD) and a transmission electron
microscopy (TEM).

2. Experimental procedure

Platinum-dispersed carbon catalyst powder was heat-
treated to various sized Pt particles from 300 to 800 �C
for 2.5 h under a hydrogen and nitrogen mixture stream,
with a ¯ow rate of 500 sccm. Figure 1 shows a TEM
micrograph of a 10 wt% Pt/C catalyst heat-treated at
800 �C for 2.5 h. The Pt particles are uniformly distrib-
uted over the carbon support and have spherical shape.
Analysis of the X-ray di�raction patterns revealed that
the diameter of Pt particles increased from 2.4 to
4.4 nm, on average, with an increasing heat treatment
temperature. This result was in good agreement with
that of the TEM analysis.
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The as heat-treated 10 wt% Pt/C catalyst powdered
specimen was then prepared as a polytetra¯uoroethylene
(PTFE) bonded Pt/C electrode specimen, as detailed in a
previous paper [8]. The various sized Pt-dispersed
carbon electrode specimens were used as working
electrodes. A platinum net and a reversible hydrogen
electrode (RHE) were used as counter and reference
electrodes, respectively. As electrolyte, we employed a
85% H3PO4 solution at 145 �C. The usual three
electrode cell was constructed [5, 8].
The working electrodes were previously subjected to

open circuit potential (OCP) of 0.9 V vs RHE for 1 h in
85% H3PO4 at 145

�C, followed by measurement of the
cathodic current transient. To determine the oxygen
reduction current as a measure of the electrocatalytic
activity of the Pt/C catalyst, the cathodic potentiostatic
current transient was measured on the Pt/C electrode by
stepping the OCP to electrode potentials of 0.4, 0.6 and
0.8 V vs RHE. The electrochemical experiment was
carried out using a potentiostat (EG&G PAR, model
263A).

3. Experimental results

Figure 2 illustrates the cathodic potentiostatic current
transient resulting just after stepping the OCP of a
10 wt% Pt/C electrode down to 0.4 V vs RHE. In this
Figure, the inverted L-shaped oxygen reduction current
transient can be divided into two stages: in the ®rst stage
there is a rapid increase in current with time, and a
linear increase in the second stage. This implies that the
active area of Pt particles increase with time. The abrupt
current increase in the ®rst stage is due to the sum of the
two contributions, the carboxyl group dissolution and
the wetting of micropores, whereas, in the second stage
the current increase is purely a result of one e�ect, the
wetting of micropores. Conversely, when the OCP was
stepped down to 0.6 V vs RHE, the ®rst stage was not
observed and only the second stage, which prevailed
over the entire current transient, was noticed.

Our previous work [8] indicates that the carboxyl
group already formed at the OCP around the Pt
particles, is then dissolved during the ®rst stage of the
cathodic current transient at 0.4 V vs RHE. This
enhances the active area of the Pt particles, and hence
the oxygen reduction current. By contrast, the L-shaped
cathodic current transient resulted from dropping the
OCP to 0.8 V vs RHE. It was reported [8] that the rapid
current fall in the ®rst stage of the L-shaped current
transient is most probably due to the dominance of the
current fall by the carboxyl group formation over the
current rise by the wetting of micropores.
In an attempt to quantitatively distinguish the in-

crease in the oxygen reduction current with time caused
by the carboxyl group dissolution, from the total ®rst

Fig. 1. TEM micrograph of 10 wt% Pt/C catalyst powder heat-treated at 800 �C for 2.5 h under hydrogen and nitrogen mixture stream.

Fig. 2. Cathodic potentiostatic current transient measured on a

10 wt% Pt/C electrode by stepping the OCP to the electrode potential

of 0.4 V vs RHE in 85% H3PO4 solution at 145 �C. i0 represents

second stage oxygen reduction current extrapolated to t � 0 and ic
means initial oxygen reduction current of the ®rst stage at t � 0.
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stage current transient, the linear increment with time in
the second stage caused by the wetting of micropores
should be subtracted from the total ®rst stage current
transient. As indicated in Figure 2, we obtained the
di�erence in current, Di, at t � 0, by subtracting the
initial oxygen reduction current of the ®rst stage ic at
t � 0 in the presence of carboxyl group around Pt
particles, from the value of the second stage oxygen
reduction current extrapolated to i0 at t � 0. The value
of i0 is considered to be the oxygen reduction current in
the absence of the carboxyl group around the Pt
particles. Hence, the value of Di is just the contribution
of the carboxyl group dissolution to the oxygen reduc-
tion current increase. This can be regarded as being a
measure of the loss in electrocatalytic activity of the Pt
catalyst.
Figure 3 depicts the plot of Di=i0 as a function of Pt

particle size r. The value of Di=i0 increased with
decreasing particle size. This means that the loss in
electrocatalytic activity increased with decreasing Pt
particle size.

4. Theoretical considerations

4.1. Ideal case for carboxyl group formation and
dissolution

First we consider the Pt particles uniformly distributed
over the carbon support and a carboxyl group is formed
at the OCP on the ¯at surface of the carbon support in
the vicinity of the Pt particles. Next, we focus on one
spherical Pt particle which is embedded in the surface of
the carbon support. Then, we calculate the embedding
depth, a, of a Pt particle as a displacement of the surface

level of the carbon support from the center of the
embedded Pt particle. Thus, the value of a may range
between ÿr and r. Figure 4 schematically presents the
carboxyl group formation around the Pt particle di�er-
ently embedded in the ¯at surface of the carbon support
for 0 < a � r; a � 0 and ÿr � a < 0.
For the sake of simplicity, it is assumed that the

carboxyl group layer grows to a monolayer thickness, d,
in a direction perpendicular to the surface of the carbon
support, in the vicinity of the Pt particle at the OCP.
The monolayer of carboxyl group formed at the OCP is
completely dissolved from the surface of the carbon
support, by dropping the OCP to a potential lower
than Ef.
In Figure 4, the total active area, A0, represents the

total surface area of the Pt particle that is exposed to the
electrolyte in the absence of the carboxyl group cover-
age. The active surface area, Ac, is the surface area of the
Pt particle that is exposed to the electrolyte in the
presence of the carboxyl group coverage. The dead
active area, DA, namely the circumferential band area of
the Pt particle shaded by the carboxyl group coverage, is
the di�erence between A0 and Ac, �A0 ÿ Ac�.
However, in case where the value of a is between 0

and r, a crevice exists along the circumferential band
because of the rectangular shape of the carboxyl group
at the corner. Thus, as shown in the magni®ed view in
Figure 4, the dead active area can be divided into two
parts. The dissolved oxygen can penetrate through the
electrolyte to the ®rst part of the dead active area,
which is termed the e�ective active area, A0c. In
contrast, the dissolved oxygen can scarcely penetrate
through the electrolyte to the second part of the dead
active area, which is termed the e�ective dead active
area, DAeff. As a result of the e�ective active area due
to the crevice, we now introduce the e�ective dead
active area, DAeff, which is the di�erence between DA
and A0c, (DAÿ A0c�.
The dead area, that is, the dissolved oxygen-free

electrolyte within the crevice, is actually determined by
the critical permeable width, w, of the aperture for
dissolved oxygen molecules, along with the e�ective
layer thickness of the carboxyl group deff. The value of w
should range, within at most, just one molecular
diameter of oxygen. The value of deff is geometrically
determined by the dimensions of w.
The relative value of the e�ective dead active area

DAeff to the total active area A0, which is regarded as
a measure of the loss in speci®c activity, can be
expressed as

DAeff

A0
�

Za�r

a�ÿr

DA
A0
�a�DAeff

DA
�a� f �a�da �1�

where DA=A0�a� is the ratio of the dead active area to the
total active area as a function of the embedding depth a
of a Pt particle; s�a� � DAeff=DA�a�, the shading factor
by the carboxyl group as a function of a, and f �a�

Fig. 3. Plot of the value of Di=i0 determined from the cathodic

potentiostatic current transients obtained just after stepping the OCP

down to 0.4 V vs RHE as a function of Pt particle size r.
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represents the distribution function of the embedding
depth of the Pt particle. f �a�da means the probability
with which a Pt particle is embedded in the carbon
supports, to a depth interval between a and a� da.
It is now necessary to obtain expressions for
�DA=A0��a�, s�a�, and f �a� as a function of a, for a
given Pt particle size r, at a ®xed layer thickness d of the
carboxyl group, and a constant critical aperture width w
for the permeation of dissolved oxygen molecules.

4.1.1. Ratio of the dead active area to the total active
area, �DA=A0��a�
From the simple geometrical considerations of Figure 4,
A0 and DA are now expressed as a function of a for a
constant value of r and d. Hence, the ratio of DA to A0

can be then readily calculated as

DA
A0
�a� � 1 if r ÿ d < a � r �2a�

DA
A0
�a� � d

�r ÿ a� if ÿ r � a � r ÿ d �2b�

Figure 5(a) gives the plot of DA=A0 against a, calculated
from Equations 2(a) and (b).

4.1.2. Shading factor by carboxyl group, s�a�
In this work, a shading factor by the carboxyl group,
s�a�, is de®ned as a ratio of DAeff to DA. Let us consider
s�a� in the following two cases of 0 � a � r and
ÿr � a < 0.
First, the value of DAeff=DA is identical to that value

of deff=d for 0 � a � r, owing to the spherical symmetry
of the Pt particle. Hence, in this range of a, s�a� is
expressed by

s�a� �
r2 ÿ �ÿ�r2 ÿ a2�1=2 � w�2
h i1=2

ÿ a

d
�3�

for a constant value of r and w, considering the
geometrical relations in the magini®ed view in Figure 4.
The value of deff=d � DAeff=DA increases with decreasing
a at a constant value of r and w. Let us designate the a
value when s�a� � 1, as a*. In such a regime 0 � a � a*,
s�a� is larger than 1. In this regime, Equation (3) is of no

Fig. 4. Schematic diagram of the carboxyl group formation around a spherical Pt particle embedded in the ¯at surface of carbon support to

0 < a � r; a � 0 and ÿr � a < 0. a = embedding depth of Pt particle, d = the layer thickness of carboxyl group, deff = the e�ective layer

thickness of carboxyl group, w = the critical permeable width of aperture for dissolved oxygen molecule.
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physical signi®cance, because DA is completely sur-
rounded by the dissolved oxygen-free electrolyte, that is,
the dead area free of dissolved oxygen. Thus the shading
factor, s�a�, becomes unity.
The next step involves determining s�a� for
ÿr � a < 0. In this regime, the dead active area, DA,
of the Pt particle is now completely covered with the
carboxyl group, so that DAeff � DA. Hence, s�a� � 1 for
ÿr � a < 0.

Thus, the shading factor of the carboxyl group s�a� is
summarized as

s�a� � DAeff=DA � deff=d if a* � a � r �4a�

s�a� � 1 if ÿ r � a < a* �4b�

Figure 5(b) presents the plot of s�a� against a, calculated
from Equations 4(a) and (b).

4.1.3. Distribution function of Pt particle embedding
depth, f �a�
In the present work, the value of a is assumed to obey a
normal distribution, with zero as the mean value and r=4
as the standard deviation. Such a probability distribu-
tion function of a is given by

f �a� � 1p�2p�r exp
ÿ�aÿ l�2

2r2

 !
�5�

where l and r represent the mean value and the
standard deviation of a, respectively. Figure 5(c) envis-
ages the plot of a normal probability distribution of
embedding depth a, calculated from Equation 5.

4.2. Real situation of carboxyl group formation and
dissolution

So far, we derived Equation 1 on the assumption that
the carboxyl group forms to a monolayer thickness
around the Pt particle at the OCP, and then the
complete dissolution of this monolayer occurs from
the surface of the carbon support around the Pt particle
below Ef, as shown in Figure 4. However, in a real
situation the carboxyl group formation proceeds at a
very slow rate under the operating conditions for a
PAFC. In addition, the carboxyl group dissolution is
also a very sluggish process below Ef [8]. Therefore, we
consider the following factors in modifying Equation 1.

4.2.1. E�ects of an incomplete formation of
the carboxyl group
In Section 4.1 we assumed that the carboxyl group layer
is formed as a result of carbon corrosion during
immersion at the OCP for 1 h, then grows to a
monolayer thickness so that it covers the entire surface
of the carbon supports in the vicinity of the Pt particle.
However, it is actually conceivable that the surface of
the carbon is not completely covered with the carboxyl
group layer since the carboxyl group layer does not
su�ciently grow to a monolayer thickness, due to its
kinetically sluggish carbon corrosion. This means that
the carboxyl group layer formed at the OCP amounts,
on average, to between 0 and a monolayer thickness
around the Pt particles.

4.2.2. E�ects of the porosity of the carboxyl group
In Section 4.1 we assumed implicitly that the carboxyl
group layer formed around the Pt particle is ideally

Fig. 5. Schematic representation of (a) DA=A0, (b) DAeff=DA, and (c)

f�a� against embedding depth of Pt particle a. DA = the dead active

area, A0 = the total active area in the absence of carboxyl group,

DAeff = the e�ective dead active area, f�a� = the normal probability

distribution function.
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impermeable to dissolved oxygen molecules, thus block-
ading oxygen reduction on the Pt particle. However, in
fact, the carboxyl group layer may probably contain
such defects as small ¯aws and ®ssures, produced by
carbon dioxide gas evolution in the later stage of carbon
corrosion. Such defects give pathways for oxygen to
migrate to the active sites of the Pt particle.

4.2.3. E�ects of the incomplete dissolution of
the carboxyl group
In Section 4.1, we assumed implicitly that all carboxyl
groups formed at the OCP around a Pt particle can be
completely removed from the surface of the carbon
supports during the ®rst stage of the current transient at
0.4 V vs RHE, as indicated in Figure 2. On the other
hand, the current transients obtained just after dropping
the OCP to 0.3, 0.4 and 0.5 V vs RHE showed that the
value of Di=i0 slightly increases with falling electrode
potential. This indicates that all carboxyl groups are not
thoroughly dissolved during the ®rst stage of the current
transient in Figure 2, and hence a small amount of the
carboxyl group still remains to a thickness ranging
between 0 and a monolayer around Pt particles.
Therefore all dead active sites of Pt particles are not
perfectly converted into active sites for oxygen reduction
below Ef.

4.3. Comparison between ideal and real cases for
carboxyl group formation and dissolution

We now introduce a parameter m to e�ectively express
those three e�ects described above on the value of

DAeff=A0. Thus, this new parameter is de®ned as the
product of two probabilities. One is the probability to
which an extent carboxyl group layer grows around Pt
particles at the OCP, with respect to its ideal growth. In
a similar way, the other is the probability to what extent
the carboxyl group layer is dissolved from the vicinity of
Pt particles below Ef, with respect to its complete
dissolution. The value of m ranges between 0 and 1. In
view of the real situation of the carboxyl group
formation and dissolution, the value of DAeff=A0 is
reduced to

DAeff

A0
� m

Za�r

a�ÿr

DA
A0
�a�DAeff

DA
�a�f �a�da �6�

Using the expressions for �DA=A0��a�, s�a� and f �a� in
Equations 2(a, b), 4(a, b) and 5, respectively, we can
now calculate from Equation 6 the value of DAeff=A0 for
a given r. Considering the dimensions of the carboxyl
group and oxygen molecules [15], the monolayer thick-
ness d of a carboxyl group formed at the OCP, and the
critical aperture width w for the permeation of dissolved
oxygen molecules, are approximately estimated to be
0.3 nm and 0.2 nm, respectively. From the FTIR study
[8] of the carboxyl group formation and dissolution, we
can further roughly estimate the probability of the
carboxyl group formation at the OCP and dissolution
below Ef, to be 0.5 and 0.6, respectively.
Figure 6 depicts the plot of the value of DAeff=A0,

calculated based upon the model suggested above, as a
function of a Pt particle size r that ranges from 1.1 to
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Fig. 6. Plot of the value of DAeff=A0 theoretically calculated (s) based on the model and that of Di=i0 experimentally measured (d) against Pt

particle size r.
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2.3 nm, taking the parameters of d � 0:3 nm, w �
0:2 nm and m � 0:3. It is noted that by even adopting
a probability distribution function other than the
normal distribution function, we can also get approx-
imately the same results as shown in Figure 6. The value
of Di=i0, that is experimentally measured, as shown in
Figure 3, is simultaneously registered in Figure 6 to
compare it with that theoretically calculated.
From the comparison between the values of Di=i0 and

DAeff=A0, it can be seen that the plot of Di=i0 against r is
in good agreement with that plot of DAeff=A0 against r,
in both shape and value. Thus, it turns out that the
model is reasonable.

5. Conclusions

The experimental as well as the theoretical investigations
of the loss in electrocatalytic activity as a function of Pt
particle size r in a 85% H3PO4 solution at 145 �C,
suggest the following conclusions:
(i) From both the measured FTIR spectra and the

cathodic potentiostatic current transients, it is recog-
nized that the value of the oxygen reduction current
decrement Di, due to the carboxyl group formation,
relative to oxygen reduction current i0 in the absence of
the carboxyl group, increased with a decreasing Pt
particle size r. The value of Di=i0 is regarded as being a
measure of the loss in the speci®c activity.
(ii) According to the proposed model, the value of the

e�ective dead active area DAeff that is produced by the
carboxyl group formation, relative to the total active
area A0 that is free of the carboxyl group, is expressed by
multiplying the value of the dead active area DA, relative
to the total active area A0 by the two parameters of both
the carboxyl group shading factor and the distribution
of the embedding depth of Pt particles. The value of
DAeff=A0 was found to increase with a decreasing Pt
particle size r. This relative value can be regarded as
being a measure of the decrement of speci®c activity.

(iii) From the comparison of the value of Di=i0
experimentally determined, with that of DAeff=A0 as
theoretically calculated on the basis of the model, it can
be seen that the measured plot of Di=i0 against r and the
modelwise curve of DAeff=A0 against r almost coincide in
both shape and value. As a consequence, the decrease in
speci®c activity with decreasing Pt particle size r, some-
times called the `Pt crystallite size e�ect', can be under-
stood in terms of the relative value of the e�ective dead
active area developed by the carboxyl group formation.
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