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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 Myid@l@ion, we analyzed the
measured polarization curves, thereby deducing activation free energies that are consistent with the values
from theoretical calculations. The reductive adsorptimGzoAz 0.46 eV) is not the rate-determining step
(RDS) for the ORR on Pt because dissociative adsorpMBE‘{F 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 @G’,QOT= 0.50 eV) and OH desorptiome’,;%= 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.

as the kinetic parameters, we can directly connect theory and

1. Introduction experiment.

Semiempirical kinetic equations for the ORR were pro-
osed by assuming that the first 1e-reduction in the adsorption
rocess was the RD'S:2921Combined with the experimentally
deduced adsorption isotherm for OH and bisulfate, we fitted
the measured polarization curves for Pt(111) in HCHQd H-

The four-electron (4e) oxygen reduction reaction (ORR) in
acidic media has been investigated for decades partly becaus%
of its importance in energy technology as the cathodic reaction
in proton-exchange membrane fuel céit§. Recent efforts

focused on developing active, stable, and inexpensive ORR _ L . .
electrocatalyst&1* However, realizing this combination of S Solutions:Our findings support the idea that the adsorption

requirements greatly challenges researchers, necessitating &' OH and O causes the Tafel slope to deviate from 118 mV/
deeper understanding of the reaction mechanisms and factorglécade at room temperature. However, these semiempirical
governing catalytic behavior. approaches cannot convincingly explain why the Tafel slope

Advances in computer technology and in algorithms for commonly_ is considered to be only half of that value in fuel
calculating electron structure have delivered detailed energeticCell modeling.
information about the elementary reactions in the ORR, Shi et In this study, we derived a double-trap kinetic equation for
al.’s recently discusseld. For example, the adsorption free the 4e-ORR in acidic media using the methodology we
energies were assessed for several reaction intermediates usindeveloped in obtaining the dual-pathway kinetic equation for
density functional theory (DFT) calculations to illustrate possible the hydrogen oxidation reaction (HORY4Our approach differs
reaction pathways and rate-determining steps (RB8)ore- from previous kinetic modeling in that we carefully chose the
over, the relationship between activation energies and adsorptionessential elementary reactions without assuming one as the RDS
energies was examinéfland the former were expressed as a pecause assuming a single RDS may not hold over a wide
function of potential for the ORR's four elementary reactibhs.  potential region for reactions that either have more than one
In addition,ab initio moIecuIar-_dynam|cs 5|mu!at|ons illustrated pathway or have several comparable activation barriers. These
the roI(_a of proton transfer in the OF,{R k_ln_gti@sSo far, situations are important because catalytic activities are improved
theoret!cal predictions of_the _ggtglysts activities were pased by finding new ways to bypass the major activation barrier and
Eirr)g:[]icsg(qglljtz:;ti?)lr:])ssuzli)r?groz:(;r:(?rt;)tiO’In aBny d c;i\:sgtﬁ’g;gfr'eng'gﬁggiesmanipulating 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
Part of the “Giacinto Scoles Festschrift”. . .

* To whom correspondence should be addressed. E-mail: jia@bnl.gov. @dsorption, the ORR on Pt(111) discussed here represents a

Tel: +1-631-344-2515. Fax:+1-631-344-5815. 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-  The total kinetic curreniy, is proportional to the sum of the

limited ORR. reaction rates for those involving le-reduction. By combining
this formula with the steady-state rate equations,

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

Media dOO/dt =Vpa ~ VrRT— 0 (9)

For the 4e-ORR, @+ 4H" + 4e- == 2H,0, we proposed dO~Jdt = ver + Ve — o =0 (10)
four essential elementary reactions: OH RA© "RT 7RD
we obtain
l/202 =0, dissociative adsorption (DA) Q)
1,0, +H" +e = OH ductive adsorption (RA) (2 = Pl i o)
e = reductive adsorption
2 o P (RA) @) = 2Fvpp = 2F(Vga t Vry) = 2F(Vpa T vRa)

O,y +H"+e =0H,, reductive transition (RT)  (3) =jro=lJrat irr =lioa * ra (11)

OH,4+ H +e = H,O reductive desorption (RD) (4) whereF is the Faraday constant afd= 2Fv; is the kinetic
current for a single elementary reaction. At the reversible

These represent two adsorption pathways: one is throughpotential for the ORR or zero overpotentigl= E — E® = 0,

dissociative adsorption (DA) that forms adsorbed O, followed the net current is zero, which leadsitgo = v+rp — v-rp =

by a reductive transition (RT) from O to OH; the other is through 0 andvpa = vrr = —vra. Although not immediately obvious,

reductive adsorption (RA) in which first electron transfer the net reaction rate also is zero for the DA, RT, and RA

coincides with adsorption. In both cases, the electrocatalytic reactions ayy = 0, as shown in the Appendix.

reaction is completed by the reductive desorption (RD) of OH.  Applying the methodology we developed in deriving the HOR

Schematically, they can be shown as kinetic equatior?* we define the intrinsic exchange currents and
correlate them with the activation free energies:

1/20, 22 ,0H,,—* yH,0

** xS RD ioa= 2FkDAC(l)/22 = jre AT 12)
DA X RT
o, 0 _ V2. _ = AGENKT
‘ Jra = 2FKgaCo, Gy = j*e 77 (13)
We ignore other possible reaction intermediates, such as

physisorbed @and associated 8, because they are much less |9 = oFk ¢, . = jre~ACRHKT (14)
stable than O and OH. Our IR study revealegh @n Pt in
alkaline solution, but no €M in acidic solutior?® The fractional 0

— o x A —AGEYKT
stoichiometric number is used in eqs 1 and 2 to simplify the JrRo = 2FKgpCi = %€ 7 (15)

expression for reactions;@> 20,qand Q + H* + & = OHyq
+ Oag, SO eliminating the quadratic terms fég andfoy in the
rate equations (see the List of Symbols):

Here, the superscript “0” represents the zero overpotential and
j* = 1000 A cnt?is the chosen reference prefactor setting the
scale for activation free energy, just as the reference electrode
_ 172 sets the scale for the potentfal.
Vpa = KoaCo (1 — 05 — O5) — K paf 5 X L .
oa = kpaCo o~ fon) DATO ©) Replacing the rate constants and concentrations in the solution
phase with activation free energies at zero overpotential allows

_ 12, KT E/2kT

Vra = KraCo, Ci€ (1= 05— Oop) — K_ga€™ " 0oy (6) us to express the rate of a reaction by the product of its intrinsic
rate and the coverage of its reactant. Hence, we rewrite-€fs 5

— *E/ZkTG _ k EZKTG 7 as

Vet = KrrCiy.€ o~ Kgr€ OH )
_ C e a—AGHAKT ke~ AGE AT

Veo = KapCrs® T200y — K pp€ (1 — 0 — Og)  (8)  Joa=J" " (1= 00— bon) —j*¢ 76, (16)
Although employing the fractional stoichiometric number does j, = jxe~A%kT(1 — 0o — Oop) — j*e—AG’iRA’kTQOH (17)

not change the concentration dependence of the reversible

l[:e)oten_nal, it entails a different regctlon_ord_er in the k|_net|c J Zj*e*AGET/kT 0 _j*efAG’iRT/kT 0 (18)
quations. For the HOR, we examined kinetic models with the JRT o OH

dissociative adsorption of hydrogen written ag ¥+ 2H,q Or X X

1,H, == Hag corresponding to a quadratic or linear termén jro =jre 2KTg, — jre A1 — g, — 6,,)  (19)
The latter failed to fit the experimental data because the DA

reaction is the RDS for the HOR at small overpotentials where The intrinsic ratesg; = e 2G"<T (the minus sign in the sub-

the fast rise of kinetic current requires a quadratic dependencescript represents the backward reaction), are determined solely
on Oy. For the ORR, we found that the O to OH transition and by their activation barriers. In other words, it is the rate of a
OH desorption play more important roles in determining the reaction when the surface is fully covered by its reactant,
kinetic behavior than do the DA and RA reactions; thus, the e.g., O for the RT, OH for the RD, and empty surface sites
reaction order in these two adsorption reactions is undetermin-for the RA and DA reactions in the forward direction. Not all
able from analyzing polarization curves. We chose to use the eight activation free energies are independent because the
linear expression for simplicity, considering it to be a justifiable one for a backward reaction can be linked with its for ward
approximation to the true reaction mechanism supported by reaction by the adsorption free energies for the reaction
theory or other experimental evidence. intermediates ap = 0, which are determined by the equilibrium



12704 J. Phys. Chem. A, Vol. 111, No. 49, 2007

coverage for the O and OH,

_ —AGYKT
=e (20)
1- 900 - ac())H
0
GOH _ —AGRKT
5 =€ (21)
1-65— o4

Therefore, the potential-dependent activation free energies can

be expressed as

AGh, = AGH), (22)
AGhp = AGEs — fe(E° — E) (23)
AGir = AGyy — fe(E° — E) (24)
AGhp = AGhy, — fe(E° — E) (25)
AG* ) = AGH, — AGY (26)
AG' gp = AG — AGY, + (1 — Ple(E’ — E) (27)

AG* oy = AGRYy — AGY,, + AG2 + (1 — p)e(E° — E) (28)
AG' p = AG, + AGY, + (1 — PleE’ — E) (29)

The free energy diagram at= 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 energiesAGhy, AGra, AGHy, and AGLy,) for
the forward directions (the length of solid vertical lines) and
two adsorption free energies for the intermediatﬁé;g and
AGpy).

The total kinetic current can be expressed uging jro (€QS
11, 19, 25, and 29),

] —AGRYKT B(EC—E)/KT,
Jk_J*e B eﬁ( ) BOH_

j*e—(AGE%‘FG%H)/kTe—(l—ﬂ)(ED—E)/kT(l _ 00 _ QOH) (30)

When the backward reaction rate is negligible and assuging
= 0.5, the kinetic equation can be simplified to
7AG’,§[E,IkTe(E07E)/2kT00H

jk=jf=]%e (31)

Under this condition,
I i

and thUS-k = 1_—j/j|_

e
SRSV R Y

(32)

wherej andj_ are the measured and mass-transport-limited
currents, respectivek?. 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),

. . . . — *0)
k=lipa Tlra=]*e AGDA/kT(:I- — 05— 0oy t

j*e—AeaglkTe(Eo—E)/sz(l — 0y — 05,) (33)

Wang et al.

Next, we derive the adsorption isothernég(E) and Oon(E),
from the steady-state rate equations. Combining eg<sl96with
egs 9-10 leads to (note thgt = 2Fv; andg; = e AGKT)

Ioa(l — 06 — o) — 9-pabo = Orrbo T 9-r100n =0 (34)

Ira(l = 0o = Oon) — 9-rafon T Gr10 — 9_r10n —
OroPon T 9-rp(1 — 05 — Oop) =0 (35)

which can be rearranged into a pair of linear equations

(9pa T 9-pa T Gr1)b6 + (Ioa — 9-—r1)O0H —
Opa = 0o t b0y — ¢, =0 (36)

(Ora = 9r7 T+ 9-rD)00 T (Ora + 9-ra T 9_rT+ Grp T
9-rp)Pon — (Ora T 9-rp) = 00 + b0, — ¢, =0 (37)

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

_ Cb, =Gy

° ab,—ab, 38)
C;a, — Ca

0. —a% C3y (39)

%" bja, — bya

For n — oo, or at sufficiently low potentialsgra, Ort, Gro >
OpbA, O-pA > O-rA, O-RT, O-rD. Thus,

. 9pa9rD _
Ir7(Gra T Gro Tt Upa)

03 (40)

P S 1
O 14 grpf/Ora 1 4 (AGH-AGHDIKT

(41)

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

—AGY/KT
62 = © (42)
o 1 4 @ AGBKT | (~AGHKT
— AGY /KT
0o _ e
Oon = 1 4 @ AGBKT | o~AGBUKT (43)
and thus, the exchange current
_ %@ AGHbKT
lo= lgD egH = J (44)

eACBH | (AGBL-AGRIKT 4 4

Below, we first present the results of a kinetic analysis using
the double-trap kinetic model described above, with the sym-
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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
HCIO, 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 at 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/@xithéor the horizontal bars). The

lengths of dashed vertical lines represent the activation free energies of the backward reactions. (e) Activity-and-barrier plot showirig the kinet
current (black line) and the activation free energies (colored lines) on an equivalent energy scale. Note, the higheA@tatave rises, the

lower is the activation barrier, and thus, the higher is the reaction rate or the kinetic current.

metric electron-transfer coefficient, i.g8,= 0.5, in the next =~ TABLE 1: Several Sets of Free Energies Producing
section. In section 4, we discuss the adsorption isotherm andExcellent Fits to the ORR Polarization Curve in Figure 1&
the elimination of the models with single pathway and with  Ag?  AGY, AGY  AGS  AGY G 6,

asymmetric coefficients. 0465 —012 -0467 0244 0445 0500 0.69

L . 0.455 -0.12 —0.477 0.258 0.459 0.502 0.46
3. Activation Free Energles for the ORR on Pt(lll) 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

Figure la shows an ORR polarization curve for Pt(111)
measured in an oxygen-saturated 0.1 M HgCI6blution.

Excellent fits are obtained wit\G2,, and AGY)) fixed at 2 The values forAGg, and AGyy, in the first two columns (italics) -
certain values, while allowing\G, AGECL, AG’F‘&, and AGgoT \ll)vc‘)slrcleglr)éeg;sézeir?tgierufrzu{ were adjusted during fitting. The values in
to vary. FOrAGS,, = —0.12 eV,AG!% can be between 0.445 gure =

and 0.465 eV, whereas fGzy, = 0.455 eV AGgy, can range Table 2 lists the free energies determined by fitting the
from —0.13 t0+0.10 eV. As the first three rows of Table 1 pojarization curves measured with electrode rotating rates of
show, the uncertainty iAGxp, +0.01 eV, generates a similar 1600 and 2500 rpm at potential sweep rates of 50 and 20 mV/
uncertainty in the other four fitted free energies. The OH s, The differences are significant when measurements for
coverage at infinite overpotentiafo,, varies from 0.69 to  different catalysts are compared but do not change the major
0.31 with decreasing&G’g%. In contrast, the value oAGOOH conclusions of this study. Lowering the potential sweep rate
affects only the value oAGQ (the last two rows in Table 1).  caused a small decline in the deduced kinetic currents that could
The lack of experimental methods to determine the equilibrium be attributed to an increase of O coverage with time.
coveragef2, and GgH under the ORR conditions, is respon- Figure 1b shows the adsorption isotherrfisy, 6o, and6°o
sible for the large uncertainty in the adsorption free energies + BOOH, calculated using the parameters from Figure 1la.
on an absolute scale. We chasng = —0.12 eV to be sure Interestingly, the overpotential féto = 0.5 is 0.453 V, close
that the total coverage of O and OH reaches unity at zero to the value of 0.455 eV foAGy. This is similar to the
overpotential irrespective of the value fAGOO (see egs 42 and finding for the HOR where the overpotential f6n/(9ﬁ| =05

43). is near the activation free energy for H desorpfibithe rise
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TABLE 2: Free Energies Determined from Fitting the Polarization Curves Measured
at Different Electrode Rotating Rates and Potential Sweep Rates witAGJ,, and AG), Fixed at —0.12 and 0.455 eV, Respectively

, dE/dt, AGg, AGp, AGp, AGHy, jo.8v) Jo.85v) f.0v)
rpm mV/s eV eV eV eV mA cm2 mA cm2 mA cm2
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

aThe corresponding kinetic currents are given for three different potentials.

of HOOH with decreasingpotential to a constant value seems 1.0
counterintuitive because anion adsorption in general decrease: ; q
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. Tha
is, 65, = 0.5 whenAG, = AGYY, andf,, > 0.5 whenAGl,

< AGly. 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. 0 leaoe=a8e 3

Figure 1c shows the logf—E plot. The close agreement —
between the data converted via eq 32 (circles) and the calculatec  —0.1
kinetic current (solid line) indicates that the backward reaction =
rate is negligibly low so thgk = js 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 for
0.5 asfon 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 le. In the former, the _\x—-OA - P(Oz) 1atm 0.0005atm
Ien_gths_ of the colorepl vertical Iine_s represent the vaIL_les of the g ! ‘&G‘F?A 0.459 0.559 eV
activation free energies, and thexis values of the horizontal
bars show the adsorption free energies for O and OH. Thus, _g5 | &G"[% 0.258 0.358 eV
the highest activation free energy is that of the RT reaction — e :

(0.502 eV, purple), followed quite closely by the 0.46 eV and 0.5 0.6 0.7 0.8 0.9 1.0

the 0.45 eV activation energies of the RA (green) and RD (red) E /Vvs. RHE

reactions, respeptively. Similarlly, the lengths of the dashed lines Figure 2. (a) Coverage of oxygen-containing species deduced from
show the activation free energies of the backward reactions thatintegrated chargef,, measured for Pt(111) at 50 mV/s in deaerated
are determined by the two adsorption free energies and fourg.1 M HCIO, solution, and the fit (red line) usin@p + Hon with AG,
activation free energies of the forward reactions. AGY,, AGY,, and AGY, fixed while allowing AG:S and AGL, to

Because the change of activation free energies is the drivingvary. (b) Activity-and-barrier plot showing that the expected changes
force for an increasing kinetic current with decreasing potential, in the activation barriers (dashed lines) due to a decrease in oxygen
it is useful to make them directly comparable. Figure 1e plots, concentration cause a drop of kinetic current (solid lines).
on _the_same scale, the a_ctivity in_termsl«jTIn(jk/j*) and the transition; that is, whel\Gly; = AG” 5y we find, from eqs 24
activation free energies in negative valueAG*. Here, the and 28,
activity curve goes up with the rise of theAG* curves because

o
0o
==
[=]
-+
o
(=]
= e

AAGY(0.0005-1)
0.1

OH 041

DA 0.1

RA 0.1

RT 0.063

RD -0.055

1 i 1 L 1 " 1
T T T oo T o T

----- —a¢t ()
— KTIn(j, /1)
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o
o
R —
Q
2
=
o
L]

o
s

Normalized Coverage

o
o

-0.2 k

.5

and —-AG*
¥

KTl

they represent the fall of activation barriers. This activity-and- Egon=E° — (AGR, — AGY)/e (45)
barrier plot quantitatively describes the reaction mechanism.
Among the four solid colored lines for the forward reactions, whereE® = 1.230 V at 296 K, and henc&®).,, = 1.230—

three rise with decreasing potential and one remains constantg.357 = 0.873 V. Above this potential, théOHRT reaction is

because the RA, RT, and RD reactions involve a reductive favorable in the backward direction causing a high O coverage,
electron transfer, but the DA reaction does not. The DA line at and thus, a low kinetic current. From eqgs 31 and 25, we find
high potentials and the RA line at low potentials show the

smaller of the two barriers for adsorption. The potential where kT In(j,/j*) = —AGgp + KT In(6,) (46)
they are equal (0.828 V) corresponds to the crossing potential

for jpa andjra in Figure 1c. The fact that the RD and RT lines That is, the gap between th& In(ji/j*) and the—AGg curves

are lower than the DA line at high potentials indicates that the is kT In(6on). Becaus&on approaches 0.46 at sufficiently low
ORR activity on Pt is desorption-limited. The RT line is shown potentials, the minimum gap isT In(0.46) = —0.02 eV. At

at potentials above where it intercepts th&kT line. This high potentials, the gap increases with decreasisng which
potential denotes the reversible potential for the O and OH then causes the Tafel slope to decline.
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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@g (lower panel).

Our discussion shows that reductive adsorption is not the RDS  Wakabayashi et al. measured the temperature-dependence of
for the ORR on Pt because dissociative adsorption affords theORR activity at a Pt film electrode, obtaining 38 kJ/mol for
more active pathway at high potentials. The resulting reaction the apparent activation energy-a0.525 V versus€.28 For T
intermediates, O and OH, are strongly bonded on the Pt surface/= 296 K, 38 kJ/mol equals 0.394 eV, which is very close to
requiring considerable overpotential to overcome the barriers our estimate of 0.386 eV. In calculating this value, we assumed
for the O to OH transition and OH desorption. Thus, the ORR that at 1.23— 0.525= 0.705 V, the highest activation free
is desorption-limited. This conclusion is consistent with the fact energy in the dominant pathway $Gi, — 7/2 = 0.458 —
that ORR activities are enhanced when O and OH adsorption0.525/2= 0.196 eV for the RA reaction, and thAaAS= 0.19
weakens. Next, we compare the calculated and experimentallyeV for pH = 1; thus,AH = AG + TAS = 0.196+ 0.19=
deduced activation barriers. 0.386 eV.

Ngrskov et al.’'s DFT-calculated values fAG; and AGy,
viz., 0.45 and 0.43 3V at pH 0, are equivalent to the minimum 4. Kinetics-Deduced Adsorption Isotherm

«0 *0 . .
values for ourAGgy and AGgp, respectively:> According to Further support for the dual-path model with a symmetric

A(AG.) = KT In(10) x pH = 0.06 pH for proton-transfer electron-transfer coefficient lies in the agreement between the
reactions, the values for pH= 1 are 0.51 angl 0.49 eV,  yinetics-deduced and the measured adsorption isotherm for the
respectively, close to the corresponding valiey = 0.502 ORR intermediates. For the HOR, we showed that the H
eV andAG"F}OD = 0.455 eV determined from our analysis of the  coverage should, and can, be measured under the HOR
polarization curve measured in 0.1 M HGIO condition? However, there is so far no O- and OH-specific
There is considerable uncertainty about the activation free method forin situ monitoring. Even the total charge for O and
energy for the DA reaction because it strongly depends on the o adsorption can only be measured in the absence of oxygen
coverage of O and OH. Ngrskov and colleagues calculated thepecause the ORR current is not the same and thus cannot be
activation barrier usin@y*° = 1.8AEo — 2.89, whereAEo is subtracted out from polarization measurements at different
the binding energy of O on Pt.BecauseAEo equals 1.57 and  potential sweep rates. Thus, we used the adsorption isotherm
2.36 eV, respectively, for a 0.25 and 0.5 atomic monolayer, deduced from integrated charge obtained in deaerated solution
ES*° varies from —0.06 to +1.36 eV depending on the in analysis.
coverage. Our value of 0.258 eV lies within the range of these  Figure 2a shows the normalized coverage deduced from the
theoretical calculations. Protonation is involved in the RA integrated chargef,, measured for Pt(111) at 50 mV/s in
reaction in addition to the ©0 bond break as in the DA  deaerated 0.1 M HCIQsolution. Assuming le per adsorbate,
reaction, and so these authors estimated a 0.13 eV higherthe maximum coverage measured is slightly lower than a 0.5
activation free energy for the former at pH 0. Our measure- atomic monolaye?? The black lines show the calculated
ments were carried out at pH 1; hence, the difference would  adsorption isotherm using the parameters determined from fitting
be 0.13+ 0.06pH= 0.19 eV. This predicted value is close to the measured polarization curve. The curve for the total
our result,AG’F‘& — AG’E& = 0.459— 0.258= 0.201 eV. Other coveragefo + Oon, is higher thardy at all potentials, which
theoretical studies reported different activation energies for the is expected becauséo + 6Oon should increase with ©
RA reaction, which are not very different from our value of concentration. The activation free energies for the adsorption
0.459 eV, ranging from 0.22 eV (Hyman and Medfnfo 0.4 reactions and the adsorption free energies for O and OH increase
eV (Wang and Balbuent)and 0.45 eV (Anderson et aFj. as the oxygen concentration falls. Assuming that oxygen
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Figure 4. Activity-and-barriers plot for the HOR on polycrystalline Pt

in-Bhturated (1 atm) 0.1 M HClGsolution (a), and for the ORR on

Pt(111) in Q-saturated (1 atm) 0.1 M HCIsolution (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,-aRd@), and—0.5 for reductive reactions (RA, RT, and RD), and DA

remains potential-independent. The dotted-dashed purple line shows

concentration is proportional to its partial pressupe,, we
found from eqs 12 and 13,

A(AGE) = A(AGH)) =

—0.5TIn(10) A(0.5 Iogcoz) =-0.03 IogPO2 (47)
Similarly,
A(AGR) = A(AG,) = —0.03 logPq, (48)

In fitting 64, we also adjusted the reversible potential for the
ORR using

Egre = 0.25TIn(10) A(log ¢, ) = 0.015 logP,, (49)
Good fits were found wittPg, 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
S 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 &F. showed (in their Figure 8) the nearly
linear potential dependence of the activation barrier between
1.2 and 0.7 V, with the slopes correspondingste- 0.92 and
0.70, respectively. We found that the measured polarization
curve can be fitted witl#f up to 0.6. The upper panels in Figure

a slefieabfpotentials positive of 0.873 V.

3 reveal that reasonable fits can be obtained using a model with
only the RA pathway (Figure 3a), or by fixingG’Eﬂ\ at 10 eV

to effectively block the DA pathway in the dual-path model
(Figure 3b), and by assuming = 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 oflp + 6on 0N the oxygen concentration. Thus,
we exclude the RA-only reaction models and the possibility
for B 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 previoudhyThe OA and OD signify
the oxidative adsorption and oxidative desorption of H, respec-
tively, and the DA represents the dissociative adsorption of
hydrogen. BecausAG"‘0 = 0.048 eV is much smaller than
those two for the adsorption reactionsG;, = 0.196 andA
G, = 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 th&T In(j/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
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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.

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 tieIn(j/j*) curve
atE = ESy is close to dEAGK)/ME — d(—AG? z;)/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 crhis 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

J. Phys. Chem. A, Vol. 111, No. 49, 200122709

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

Co, Cu*, M or mol cnT3 = concentrations of reactants

E, V = electrode potential versus reversible hydrogen
electrode

E°, V = reversible potential for the ORR

Egon V = reversible potential for the adsorbed<«® OH
transition

i» A cm~2 = measured current density

ipa, jras JrT, jrRD, A cM~2 = partial kinetic current densities
of elementary reactions

i%as 324 P9 1%, A cm™2 = intrinsic exchange current
densities of elementary reactions

jo, A cm~2 = exchange current density

i*, A cm~2 = reference prefactor

ik A cm~2 = total net kinetic current density

if, A cm~2 = kinetic current for forward reactions

jL, A cm~2 = mass-transport-limiting current density

k, eV K~1 = Boltzmann constant, 8.61% 1075, kT(296K)
= 25.51 meV

ki, k-, s or cn® mol~! s! = rate constants of elementary
reactions, i= DA, RA, RT, RD

T, K = temperature

S = electron-transfer coefficient for reductive reactions

7, V = ORR overpotential

04 = coverage deduced from normalized integrated charge

0o, 6on = fractional coverage of reaction intermediates

62, 62, = equilibrium coverage, i.e., at = 0

05, 0oy = O and OH coverage at infinite overpotential

v, mol st cm~2 = reaction rates of elementary reactions, i
= DA, RA, RT, RD

AGY, eV = adsorption free energy fét,0, — Oyqaty =0

AG%H, eV = adsorption free energy 8,0, + H" + e~ —

,OHad at n = 0

AGi*O, eV = activation free energy ay = 0 for forward
elementary reactions
AG], AG*,, eV = potential dependent activation free energy

Appendix. Zero Net Reaction Rate for DA, RT, and RA

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

Reactions aty = 0
On the basis of the rate equations at steady state (eqs 9 and

reaction intermediates. To allow a wide range of rates for all 10), we found that the net RD reaction rate equals zerp=at
four reactions, we did not assume a RDS. Instead, we used thed: i-€.,vro = v+ro — v—rp = 0, and that the net reaction rates
activation free energies to describe the reaction barriers andfor the DA, RT, and RA reactions obey the equatiasy =
derived the adsorption isotherms for O and OH by solving the YRT = —Vra. The latter equation seems to allow a nonzero net

steady-state rate equations. Analyzing the data for Pt(111)

reaction rate for them aj = 0 because they form a reaction

. DA RT —RA
revealed that the DA and RA pathways coexist and the electron-cycle, @ — O — OH —— O, that produces no net current
transfer coefficient is 0.5 for the three reductive reactions. The or change of coverage. Here, we argue these net reaction rates
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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.

BecauseAG) and AGQ,, are independent of reaction path-
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York, 1998; pp 197.
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using 62 = (e2CYKT)/(1 + e ACYKT + g AGYKT) and 62, =
(e~ACokT)/(1 + e AGIKT + g=AGYKT) Then, the reaction rates
can be compared using the products of®/T and their
corresponding coverage given in the figure.

The top panel shows the case whaG) = AGZ, = 0,
which has#d = 62,, =1 — 62 — 62, = /3. Once equilibrium

is established, activation free energy and coverage are equal i

the forward and backward reaction directions for all three

and ApplicationsWieckowski, A., Ed.; Marcel Dekker: New York, 1999;
pp 821.
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for DA than RA. The higher coverage for O than OH would
makevrt > v—gr7. 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 AG2= AGY,, = 0 (middle panel)g2 = 62, is no longer
equal to 1— 62 — 62,,, butvgr still will fall to zero when the
coverage for O and OH becomes equal.

Generally, whenAGY, differs from AGZ,, (bottom panel),
AGYy and AG*%; also will be different. However, the net
reaction rates still fall to zero when equilibrium is established
because the difference Gy andAG™% is compensated for
by the difference betweef, and 62,
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