
Double-Trap Kinetic Equation for the Oxygen Reduction Reaction on Pt(111) in Acidic
Media†

Jia X. Wang,* Junliang Zhang, and Radoslav R. Adzic
Department of Chemistry, BrookhaVen National Laboratory, Upton, New York 11973

ReceiVed: July 31, 2007; In Final Form: September 18, 2007

We derived an intrinsic kinetic equation for the four-electron oxygen reduction reaction (ORR) in
acidic media using free energies of activation and adsorption as the kinetic parameters. Our kinetic model
consists of four essential elementary reactions: a dissociative adsorption (DA) and a reductive adsorption
(RA), which yield two reaction intermediates, O and OH; a reductive transition (RT) from O to OH; and a
reductive desorption (RD) of OH. Analytic expressions were found for the O and OH adsorption isotherms
by solving the steady-state rate equations. For the ORR on Pt(111) in 0.1 M HClO4 solution, we analyzed the
measured polarization curves, thereby deducing activation free energies that are consistent with the values
from theoretical calculations. The reductive adsorption (∆GRA

/0 ) 0.46 eV) is not the rate-determining step
(RDS) for the ORR on Pt because dissociative adsorption (∆GDA

/0 ) 0.26 eV) offers a more favorable pathway
at high potentials. It, however, generates strongly adsorbed O. The high activation barriers for the O to OH
transition (∆GRT

/0 ) 0.50 eV) and OH desorption (∆GRD
/0 ) 0.45 eV) cause a large potential loss for the

desorption-limited ORR. As the OH coverage increases to a constant value with decreasing potential, the
Tafel slope increases to the value determined by a symmetric electron-transfer coefficient. We discuss the
role of adsorption isotherm in kinetic analysis and, via activity-and-barrier plots, illustrate why the RDS may
vary with reaction conditions or may not exist. Recognizing such features of electrocatalytic reactions can
facilitate reaching the long-standing goal of quantitative descriptions and predictions of electrocatalysts’
activities.

1. Introduction

The four-electron (4e) oxygen reduction reaction (ORR) in
acidic media has been investigated for decades partly because
of its importance in energy technology as the cathodic reaction
in proton-exchange membrane fuel cells.1-8 Recent efforts
focused on developing active, stable, and inexpensive ORR
electrocatalysts.9-13 However, realizing this combination of
requirements greatly challenges researchers, necessitating a
deeper understanding of the reaction mechanisms and factors
governing catalytic behavior.

Advances in computer technology and in algorithms for
calculating electron structure have delivered detailed energetic
information about the elementary reactions in the ORR, Shi et
al.’s recently discussed.14 For example, the adsorption free
energies were assessed for several reaction intermediates using
density functional theory (DFT) calculations to illustrate possible
reaction pathways and rate-determining steps (RDS).15 More-
over, the relationship between activation energies and adsorption
energies was examined,16 and the former were expressed as a
function of potential for the ORR’s four elementary reactions.17

In addition,ab initio molecular-dynamics simulations illustrated
the role of proton transfer in the ORR kinetics.18 So far,
theoretical predictions of the catalysts’ activities were based
upon single RDS approximation.15,19 By developing intrinsic
kinetic equations using adsorption and activation free energies

as the kinetic parameters, we can directly connect theory and
experiment.

Semiempirical kinetic equations for the ORR were pro-
posed by assuming that the first 1e-reduction in the adsorption
process was the RDS.1,7,20,21Combined with the experimentally
deduced adsorption isotherm for OH and bisulfate, we fitted
the measured polarization curves for Pt(111) in HClO4 and H2-
SO4 solutions.22 Our findings support the idea that the adsorption
of OH and O causes the Tafel slope to deviate from 118 mV/
decade at room temperature. However, these semiempirical
approaches cannot convincingly explain why the Tafel slope
commonly is considered to be only half of that value in fuel
cell modeling.

In this study, we derived a double-trap kinetic equation for
the 4e-ORR in acidic media using the methodology we
developed in obtaining the dual-pathway kinetic equation for
the hydrogen oxidation reaction (HOR).23,24Our approach differs
from previous kinetic modeling in that we carefully chose the
essential elementary reactions without assuming one as the RDS
because assuming a single RDS may not hold over a wide
potential region for reactions that either have more than one
pathway or have several comparable activation barriers. These
situations are important because catalytic activities are improved
by finding new ways to bypass the major activation barrier and
manipulating the electronic structure of a catalyst to lower the
highest activation barrier. While the HOR case exemplified an
RDS varying with potential due to the dual pathways for
adsorption, the ORR on Pt(111) discussed here represents a
situation wherein the strong adsorption of O and OH acts as a
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double-trap, generating two major barriers for the desorption-
limited ORR.

2. Kinetic Model and Equations for the 4e-ORR in Acidic
Media

For the 4e-ORR, O2 + 4H+ + 4e- a 2H2O, we proposed
four essential elementary reactions:

These represent two adsorption pathways: one is through
dissociative adsorption (DA) that forms adsorbed O, followed
by a reductive transition (RT) from O to OH; the other is through
reductive adsorption (RA) in which first electron transfer
coincides with adsorption. In both cases, the electrocatalytic
reaction is completed by the reductive desorption (RD) of OH.
Schematically, they can be shown as

We ignore other possible reaction intermediates, such as
physisorbed O2 and associated O2H, because they are much less
stable than O and OH. Our IR study revealed O2

- on Pt in
alkaline solution, but no O2H in acidic solution.25 The fractional
stoichiometric number is used in eqs 1 and 2 to simplify the
expression for reactions O2 a 2Oad and O2 + H+ + e- a OHad

+ Oad, so eliminating the quadratic terms forθO andθOH in the
rate equations (see the List of Symbols):

Although employing the fractional stoichiometric number does
not change the concentration dependence of the reversible
potential, it entails a different reaction order in the kinetic
equations. For the HOR, we examined kinetic models with the
dissociative adsorption of hydrogen written as H2 a 2Had or
1/2H2 a Had corresponding to a quadratic or linear term onθH.
The latter failed to fit the experimental data because the DA
reaction is the RDS for the HOR at small overpotentials where
the fast rise of kinetic current requires a quadratic dependence
on θH. For the ORR, we found that the O to OH transition and
OH desorption play more important roles in determining the
kinetic behavior than do the DA and RA reactions; thus, the
reaction order in these two adsorption reactions is undetermin-
able from analyzing polarization curves. We chose to use the
linear expression for simplicity, considering it to be a justifiable
approximation to the true reaction mechanism supported by
theory or other experimental evidence.

The total kinetic current,jk, is proportional to the sum of the
reaction rates for those involving 1e-reduction. By combining
this formula with the steady-state rate equations,

we obtain

whereF is the Faraday constant andji ) 2Fνi is the kinetic
current for a single elementary reaction. At the reversible
potential for the ORR or zero overpotential,η ) E - E0 ) 0,
the net current is zero, which leads toνRD ) ν+RD - ν-RD )
0 andνDA ) νRT ) -νRA. Although not immediately obvious,
the net reaction rate also is zero for the DA, RT, and RA
reactions atη ) 0, as shown in the Appendix.

Applying the methodology we developed in deriving the HOR
kinetic equation,24 we define the intrinsic exchange currents and
correlate them with the activation free energies:

Here, the superscript “0” represents the zero overpotential and
j* ) 1000 A cm-2 is the chosen reference prefactor setting the
scale for activation free energy, just as the reference electrode
sets the scale for the potential.24

Replacing the rate constants and concentrations in the solution
phase with activation free energies at zero overpotential allows
us to express the rate of a reaction by the product of its intrinsic
rate and the coverage of its reactant. Hence, we rewrite eqs 5-8
as

The intrinsic rates,gi ≡ e-∆Gi
* /kT (the minus sign in the sub-

script represents the backward reaction), are determined solely
by their activation barriers. In other words, it is the rate of a
reaction when the surface is fully covered by its reactant,
e.g., O for the RT, OH for the RD, and empty surface sites
for the RA and DA reactions in the forward direction. Not all
eight activation free energies are independent because the
one for a backward reaction can be linked with its for ward
reaction by the adsorption free energies for the reaction
intermediates atη ) 0, which are determined by the equilibrium

1/2O2 a Oad dissociative adsorption (DA) (1)

1/2O2 + H+ + e- a OHad reductive adsorption (RA) (2)

Oad + H+ + e- a OHad reductive transition (RT) (3)

OHad + H+ + e- a H2O reductive desorption (RD) (4)

νDA ) kDAcO2

1/2(1 - θO - θOH) - k-DAθO (5)

νRA ) kRAcO2

1/2cH+e-E/2kT(1 - θO - θOH) - k-RAeE/2kTθOH (6)

νRT ) kRTcH+e-E/2kTθO - k-RTe
E/2kTθOH (7)

νRD ) kRDcH+e-E/2kTθOH - k-RDeE/2kT(1 - θO - θOH) (8)

dθO/dt ) νDA - νRT ) 0 (9)

dθOH/dt ) νRA + νRT - νRD ) 0 (10)

jk ) F(νRA + νRT + νRD)

) 2FνRD ) 2F(νRA + νRT) ) 2F(νDA + VRA)

) jRD ) jRA + jRT ) jDA + jRA (11)

jDA
0 ) 2FkDAcO2

1/2 ) j*e-∆GDA
/0 /kT (12)

jRA
0 ) 2FkRAcO2

1/2cH+ ) j*e-∆GRA
/0 /kT (13)

jRT
0 ) 2FkRTcH+ ) j*e-∆GRT

/0 /kT (14)

jRD
0 ) 2FkRDcH+ ) j*e-∆GRD

/0 /kT (15)

jDA ) j*e-∆GDA
/ /kT(1 - θO - θOH) - j*e-∆G-DA

/ /kTθO (16)

jRA ) j*e-∆GRA
/ /kT(1 - θO - θOH) - j*e-∆G-RA

/ /kTθOH (17)

jRT ) j*e-∆GRT
/ /kTθO - j*e-∆G-RT

/ /kTθOH (18)

jRD ) j*e-∆GRD
/ /kTθOH - j*e-∆G-RD

/ /kT(1 - θO - θOH) (19)
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coverage for the O and OH,

Therefore, the potential-dependent activation free energies can
be expressed as

The free energy diagram atη ) 0 shown in Figure 1d illustrates
how the activation free energies for the backward reactions (the
length of dashed vertical lines) are determined by the four
activation free energies (∆GDA

/0 , ∆GRA
/0 , ∆GRT

/0 , and∆GRD
/0 ) for

the forward directions (the length of solid vertical lines) and
two adsorption free energies for the intermediates (∆GO

0 and
∆GOH

0 ).
The total kinetic current can be expressed usingjk ) jRD (eqs

11, 19, 25, and 29),

When the backward reaction rate is negligible and assumingâ
) 0.5, the kinetic equation can be simplified to

Under this condition,

where j and jL are the measured and mass-transport-limited
currents, respectively.23 That is, the ORR kinetic current can
be obtained by fitting the measured polarization curves or by
numerically converting the data using eq 32. Alternatively, the
kinetic current can be expressed as the sum of the currents of
two adsorption pathways (backward reactions omitted),

Next, we derive the adsorption isotherms,θO(E) and θOH(E),
from the steady-state rate equations. Combining eqs 16-19 with
eqs 9-10 leads to (note thatji ) 2Fνi andgi ) e-∆Gi

* /kT)

which can be rearranged into a pair of linear equations

whose solutions give the analytical expressions for the O and
OH adsorption isotherms:

For η f ∞, or at sufficiently low potentials,gRA, gRT, gRD .
gDA, g-DA . g-RA, g-RT, g-RD. Thus,

At η ) 0, we find the equilibrium coverage (from eqs 20 and
21),

and thus, the exchange current

Below, we first present the results of a kinetic analysis using
the double-trap kinetic model described above, with the sym-

θO
0

1 - θO
0 - θOH

0
) e-∆GO

0 /kT (20)

θOH
0

1 - θO
0 - θOH

0
) e-∆GOH

0 /kT (21)

∆GDA
/ ) ∆GDA

/0 (22)

∆GRA
/ ) ∆GRA

/0 - âe(E0 - E) (23)

∆GRT
/ ) ∆GRT

/0 - âe(E0 - E) (24)

∆GRD
/ ) ∆GRD

/0 - âe(E0 - E) (25)

∆G-DA
/ ) ∆GDA

/0 - ∆GO
0 (26)

∆G-RA
/ ) ∆GRA

/0 - ∆GOH
0 + (1 - â)e(E0 - E) (27)

∆G-RT
/ ) ∆GRT

/0 - ∆GOH
0 + ∆GO

0 + (1 - â)e(E0 - E) (28)

∆G-RD
/ ) ∆GRD

/0 + ∆GOH
0 + (1 - â)e(E0 - E) (29)

jk ) j*e-∆GRD
/0 /kTeâ(E0-E)/kTθOH -

j*e-(∆GRD
/0 +GOH

0 )/kTe-(1-â)(E0-E)/kT(1 - θO - θOH) (30)

jk = j f ) j*e-∆GRD
/0 /kTe(E0-E)/2kTθOH (31)

j )
jk

1 + j f/jL
=

jk
1 + jk/jL

and thusjk ) j
1 - j/jL

(32)

jk ) jDA + jRA = j*e-∆GDA
/0 /kT(1 - θO - θOH) +

j*e-∆GRA
/0 /kTe(E0-E)/2kT(1 - θO - θOH) (33)

gDA(1 - θO - θOH) - g-DAθO - gRTθO + g-RTθOH ) 0 (34)

gRA(1 - θO - θOH) - g-RAθOH + gRTθO - g-RTθOH -
gRDθOH + g-RD(1 - θO - θOH) ) 0 (35)

(gDA + g-DA + gRT)θO + (gDA - g-RT)θOH -
gDA ≡ a1θO + b1θOH - c1 ) 0 (36)

(gRA - gRT + g-RD)θO + (gRA + g-RA + g-RT + gRD +
g-RD)θOH - (gRA + g-RD) ≡ a2θO + b2θOH - c2 ) 0 (37)

θO )
c1b2 - c2b1

a1b2 - a2b1
(38)

θOH )
c1a2 - c2a1

b1a2 - b2a1
(39)

θO
∞ f

gDAgRD

gRT(gRA + gRD + gDA)
) 0 (40)

θOH
∞ f

1
1 + gRD/gRA

) 1

1 + e(∆GRA
/0 -∆GRD

/0 )/kT
(41)

θO
0 ) e-∆GO

0 /kT

1 + e-∆GO
0 /kT + e-∆GOH

0 /kT
(42)

θOH
0 ) e-∆GOH

0 /kT

1 + e-∆GO
0 /kT + e-∆GOH

0 /kT
(43)

j0 ) jRD
0 θOH

0 ) j*e-∆GRD
/0 /kT

e∆GOH
0

+ e(∆GOH
0 -∆GO

0 )/kT + 1
(44)
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metric electron-transfer coefficient, i.e.,â ) 0.5, in the next
section. In section 4, we discuss the adsorption isotherm and
the elimination of the models with single pathway and with
asymmetric coefficients.

3. Activation Free Energies for the ORR on Pt(111)

Figure 1a shows an ORR polarization curve for Pt(111)
measured in an oxygen-saturated 0.1 M HClO4 solution.
Excellent fits are obtained with∆GOH

0 and ∆GRD
/0 fixed at

certain values, while allowing∆GO
0 , ∆GDA

/0 , ∆GRA
/0 , and∆GRT

/0

to vary. For∆GOH
0 ) -0.12 eV,∆GRD

/0 can be between 0.445
and 0.465 eV, whereas for∆GRD

/0 ) 0.455 eV,∆GOH
0 can range

from -0.13 to+0.10 eV. As the first three rows of Table 1
show, the uncertainty in∆GRD

/0 , (0.01 eV, generates a similar
uncertainty in the other four fitted free energies. The OH
coverage at infinite overpotential,θOH

∞ , varies from 0.69 to
0.31 with decreasing∆GRD

/0 . In contrast, the value of∆GOH
0

affects only the value of∆GO
0 (the last two rows in Table 1).

The lack of experimental methods to determine the equilibrium
coverage,θO

0 , and θOH
0 under the ORR conditions, is respon-

sible for the large uncertainty in the adsorption free energies
on an absolute scale. We chose∆GOH

0 ) -0.12 eV to be sure
that the total coverage of O and OH reaches unity at zero
overpotential irrespective of the value for∆GO

0 (see eqs 42 and
43).

Table 2 lists the free energies determined by fitting the
polarization curves measured with electrode rotating rates of
1600 and 2500 rpm at potential sweep rates of 50 and 20 mV/
s. The differences are significant when measurements for
different catalysts are compared but do not change the major
conclusions of this study. Lowering the potential sweep rate
caused a small decline in the deduced kinetic currents that could
be attributed to an increase of O coverage with time.

Figure 1b shows the adsorption isotherms,θOH, θO, andθO
0

+ θOH
0 , calculated using the parameters from Figure 1a.

Interestingly, the overpotential forθO ) 0.5 is 0.453 V, close
to the value of 0.455 eV for∆GRD

/0 . This is similar to the
finding for the HOR where the overpotential forθH/θH

0 ) 0.5
is near the activation free energy for H desorption.24 The rise

Figure 1. (a) ORR polarization curve measured at 296 K using a Pt(111) rotating disk electrode (2500 rpm) in oxygen-saturated (1 atm) 0.1 M
HClO4 solution. The parameters of the best fit given in (a) were used to calculate the adsorption isotherms for O, OH, and their sum in (b), and,
the kinetic currents in (c). (d) Free energy diagram atη ) 0 constructed using the fitted activation free energies for the forward reactions (represented
by the lengths of the solid vertical lines) and the adsorption free energies for O and OH (the values on they-axis for the horizontal bars). The
lengths of dashed vertical lines represent the activation free energies of the backward reactions. (e) Activity-and-barrier plot showing the kinetic
current (black line) and the activation free energies (colored lines) on an equivalent energy scale. Note, the higher that a-∆G* curve rises, the
lower is the activation barrier, and thus, the higher is the reaction rate or the kinetic current.

TABLE 1: Several Sets of Free Energies Producing
Excellent Fits to the ORR Polarization Curve in Figure 1aa

∆GRD
/0 ∆GOH

0 ∆GO
0 ∆GDA

/0 ∆GRA
/0 GRT

/0 θOH
∞

0.465 -0.12 -0.467 0.244 0.445 0.500 0.69
0.455 -0.12 -0.477 0.258 0.459 0.502 0.46
0.445 -0.12 -0.487 0.264 0.465 0.504 0.31
0.455 -0.13 -0.487 0.258 0.459 0.502 0.46
0.455 0.10 -0.257 0.258 0.459 0.502 0.46

a The values for∆GOH
0 and∆GRD

/0 in the first two columns (italics)
were fixed; the other four were adjusted during fitting. The values in
bold are used in Figure 1.
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of θOH
0 with decreasingpotential to a constant value seems

counterintuitive because anion adsorption in general decreases
with decreasing potential. However, when O is adsorbed more
strongly than OH at high potentials, it desorbs with decreasing
potential, which opens more surface sites and can then result
in an increase of OH coverage. At sufficiently low potentials,
the OH coverage approaches a value determined by eq 41. That
is, θOH

∞ ) 0.5 when∆GRA
/0 ) ∆GRD

/0 , andθOH
∞ > 0.5 when∆GRA

/0

< ∆GRD
/0 . Thus, the greater the barrier for the RD reaction as

compared to that for the RA reaction, the more OH will occupy
surface sites, equalizing the reaction rates for the two steps
because the OH acts both as a site-blocker for the RA reaction
and as the reactant for the RD reaction.

Figure 1c shows the log(jk)-E plot. The close agreement
between the data converted via eq 32 (circles) and the calculated
kinetic current (solid line) indicates that the backward reaction
rate is negligibly low so thatjk ) jf holds true for the ORR on
Pt. The plot also reveals that the Tafel slope increases continu-
ously with decreasing potential to the nominal value forâ )
0.5 asθOH approaches a constant value.

To elucidate the relationships among the six free energies
and their roles in determining the kinetic current, we display
the free energy diagram at zero overpotential in Figure 1d and
their potential dependence in Figure 1e. In the former, the
lengths of the colored vertical lines represent the values of the
activation free energies, and they-axis values of the horizontal
bars show the adsorption free energies for O and OH. Thus,
the highest activation free energy is that of the RT reaction
(0.502 eV, purple), followed quite closely by the 0.46 eV and
the 0.45 eV activation energies of the RA (green) and RD (red)
reactions, respectively. Similarly, the lengths of the dashed lines
show the activation free energies of the backward reactions that
are determined by the two adsorption free energies and four
activation free energies of the forward reactions.

Because the change of activation free energies is the driving
force for an increasing kinetic current with decreasing potential,
it is useful to make them directly comparable. Figure 1e plots,
on the same scale, the activity in terms ofkT ln(jk/j*) and the
activation free energies in negative value,-∆G*. Here, the
activity curve goes up with the rise of the-∆G* curves because
they represent the fall of activation barriers. This activity-and-
barrier plot quantitatively describes the reaction mechanism.

Among the four solid colored lines for the forward reactions,
three rise with decreasing potential and one remains constant
because the RA, RT, and RD reactions involve a reductive
electron transfer, but the DA reaction does not. The DA line at
high potentials and the RA line at low potentials show the
smaller of the two barriers for adsorption. The potential where
they are equal (0.828 V) corresponds to the crossing potential
for jDA andjRA in Figure 1c. The fact that the RD and RT lines
are lower than the DA line at high potentials indicates that the
ORR activity on Pt is desorption-limited. The RT line is shown
at potentials above where it intercepts the-RT line. This
potential denotes the reversible potential for the O and OH

transition; that is, when∆GRT
/ ) ∆G-RT

/ we find, from eqs 24
and 28,

whereE0 ) 1.230 V at 296 K, and hence,EO/OH
rev ) 1.230-

0.357 ) 0.873 V. Above this potential, the RT reaction is
favorable in the backward direction causing a high O coverage,
and thus, a low kinetic current. From eqs 31 and 25, we find

That is, the gap between thekT ln(jk/j*) and the-∆GRD
/ curves

is kT ln(θOH). BecauseθOH approaches 0.46 at sufficiently low
potentials, the minimum gap iskT ln(0.46) ) -0.02 eV. At
high potentials, the gap increases with decreasingθOH, which
then causes the Tafel slope to decline.

TABLE 2: Free Energies Determined from Fitting the Polarization Curves Measured
at Different Electrode Rotating Rates and Potential Sweep Rates with∆GOH

0 and ∆GRD
/0 Fixed at -0.12 and 0.455 eV, Respectivelya

ω,
rpm

dE/dt,
mV/s

∆GO
0 ,

eV
∆GDA

/0 ,
eV

∆GRA
/0 ,

eV
∆GRT

/0 ,
eV

jk(0.8V),
mA cm-2

jk(0.85V),
mA cm-2

jk(0.9V),
mA cm-2

1600 50 -0.476 0.268 0.458 0.506 21.0 5.45 1.25
2500 50 -0.477 0.258 0.459 0.502 19.6 5.41 1.27
1600 20 -0.482 0.232 0.427 0.514 15.4 4.28 1.00
2500 20 -0.483 0.251 0.450 0.514 16.9 3.95 1.01

a The corresponding kinetic currents are given for three different potentials.

Figure 2. (a) Coverage of oxygen-containing species deduced from
integrated charge,θq, measured for Pt(111) at 50 mV/s in deaerated
0.1 M HClO4 solution, and the fit (red line) usingθO + θOH with ∆GO

0 ,
∆GOH

0 , ∆GDA
/0 , and ∆GRA

/0 fixed while allowing ∆GRT
/0 and ∆GRD

/0 to
vary. (b) Activity-and-barrier plot showing that the expected changes
in the activation barriers (dashed lines) due to a decrease in oxygen
concentration cause a drop of kinetic current (solid lines).

EO/OH
rev ) E0 - (∆GOH

0 - ∆GO
0)/e (45)

kT ln(jk/j*) ) -∆GRD
/ + kT ln(θOH) (46)
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Our discussion shows that reductive adsorption is not the RDS
for the ORR on Pt because dissociative adsorption affords the
more active pathway at high potentials. The resulting reaction
intermediates, O and OH, are strongly bonded on the Pt surface,
requiring considerable overpotential to overcome the barriers
for the O to OH transition and OH desorption. Thus, the ORR
is desorption-limited. This conclusion is consistent with the fact
that ORR activities are enhanced when O and OH adsorption
weakens. Next, we compare the calculated and experimentally
deduced activation barriers.

Nørskov et al.’s DFT-calculated values for∆G1 and ∆G2,
viz., 0.45 and 0.43 3V at pH 0, are equivalent to the minimum
values for our∆GRT

/0 and ∆GRD
/0 , respectively.15 According to

∆(∆G) ) kT ln(10) × pH ) 0.06 pH for proton-transfer
reactions, the values for pH) 1 are 0.51 and 0.49 eV,
respectively, close to the corresponding values∆GRT

/0 ) 0.502
eV and∆GRD

/0 ) 0.455 eV determined from our analysis of the
polarization curve measured in 0.1 M HClO4.

There is considerable uncertainty about the activation free
energy for the DA reaction because it strongly depends on the
coverage of O and OH. Nørskov and colleagues calculated the
activation barrier usingEa

diss ) 1.8∆EO - 2.89, where∆EO is
the binding energy of O on Pt.15 Because∆EO equals 1.57 and
2.36 eV, respectively, for a 0.25 and 0.5 atomic monolayer,
Ea

diss varies from -0.06 to +1.36 eV depending on the
coverage. Our value of 0.258 eV lies within the range of these
theoretical calculations. Protonation is involved in the RA
reaction in addition to the O-O bond break as in the DA
reaction, and so these authors estimated a 0.13 eV higher
activation free energy for the former at pH) 0. Our measure-
ments were carried out at pH) 1; hence, the difference would
be 0.13+ 0.06pH) 0.19 eV. This predicted value is close to
our result,∆GRA

/0 - ∆GDA
/0 ) 0.459- 0.258) 0.201 eV. Other

theoretical studies reported different activation energies for the
RA reaction, which are not very different from our value of
0.459 eV, ranging from 0.22 eV (Hyman and Medlin)26 to 0.4
eV (Wang and Balbuena)18 and 0.45 eV (Anderson et al.).27

Wakabayashi et al. measured the temperature-dependence of
ORR activity at a Pt film electrode, obtaining 38 kJ/mol for
the apparent activation energy at-0.525 V versusE0.28 For T
) 296 K, 38 kJ/mol equals 0.394 eV, which is very close to
our estimate of 0.386 eV. In calculating this value, we assumed
that at 1.23- 0.525 ) 0.705 V, the highest activation free
energy in the dominant pathway is∆GRA

/0 - η/2 ) 0.458 -
0.525/2) 0.196 eV for the RA reaction, and thatT∆S) 0.19
eV for pH ) 1; thus,∆H ) ∆G + T∆S ) 0.196+ 0.19 )
0.386 eV.

4. Kinetics-Deduced Adsorption Isotherm

Further support for the dual-path model with a symmetric
electron-transfer coefficient lies in the agreement between the
kinetics-deduced and the measured adsorption isotherm for the
ORR intermediates. For the HOR, we showed that the H
coverage should, and can, be measured under the HOR
condition.24 However, there is so far no O- and OH-specific
method forin situ monitoring. Even the total charge for O and
OH adsorption can only be measured in the absence of oxygen
because the ORR current is not the same and thus cannot be
subtracted out from polarization measurements at different
potential sweep rates. Thus, we used the adsorption isotherm
deduced from integrated charge obtained in deaerated solution
in analysis.

Figure 2a shows the normalized coverage deduced from the
integrated charge,θq, measured for Pt(111) at 50 mV/s in
deaerated 0.1 M HClO4 solution. Assuming 1e per adsorbate,
the maximum coverage measured is slightly lower than a 0.5
atomic monolayer.22 The black lines show the calculated
adsorption isotherm using the parameters determined from fitting
the measured polarization curve. The curve for the total
coverage,θO + θOH, is higher thanθq at all potentials, which
is expected becauseθO + θOH should increase with O2
concentration. The activation free energies for the adsorption
reactions and the adsorption free energies for O and OH increase
as the oxygen concentration falls. Assuming that oxygen

Figure 3. Fits to the measured polarization curve for the ORR on Pt(111) using three different models (upper panel), and their corresponding
adsorption isotherms compared toθq (lower panel).
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concentration is proportional to its partial pressure,PO2, we
found from eqs 12 and 13,

Similarly,

In fitting θq, we also adjusted the reversible potential for the
ORR using

Good fits were found withPO2 smaller than 0.01 atm; the fit
for 0.0005 atm is shown in Figure 2a, and Figure 2b plots the
corresponding change in kinetic current. Lowering the oxygen
concentration increases the barriers for adsorption, thereby
downshifting the RA and DA lines. The kinetic current becomes
largely adsorption-limited. At 0.8 V, the kinetic current at 0.0005
atm has fallen to 2% of the kinetic current at 1 atm oxygen
pressure, a finding consistent with negligible ORR current in a
deaerated solution.

Analyses using models other than the dual-path, symmetric
â model, failed to produce explainable adsorption isotherms.
For example, we tested the commonly proposed RA-only
reaction models and the possibility of asymmetric electron-
transfer coefficient, the latter affording a possible explanation
for the low Tafel slope at high potentials. On the basis of
theoretical calculations using a planar model and a nonplanar
one, Anderson et al.27 showed (in their Figure 8) the nearly
linear potential dependence of the activation barrier between
1.2 and 0.7 V, with the slopes corresponding toâ ) 0.92 and
0.70, respectively. We found that the measured polarization
curve can be fitted withâ up to 0.6. The upper panels in Figure

3 reveal that reasonable fits can be obtained using a model with
only the RA pathway (Figure 3a), or by fixing∆GDA

/0 at 10 eV
to effectively block the DA pathway in the dual-path model
(Figure 3b), and by assumingâ ) 0.6 for all three reductive
reactions (Figure 3c). However, their corresponding adsorption
isotherms for the adsorbate comprising both O and OH all
exhibit coverages lower than those measured in deaerated
solution at all or some potentials, thereby violating the
dependence ofθO + θOH on the oxygen concentration. Thus,
we exclude the RA-only reaction models and the possibility
for â being significantly different from 0.5.

5. Reaction Mechanisms

To better understand the results for the ORR, we compared
it to the HOR using the activity-and-barrier plots in Figure 4.
The parameters for the HOR on polycrystalline Pt given in
Figure 4a were determined previously.24 The OA and OD signify
the oxidative adsorption and oxidative desorption of H, respec-
tively, and the DA represents the dissociative adsorption of
hydrogen. Because∆GOD

/0 ) 0.048 eV is much smaller than
those two for the adsorption reactions (∆GDA

/0 ) 0.196 and∆
GOA

/0 ) 0.294 eV), the HOR on Pt is adsorption-limited. The
closeness of the curve of the HOR kinetic current (black line)
to the DA and OA lines demonstrates that the DA and OA are,
respectively, the RDS at low and high potential regions. In
contrast, the activity-and-barrier plot for the ORR on Pt(111)
shows that thekT ln(jk/j*) curve is considerably lower than the
DA and RA lines, especially at high potentials, suggesting that
the ORR on Pt is desorption-limited.

The adsorption-limited HOR entails a low equilibrium H
coverage at the active atop sites and a large exchange current.
The fast, inversed exponential rise of the kinetic current at low
potentials is determined by the quadratic exponential decrease
of the backward reaction current as the H coverage falls
exponentially. On the other hand, the desorption-limited ORR

Figure 4. Activity-and-barriers plot for the HOR on polycrystalline Pt in H2-saturated (1 atm) 0.1 M HClO4 solution (a), and for the ORR on
Pt(111) in O2-saturated (1 atm) 0.1 M HClO4 solution (b) atT ) 296 K. Because the electron-transfer coefficients are 0.5 for all single electron-
transfer reactions, the slope is 0.5 for oxidative reactions (OA, OD, and-RT), and-0.5 for reductive reactions (RA, RT, and RD), and DA
remains potential-independent. The dotted-dashed purple line shows a slope of-1 at potentials positive of 0.873 V.

∆(∆GDA
/0 ) ) ∆(∆GRA

/0 ) )
-0.5kT ln(10) ∆(0.5 logcO2

) ) -0.03 logPO2
(47)

∆(∆GO
0) ) ∆(∆GOH

0 ) ) -0.03 logPO2
(48)

EORR
0 ) 0.25kT ln(10) ∆(log cO2

) ) 0.015 logPO2
(49)
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exhibits a high O coverage at zero overpotential and a very
small exchange current. At potentials positive of the O/OH
reversible potential, the ORR activity drops with increasing
potential about twice as fast as the variation of the barrier curve.
This indicates a halving of the Tafel slope, which can be
rationalized by the-RT line having the opposing effect on the
kinetic current curve so that the slope of thekT ln(jk/j*) curve
at E g EO/OH

rev is close to d(-∆GRT
/ )/dE - d(-∆G-RT

/ )/dE )
-0.5 - 0.5 ) -1 (dotted-dashed line in Figure 4b).

Electrocatalytic activities can be expressed as overpotentials
for a given kinetic current. Figure 4 shows, using the plus signs,
that the overpotential at 0.1 A cm-2 is 0.004 V for the HOR,
and 1.23- 0.736 ) 0.494 V for the ORR. This half-volt
difference in potential loss can be attributed mainly to the high
activation barrier for the O to OH transition. For both reactions,
dissociative adsorption is the dominant pathway at low over-
potentials because it does not involve electron transfer and, thus,
is potential-independent. Although the facile DA pathway is
favorable for the HOR, it is detrimental for the ORR kinetics
because of the deep energy trap for O.

6. Conclusions

We derived an intrinsic kinetic equation for the 4e-ORR in
acidic media based on a model that comprises four essential
elementary reactions forming two adsorption pathways and two
reaction intermediates. To allow a wide range of rates for all
four reactions, we did not assume a RDS. Instead, we used the
activation free energies to describe the reaction barriers and
derived the adsorption isotherms for O and OH by solving the
steady-state rate equations. Analyzing the data for Pt(111)
revealed that the DA and RA pathways coexist and the electron-
transfer coefficient is 0.5 for the three reductive reactions. The

activation free energies obtained from fitting experimental data
are consistent with theoretical calculations.

Using the free energy diagram at zero overpotential and the
activity-and-barrier plots, we illustrated that the 4e-ORR on
Pt is desorption-limited because the dissociative adsorption is
facile, and O and OH are strongly trapped on the surface.
Above the reversible potential for the O and OH transition,
the O coverage is high, causing severe inhibition of the
ORR activity. As the O coverage falls with decreasing poten-
tial, the kinetic current increases with the lowering of the
RD activation barrier and increasing the OH coverage. When
OH coverage reaches a constant value at sufficiently low
potentials, the Tafel slope is determined by the electron-transfer
coefficient.

List of Symbols

cO2, cH+, M or mol cm-3 ) concentrations of reactants
E, V ) electrode potential versus reversible hydrogen

electrode
E0, V ) reversible potential for the ORR
EO/OH

rev , V ) reversible potential for the adsorbed OT OH
transition

j, A cm-2 ) measured current density
jDA, jRA, jRT, jRD, A cm-2 ) partial kinetic current densities

of elementary reactions
jDA
0 , jRA

0 , jRT
0 , jRD

0 , A cm-2 ) intrinsic exchange current
densities of elementary reactions

j0, A cm-2 ) exchange current density
j*, A cm-2 ) reference prefactor
jk, A cm-2 ) total net kinetic current density
jf, A cm-2 ) kinetic current for forward reactions
jL, A cm-2 ) mass-transport-limiting current density
k, eV K-1 ) Boltzmann constant, 8.617× 10-5; kT(296K)

) 25.51 meV
ki, k-i, s-1 or cm3 mol-1 s-1 ) rate constants of elementary

reactions, i) DA, RA, RT, RD
T, K ) temperature
â ) electron-transfer coefficient for reductive reactions
η, V ) ORR overpotential
θq ) coverage deduced from normalized integrated charge
θO, θOH ) fractional coverage of reaction intermediates
θO

0 , θOH
0 ) equilibrium coverage, i.e., atη ) 0

θO
∞, θOH

∞ ) O and OH coverage at infinite overpotential
νi, mol s-1 cm-2 ) reaction rates of elementary reactions, i

) DA, RA, RT, RD
∆GO

0 , eV ) adsorption free energy for1/2O2 f Oad at η ) 0
∆GOH

0 , eV ) adsorption free energy for1/2O2 + H+ + e- f
OHad at η ) 0

∆Gi
/0, eV ) activation free energy atη ) 0 for forward

elementary reactions
∆Gi

/, ∆G-i
/ , eV ) potential dependent activation free energy

Appendix. Zero Net Reaction Rate for DA, RT, and RA
Reactions atη ) 0

On the basis of the rate equations at steady state (eqs 9 and
10), we found that the net RD reaction rate equals zero atη )
0, i.e.,νRD ) ν+RD - ν-RD ) 0, and that the net reaction rates
for the DA, RT, and RA reactions obey the equationνDA )
νRT ) -νRA. The latter equation seems to allow a nonzero net
reaction rate for them atη ) 0 because they form a reaction

cycle, O2 98
DA

O 98
RT

OH98
-RA

O2, that produces no net current
or change of coverage. Here, we argue these net reaction rates

Figure 5. Free energy diagram for the DA, RT, and backward RA
reactions at zero overpotential with the equilibrium coverage for each
reaction stage. The lengths of the solid and dashed vertical lines
represent the activation free energies of forward and backward reactions,
respectively. The former remain the same, 0.26, 0.50, and 0.46 eV for
the DA, RT, and RA reactions, respectively, and the latter varies with
different adsorption free energies in the three cases.
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should be zero because there is no driving force to support a
nonzero rate after equilibrium coverage is established.

Figure 5 shows the free energy diagrams for this reaction
cycle with three different sets of adsorption free energies.
Because∆GO

0 and ∆GOH
0 are independent of reaction path-

ways, the equilibrium coverage for O and OH can be calculated
using θO

0 ) (e-∆GO
0 /kT)/(1 + e-∆GO

0 /kT + e-∆GO
0 /kT) and θOH

0 )
(e-∆GO

0 /kT)/(1 + e-∆GO
0 /kT + e-∆GO

0 /kT). Then, the reaction rates
can be compared using the products of e-∆Gi

* /kT and their
corresponding coverage given in the figure.

The top panel shows the case when∆GO
0 ) ∆GOH

0 ) 0,
which hasθO

0 ) θOH
0 ) 1 - θO

0 - θOH
0 ) 1/3. Once equilibrium

is established, activation free energy and coverage are equal in
the forward and backward reaction directions for all three
elementary reactions. Thus, the net reaction rates all are zero
even though the absolute rates differ due to their different
activation free energies. For example, suppose that the surface
initially was free of adsorbate, then the coverage would increase
faster for O than for OH because the activation barrier is smaller
for DA than RA. The higher coverage for O than OH would
makeν+RT > ν-RT. Once O and OH attain equilibrium coverage,
the net rate for the RT reaction should fall to zero as the driving
force vanishes. At the same time, adsorption ends as the net
reaction rates for the DA and RT also fall to zero.

For ∆GO
0 ) ∆GOH

0 * 0 (middle panel),θO
0 ) θOH

0 is no longer
equal to 1- θO

0 - θOH
0 , but νRT still will fall to zero when the

coverage for O and OH becomes equal.
Generally, when∆GO

0 differs from ∆GOH
0 (bottom panel),

∆GRT
/0 and ∆G-RT

/0 also will be different. However, the net
reaction rates still fall to zero when equilibrium is established
because the difference in∆GRT

/0 and∆G-RT
/0 is compensated for

by the difference betweenθO
0 andθOH

0 .
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