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ABSTRACT: The forced convection methods on the rotating disk and ring-disk O, H,O \
electrodes are carefully analyzed toward their use for calculation of the electron \ ] Je p@/
transfer number (n) for the oxygen reduction reaction (ORR) on various ORR KL or 10
catalysts. It is shown that the widely used Koutechy—Levich (KL) method is not

suitable to determine n for the ORR either theoretically or experimentally. From a
theoretical viewpoint, the ORR is neither a single-step nor a one-way reaction and
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, therefore does not fulfill the assumptions of the KL method. From an

experimental viewpoint, n is significantly dependent on the angular velocity of the rotating disk electrode, contradicting the
assumption of constant n in the KL theory. An improved model is used to establish the aforementioned relationship between n
and angular velocity. The recommended way to determine n for the ORR in alkaline electrolytes is to use the rotating ring-disk
electrode with a properly biased Au ring, supplemented by the calibration of the collection efficiency.

KEYWORDS: oxygen reduction reaction, electron transfer number, hydrogen peroxide production, rotating ring-disk electrode,

Koutecky—Levich equation

1. INTRODUCTION

1.1. Inconsistent Calculation of Electron Transfer
Number. The electron transfer number (n) is one of the
most important characteristics of the electrocatalytic oxygen
reduction reaction (ORR) in aqueous electrolytes, which not
only reflects the efficiency of oxygen conversion but also
provides information on the ORR mechanism. In practice, low
n leads to an inexpensive and safe way to produce H,0,,'* but
high H,0, concentration deteriorates the proton exchange
membrane in fuel cells.”~” With increasing interest in fuel cells,
more and more researchers have adopted n as a key parameter
to evaluate the performance of electrocatalysts.” "> Conven-
tionally, two experimental methods are widely used to
determine n: ie., the rotating ring-disk electrode (RRDE)
method and the Koutecky—Levich (KL) method. However,
these methods were developed over half a century ago, under
the assumptions of elementary reactions."*'® The applicability
of these methods for the ORR has not been examined for a
long time, especially in relation to the recently developed
nanostructured and 3D catalysts in alkaline -electrolytes.
According to our and others’ previous studies performed for
a wide variety of electrocatalysts, the n value obtained by the
RRDE (ngppe) and KL (ng) methods usually did not
coincide.'’~** The KL plots are often not linear, and the ny;
values sometimes exceed theoretical limits. Thus, it is highly
desirable to carefully re-examine the aforementioned methods
from both theoretical and experimental viewpoints to figure out
the problem and provide a general, correct, and accurate way to
determine .
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1.2. Basic Concept and Traditional Calculation
Methods of n. During the ORR, an O, molecule can receive
either two or four electrons to form H,O, or H,O (in the forms
of HO,™ and OH" in alkaline electrolyte), via reactions 4e and
2e.

O, + 2H,0 + 4e” — 40H™ (4e)
O, + H,0 + 2¢” —» HO,” + OH™ (2e)

H,0, can be further reduced to H,O via

HO,™ + H,O + 2e — 30H" 2'e)

Reactions 4e, 2e, and 2'e are referred to as “subreactions” of
the ORR in this manuscript. The combination of reactions 2e
and 2'e gives the same outcome as reaction 4e. The difference
in the direct and indirect pathways is whether free H,O,
molecules are released to the electrolyte. The n value is defined
as the arithmetic mean of the number of electrons finally
received by an O, molecule in the ORR. Experimentally, there
are two main methods used to calculate n for the ORR
processed on the basis of the forced convection methods on a
RRDE or a rotating disk electrode (RDE). In the RRDE
method, the ORR is conducted on the disk electrode and the
production of H,O, can be directly measured by oxidizing it on
the ring via

HO,” + OH™ — O, + H,0 + 2e~ (2¢")
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The ngppg value can be calculated from the disk current (i )
and ring current (i,) using eq 1:
iq
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n=4Xx

(1)

where N is the collection efficiency of the RRDE, defined as
the fraction of product from the disk to the ring. Analogously,
the H,O, ratio (p) is defined as the fraction of O, reduced to
H,0, and is calculated by eq 2:
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The derivation of eqs 1 and 2 is provided in the Supporting
Information. Obviously, n and p relate to each other as follows:

(©)

Another method is based on the KL theory, specifically on eq
4, which describes the current density behavior on RDE.**

n=4-2
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where j, jg, and ji are the measured, kinetic-limited, and mass-
transfer-limited current densities, respectively. ji is assumed to
be a constant at a certain potential. j; is proportional to the
square root of angular velocity (@) of the RDE. The
proportionality coefficient (B) is

)

where D is the diffusion coefficient of the reactant, v is the
kinematic viscosity of the electrolyte, F is the Faraday constant,
and C* is the concentration of the reactant in the bulk
electrolyte. Thus, n can be deduced from the slope of the linear
plot of ™! versus @™/ (KL plot).

1.3. Brief Review of the History of Calculation of n.
Early ORR studies referred to Pt catalyst in acid electrolytes.
Frumkin et al. first used the RRDE to qualitatively detect H,O,
produced in the ORR"* but did not introduce the concept of n
or p at that time. The concept of p was introduced by Miiller et
al,”> who measured I and I, at different @ values and got
different I./I4 values at certain potentials, which means that p is
not constant. From the 1960s to the 1980s, the ORR
mechanism was studied on the basis of the I./I; vs @ plots
and mathematical modeling,”™>* without considering n or p
values. It was a consensus at that time that I,/I; depends on ;
therefore n and p are not intrinsic properties of a catalyst but
are dependent on measurement conditions. Moreover,
Damjanovic et al.”” theoretically proved that the ratio between
electrochemical reaction rates of direct and indirect pathways
plotted against @™/? obeys a linear relationship under the
assumption that all the subreactions are first order. Obviously,
the ORR has such parallel pathways, ie. reaction 4e and
reactions 2e + 2'e; therefore, I,/I; should depend on w.
However, this key fact has been ignored by most researchers
since the 1990s. For example, Gasteiger et al. reported different
I./14 values at different @ but they did not discuss its origin.””*"
In addition, in most recent studies, not much attention was
given to the use of proper conditions for performing RRDE
experiments. Paulus et al. used the RRDE method to measure n
for the first time.”> However, they did not check the H,0,

B = 0.62D¥ 3V nFC*
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collection reaction on the ring, which must be mass transfer
limited to validate the use of the RRDE method.

The KL theory was originally developed to measure physical
quantities, such as the diffusion coefficient of a solute, using
certain electrochemical reactions (n was considered as a
constant). It is difficult to trace the very first report on the
KL plot based calculation of # for the ORR, but some papers on
this subject started to appear in the 1990s.> Since the
beginning of the 2Ist century, most of the ORR-related
research has been focused on the development of new catalysts
but did not consider the limitations of the KL method. Though
there is no evidence in the literature that » is an intrinsic
property of the ORR, the KL equation has been often used to
calculate n. However, as indicated above, n is not constant
during the ORR process measured by the RRDE method.”***
Additionally, the KL method is only valid for one-step
reactions, but the ORR is often a multistep process with at
least one releasable intermediate. Johnson et al. examined the
validity of the KL method in their important review article from
the viewpoint of its use for estimation of n for various multistep
reactions.” They concluded that the KL plot is not linear for
multistep reactions and the KL plot slope is a function of @ and
potential, even if n is a constant. Compton et al. also proved
that the KL plot is affected by the coverage of catalysts on the
working electrode.>® Therefore, all above evidence indicates
that the KL method is not applicable to the evaluation of n for
the ORR.

Some problems of this method have been also reviewed
recently by Lee et al, who summarized the existing
inconsistencies in the literature.”” Some other papers reported
experimental observations, including disagreement between the
figgpg and ng values, but they did not interpret their
origin.n_23 In our previous papers we also continuously
found nonlinear behavior of the KL plots and pointed out the
resulting inconsistencies between npppy and nKL.”_ZO In some
high-impact papers only the RRDE method was used, probably
because the authors noticed the existing inconsistencies.' ¥~
However, numerous researchers continue to use the KL
method to calculate #n. Thus, systematic experimental and
theoretical studies are extremely desirable to figure out the
problems and develop a correct and accurate method for the
determination of n.

On the basis of the aforementioned concerns, here we
carefully test both the KL and RRDE methods for several
representative catalysts including metals (Au, Ag, and Ru) and
carbon-based catalysts (O, N, and Co/N doped graphenes)
with planar or 3D structures. A mathematical procedure is
proposed to explain the obtained results. The findings include
the following.

(i) In the RRDE method, differently to previous studies
which adopted the N from manufacturers, we found that N
decreases significantly with catalyst loading. Furthermore, when
the electrode surface is rough, N also decreases dramatically
with .

(ii) The widely applied RRDE method with a Pt ring is not
suitable for H,O, collection in alkaline electrolytes because the
oxidation of H,0, on Pt is not the mass-transfer-limited
process. As an alternative, a properly biased Au ring is suitable
for H,0, collection and leads to accurate n values.

(iii) The n value significantly depends on @ for all tested
catalysts at any potential, which means that the KL method,
which requires n to be constant at certain potentials, is not
applicable for the ORR. As a result, the calculated ny; values are
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Figure 1. (a) N of RRDE loaded with catalysts. The loadings are 0.1 mg cm™> except for Au. (b—d) N¢ of RRDE loaded with N-rGO (b), N-MCN
(c), and Co(OH),/N-rGO (d). The values are the loading amounts of catalysts in mg cm™>.

significantly different from the npppg values for all tested
catalysts at almost any potential.

(iv) Last but most important, by introducing a simple
mathematical procedure, we proved that if all subreactions in
the ORR are first order, the value of n depends on @ and the
p~' vs @ V/% plot is linear, providing a fundamental explanation
of the observed phenomena. Also, our results show that the
ORR subreactions are not always first order.

These findings prove that only the RRDE method with a
properly biased Au ring and calibrated collection efficiency is
correct from both theoretical and experimental viewpoints.
These conclusions are essential for a proper understanding of
the electron transfer number for the ORR processes, allowing
an accurate methodology to be established for an accurate
determination of n.

2. METHODS

The preparation of catalysts is described in detail in the
Supporting Information. The disk diameter, ring inner
diameter, and ring outer diameter of the RRDE
(AFE7R9GCPT or AFE7R9GCAU, Pine Research Instrument)
are 5.61, 6.25, and 7.92 mm, respectively. The N value
provided by the manufacturer is 0.37. An Ag/AgCl (in 4 M
KCl) reference electrode and a Pt-wire counter electrode were
used. The calibration of N: and H,0, oxidation tests are
described in the Results and Discussion.

O,-saturated 0.1 M KOH was used as the electrolyte unless
otherwise specified. The ORR polarization curves were
collected using linear scanning voltammetry (LSV) from 1 to
0 V (vs reversible hydrogen electrode, RHE) with a scanning
rate of 10 mV s™'. The potential was iR-compensated with
electrolyte resistance (30 Q). The currents were subtracted
with the background measured in O,-free electrolyte (see
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Figure SI in the Supporting Information for details on the
electrochemical measurements).

The npgpg value was calculated by eq 1. The ny; value was
calculated by linear fitting (least-squares method) of the KL
plot. The parameters used in the KL equation are provided in
the Supporting Information.

3. RESULTS AND DISCUSSION

3.1. N¢ of RRDE Loaded with Catalysts. Two conditions
should be fulfilled before the RRDE method is used. First, N¢
should be accurate. Second, the collection reaction on the ring
must be limited by mass transfer.”* The N value of an ideal
RRDE is determined only by its geometry parameters; in other
words, it is independent of the reaction and w. However, when
a thick catalyst layer is loaded on the disk, the geometry of the
RRDE changes; therefore, it is necessary to calibrate the N¢
value of the RRDE with the catalyst. The calibration of N is
carried out using a simple one-electron transfer redox pair (see
the Supporting Information for details).

disk
Fe(CN);>™ + e~ = Fe(CN),*"

ring

First, the LSV curves for a glassy-carbon (GC) disk and Pt
ring were checked. The results are shown in Figures S3 and S4
in the Supporting Information. When the ring is biased at 1.5V,
I, is limited by the mass transfer. Thus, the ratio of I, to Iy is N¢.
The N values of the RRDE loaded with catalysts are shown in
Figure 1la.

The N value of our bare RRDE was found to be not 0.37 as
supplied by the manufacturer but close to 0.38, probably due to
the slight change in the shape after heavy usage. All N values
loaded with catalysts are lower than the bare value. The reason
is that, when the catalyst is loaded on the disk, the electrode—
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Figure 2. H,0, oxidation experiments in alkaline electrolyte: CVs of Pt ring (a) and Au ring (b) at 400 rpm and CVs of Pt ring (c) and Au ring (d)
at w values of 225, 625, 1225, 2025, and 3025 rpm from bottom to top. The scan rate is 10 mV s™". (e) Amperometric i—t plots. (f) KL plots derived
from (e). The electrolyte is 0.1 M KOH containing 1 mM H,0, for all experiments except the lowest curves in (a) and (b).

electrolyte interface is slightly off the plane of the ring, which
decreases the fraction of the product from the catalyst to the
ring. Nitrogen doped reduced graphene oxide (N-rGO) and
nitrogen doped mesoporous carbon nanospheres (N-MCN)
are typical metal-free ORR catalysts; therefore, they are used as
examples. As shown in Figure 1b, N decreases significantly
when N-rGO is loaded. N decreases with not only catalyst
loading but also @ decreases when N-MCN is loaded (Figure
1c), which is attributed to the turbulence in the electrolyte flow.
As shown in Figures S5 and S6 in the Supporting Information,
the surface of the N-rGO electrode is much smoother than that
of the N-MCN electrode. Turbulence takes place when the
fluid flows over a rough surface, which breaks the linearity of
the RRDE hydrodynamics and leads to a decrease in N. The
turbulence degree increases with the roughness of the surface
and the speed of the fluid, which is related to @. The N value
of RRDE loaded with Co(OH),/N-rGO decreases dramatically
only when the loading of a catalyst is high (Figure 1d) because
of the cracking of the catalyst layer (Figure S7 in the
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Supporting Information). Such 3D catalysts are well-known
for their porous structure and high surface area, which are
regarded as reasons for their high ORR performance.’
However, the rough catalyst layer actually changes the
geometry of the RRDE and introduces significant turbulence;
therefore, the measured n may not reflect the real catalytic
behavior. A change in the electrode geometry also affects the
calculation of n using the KL method (see section 1.7 and
Figure S2 in the Supporting Information); therefore, the
catalyst layer must be very thin and smooth for accurate
measurements if the RDE method and the corresponding
hydrodynamic model are used.

3.2. H,0, Oxidation by Pt and Au Rings. It is critical that
all of the products from the disk to the ring must participate in
the collection reaction; otherwise, I,/N¢ is not the current on
the disk. In other words, the collection reaction on the ring
must be limited by mass transfer (as in Figure Sl in the
Supporting Information). As far as we know, there has been no
report on the examination of H,O, oxidation in alkaline
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Figure 3. Electron transfer number n estimated for Ru (a), Au (b), Ag (c), erGO (d), N-tGO (e) and Co(OH),/N-rGO (f). npgppg (circle) values
are measured at @ values of 225 rpm (black), 625 rpm (red), 1225 rpm (green), 2025 rpm (blue), and 3025 rpm (cyan). Magenta crosses refer to

the ny, values.

electrolyte on a Pt ring. Traditionally, the ring potential is set
between 1.2 and 1.5 V, which is expected to be high enough for
fast H,O, oxidation but low enough to prevent oxygen
evolution. This is examined by the deliberate addition of
H,O0, to the electrolyte. Figure 2a shows the cyclic voltammetry
(CV) curves of the Pt ring. The equivalent ring current density
(jop) is used in the plot because, according to the forced
convection hydrodynamic theory,”* the mass-transfer-limited
current of a rotating ring electrode is

S po1/2 ¢ 3 3y2/3

i,p = Bo “n(ry” — 1) (6)
where r, and r; are the inner and outer diameters of the ring.
The term 7(r;> — r,°)*® has exactly the same function as the
area. Therefore, j,p is defined as
i

r

j E
K zz'(r33 -

3)2/3

7)

where i, is the measured ring current.
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It is obvious that the CV curve measured on the Pt ring in
0.1 M KOH with 1 mM H,O, does not show a typical mass
transfer limitation at any potential. According to previous
studies,"""** the rate of electrochemical oxidation of H,O, on Pt
is limited by the internal electron transfer from H,O, to
oxidized Pt(OH), rather than mass transfer. Figure 2b shows
the CV curve measured on an Au ring with the same geometry
under the same conditions. The oxidation of the Au surface
does not take place below 1.2 V, at which the mass transfer
limitation of H,0O, oxidation seems to be achieved. The current
on Au is also higher than that on Pt at any potential; thus, it
proves again that the current on the Pt ring is not limited by
mass transfer. Figure 2¢,d shows the CV curves on Pt and Au
rings, measured at the fixed ranges but different @ values. The
conclusions are the same.

To prove the H,O, oxidation on Au ring at 1.2 V is mass
transfer limited, the amperometric i—t measurements were
performed. This time, the potential was fixed while @ was
scanned from 0 to 3000 rpm and back to 0 rpm with 10 rpm
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s™". As shown in Figure 2e, the current on the Au ring at 1.2 V
is much higher than that on the Pt ring at 1.2 and 1.5 V. The
corresponding KL plots are shown in Figure 2f. On the Au ring,
the positive and negative scans overlap very well in the range of
100—3000 rpm, which means that the H,O, oxidation on Au is
highly reproducible (without hysteresis). The intercept of the
KL plot is about 200 A m™?, which is at least S times higher
than the ring currents in ORR (shown later). Therefore, the
H, O, oxidation is very close to the mass transfer limitation on
the Au ring. In contrast, the KL plots of positive and negative
scans of Pt ring do not overlap. The KL plots of the Pt ring are
also not linear; the intercepts are far from the origin, and the
slopes are larger than that on the Au ring. This proves that the
Pt ring current is not mass transfer limited. Therefore, using the
Pt ring to collect H,O, can lead to underestimated p values or
overestimated n values. The Au ring biased at 1.2 V is suitable
for H,0, collection in alkaline electrolyte. All of the ORR
results shown below were obtained by using RRDE with an Au
ring.

The H,O, oxidation was also measured in acidic electrolyte
(0.05 M H,SO,, 1 Mm H,0,). The results are shown in
Figures S8 and S9 in the Supporting Information. The H,O,
oxidation on Pt is similar to that in alkaline electrolyte. The
oxidation of the Pt surface has a strong effect on the H,O,
oxidation activity, and the current never reaches the mass
transfer limitation at any potential below oxygen evolution.
Since both the alkaline and acidic electrolytes used were dilute
solutions, their viscosities as well as the diffusion coefficients of
H,O, in these solutions should be very similar; therefore, the
mass transfer limiting currents should be similar as well. Thus,
by a comparison of the maximum currents in alkaline and acidic
electrolytes, it is easy to find that the H,O, oxidation in acidic
electrolytes is far from completion; thus, n cannot be measured
accurately in the latter electrolytes with the Pt ring. On the Au
ring, the H,O, oxidation current is even lower than that on Pt.
Since we have not found a proper ring material to measure
H,0, accurately in acidic electrolyte, the results and discussion
of n are all based on data in alkaline electrolyte.

3.3. Measured Electron Transfer Number. Three typical
non-Pt-group metals (Ru, Au, and Ag) and three typical
carbon-based catalysts were tested. Among the carbon-based
catalysts, electrochemically reduced graphene oxide (e-rGO)
can be viewed as a typical oxygen-doped carbon. N-rGO is a
typical nitrogen-doped carbon. Co(OH),/N-rGO is a typical
non-precious-metal catalyst with metal—nitrogen—carbon
structure. All carbon catalysts have a loading of 0.1 mg cm™
so that N is almost constant (0.37) at any w. The RRDE
polarization curves are provided in Figures S10—S21 in the
Supporting Information. The ring current densities are
normalized to the disk area and divided by N¢. The ny; values
are calculated on the basis of j4 at all @w. The KL plots at
selected potentials are provided in Figures $22—S27 in the
Supporting Information. The npgpg and ny; values obtained for
the catalysts studied are shown in Figure 3.

As the calculated ny; also depends on the parameters in eq S,
Ru is used as a benchmark to calibrate them. The nggpg value of
Ru is very close to 4 at 0.2 V (Figure 3a). At this potential, the
ORR process on Ru is also mass transfer limited (Figure S8 in
the Supporting Information). Therefore, j is equal to j and n is
4 in eq S. By using the proper parameters (see the Supporting
Information), the ny; value at 0.2 V is set to 4. These
parameters are used in all subsequent ny; calculations. On Ru
below 0.2 V, the underpotential deposition of hydrogen occurs
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so that ng; is affected. Above 0.2 V, npppp decreases with
potential at any w. A significant change of nyppg with @ is also
observed. In contrast, the calculated ny; increases as the
potential increases from 0.2 V, which exceeds the theoretical
limitation of 4, and even goes to an unreasonably high value at
higher potential; thus, it must be incorrect. The trends of # on
Au, Ag, N-rGO, and Co(OH),/N-rGO are similar to those on
Ru, on which the npypp decreases as @ increases, the ny; values
are higher than the corresponding npgpg values, and the ny
values go to infinity at high potential. The only exception is e-
rGO, on which nggpp increases as @ increases and the
corresponding ny; is mostly lower than ngzpy and reaches a
value smaller than 2 (another theoretical limitation) at high
potential.

The relationship between ny; and real n on all catalysts
except e-rGO can be qualitatively explained on the basis of the
calculation process of ng;. When the KL equation is used, jy is
assumed proportional to @'/ but it actually increases more
slowly than is assumed because of a decrease of n; therefore, the
KL slope is lower than it should be. The lower KL slope leads
to higher calculated values of ng;. The trend is just reversed on
the erGO catalyst, for which n increases as @ increases.
Therefore, the change of n with @ makes the KL method
incorrect on all catalysts.

3.4. Mathematical Modeling. To figure out the existing
problems of the KL method and explain the npppg, the
derivation of the hydrodynamic model has been carefully
examined. A simple solution of the convective-diffusion
equation for a one-step and one-way reaction is provided in
Bard’s textbook.”* Note that the term “one-way” reaction is
used when the reverse reaction does not occur under particular
conditions (electrode potentials) so that the KL method can be
employed; it cannot be confused with the term “irreversible”,
which usually refers to the situation when the reverse reaction
never takes place. The result is represented by

J

=m(C* — C°

(8)
where j is the current density, C° is the concentration of
reactant on the electrode surface, and m is the mass transfer
coeflicient of the reactant, which is given by

©)

The physical meaning of eq 8 is that the current density is
proportional to the flux of reactant. If the reaction is first-order,
the current density is proportional to C°:

m = 0.62D V%' /?

j= nkFC° (10)

where k is the reaction rate constant. Combining eqs 8 and 10
yields
1 1 1
= +
nkFC*

j nFmC* (11)

where nFmC¥* is the current density limited by mass transfer,
which is denoted by j; (Levich theory). nkFC* is the current
density limited by reaction kinetics (in absence of mass transfer
effects), which is denoted by ji (Koutecky theory). Then eq 10
can be rewritten as eq 4. Note that this result is based on the
assumption of a one-step, one-way, and first-order reaction.
Often, the ORR process is not a one-step reaction, as indicated
in the Introduction. Furthermore, the equilibrium potential of
reaction 2e is about 0.7 V, which is within the ORR potential
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Figure 4. 1/p vs 1/m;, plots for ORR on Ru (a), Au (b), Ag (c), erGO (d), N-tGO (e), and Co(OH),/N-rGO (f). The potentials are 0.1 V (black),
0.2V (red), 0.3 V (green), 0.4 V (blue), 0.5 V (cyan), and 0.6 V (magenta), respectively.

window (0 to 1 V), so reaction 2e represents a two-way
reaction around a potential of 0.7 V. Therefore, the conditions
of the KL theory are not satisfied by the ORR. A revised form
of the equations can be derived for the ORR, which takes into
account the multistep nature of ORR but retains the first-order
assumption, as shown below.

In ORR, there are two reactants: O, and H,0,. Their
corresponding parameters (C, m, and D) are subscripted by O
and P, respectively. The current densities and rate constants of
reactions 4e, 2e and 2’e are subscripted by 4, 2, and —2 (reverse
reaction) and 2/, respectively. According to the solution of the
convective-diffusion equation, the following equations can be
constructed, which are similar to eq 8:

Jy A 0

2442 =y (C*y = C

4F  2F mo(C o o) (13)
jZ' j2 0

20 2 C* —C

2F  2F m(C%p v (14)
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The physical meaning of eqs 13 and 14 is that the current
densities of O,- and H,0,-related reactions are proportional to
their fluxes. C*; is 0 because H,0O, is not present in the bulk
electrolyte. Assuming all subreactions are first order, similar to
eq 10, the current densities of the subreactions can be
presented as

Jy = 4Fk4C°0 (15)
Jy = 2Fk, C°p (16)
j, = 2Fk,C% — 2Fk_,C’ (17)

Here, we have five unknowns, j,, ju, jo, C%, and C°%, and five
linear equations: eqs 13—17. Therefore, all of the unknowns
can be solved. The complete set of solutions is

_ kymoC ¥
(ky + ky + mo)(k_y + ky + mp) — kpk_,

CO
' (18)
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o = moC *o(k_y + ky + myp)
O (ky 4+ ky + mo)(k_y + ky 4+ mp) —kk_,  (19)
o 4Fk,moC *o(k_y + ky + mp)
BT e+ ke + mo) (kg + ey + mp) — kb, (20)
o 2Fk kymoC * o
R T e+ ky + mo)(ky + ey +mp) — Kok, (21)
o 2Fk,moC *o(ky + mp)
R Tkt mo) kg + ky ) — Kk, (22)
The disk current is the sum of j,, j,, and j,,, which is
jd = 2FmyC *
2k, (k_y + ky + mp) + 2k, k, + kymp
(ky + ky + mg)(k_y + ky + mp) — kyk_, (23)

Obviously, j4 is no longer in the form of KL eq 4. Therefore,
no linear relationship between j;~* and w™/? is expected. The
ring current is proportional to the rate of net H,0, production
normalized by disk area:

2FmpmC *4 k,

Tk + Ky + mo)(ky + Ky + mp) — Kok,

(24)

Note that the ratio between j; and j4 is not constant at certain
rate constants. It is a function of mgy and mp, which are
functions of . These results theoretically prove that the n is a
function of @ and the KL method is not correct for the ORR.
Inserting eqs 23 and 24 into eq 2 yields

mpk,
p =
(ky + ky)(k_y + kyo + mp) — k_sk, (25)
or
k k k
1. l—4k_2 + kz{—“ + 1)]L + (—4 + 1]
p ky ky mp k, (26)

This result shows that 1/p depends linearly on 1/mp. 1/p is
independent of w if and only if both k, and k_, are 0, because
ky/k, is always positive. This suggests that the dependence of p
on @ originates from reactions 2’e and 2e, in which H,0, is the
reactant. To understand this dependence, divide eq 18 by eq
19:

COP k2

COO a k_, + ky + mp (27)

Equation 27 shows that the increase of C% with @ is slower
than that of C%. The reason is that higher @ accelerates not
only the O, transfer to the electrode but also the H,O, transfer
away from the electrode. Therefore, the increase of reaction 2e
with @ is faster than that of reactions 2'e and 2e'’; thus, p
increases with .

The 1/p vs 1/mp plot can be used as the criterion of the
applicability of our model. If the model is correct, the plot must
be linear, the slope must be positive, and the intercept must be
larger than 1. The 1/p vs 1/my plots for the all tested catalysts
are shown in Figure 4. Obviously, the linearity of 1/p vs 1/mp is

4727

not perfectly good for all catalysts due to experimental errors
but is quite good in the case of Ay, Ag, N-rGO, and Co(OH),/
N-rGO. In the case of the Ru electrode, the p value is too close
to 0 so that the effects of underpotential deposition of
hydrogen are significant. Only the plots obtained for e-rGO
violate our model significantly. A possible reason is that both k,
and k_, are almost 0 on e-rGO; therefore, the actual p is very
close to 2 and the dependence on  is very small. On the other
hand, the turbulence, which hinders H,0, detection, makes the
measured value of p lower at higher . As a result, the 1/p vs 1/
mp plot deviates from our model. In other words, the proposed
model can be adopted on the catalysts which activate H,O,
consumption. Nevertheless, the principle of dependence of n
on the angular velocity will remain the same, even if n cannot
be measured accurately as in the case of rough electrodes.

There is still one minor problem: in the case of Au, p seems
to increase with @ slightly faster than that predicted by the
model, which cannot be explained by turbulence. To explain
this phenomenon, one should note that there are two
independent groups of processes in the ORR: those occurring
within the catalyst layer (reactions and mass transfer in the
pores) and those in the electrolyte (forced convection).
Therefore, the aforementioned question becomes (1) whether
the process within the catalyst layer can be described by rate
constants and (2) whether the process in the electrolyte can be
described by mass transfer coefficients. It was proved by
experiments that the answer to question 2 is positive, if the
thickness and roughness of the catalyst do not change the
hydrodynamic model significantly. As regards question 1, our
results indicate that the reaction rate—concentration relation-
ship can be described by first-order reactions quite accurately
on some catalysts. The reason why the ORR on Au is not exact
first order is as yet unclear. One reasonable explanation is that
the change in the coverage of reactant alters the electrochemical
behavior of the catalysts, which affects the apparent order of the
reaction. In fact, an electrochemical reaction does not need to
be first order. For example, the order of the simplest hydrogen
evolution reaction depends on both catalyst and coverage
(potential).*> The ORR is much more complicated. And there
is already a longstanding controversy on the order of the ORR
on Pt.**~*° On Au, the adsorption energy of O decreases with
increasing coverage according to the theoretical calculations,”’
and this energy is the main barrier for the ORR on Au; thus, the
order of ORR on Au could be higher than 1.

4. CONCLUSIONS

The extensive measurements of electron transfer numbers for
the ORR on different electrodes have been examined from
experimental and theoretical viewpoints. In reference to the
RRDE method, we found that the collection coefficient
depends significantly on the loading amount and the surface
roughness of a given catalyst. To get accurate results, the
loading amount of catalysts should be low and the collection
coefficient must be calibrated for each measurement. The Pt
ring is proved to be unsuitable for H,O, collection experiments
in alkaline electrolyte. Alternatively, the Au ring biased at 1.2 V
guarantees that the collection coefficient is valid for H,O,
oxidation. We also found that the electron transfer number is
dependent on the angular velocity, and the KL method
provides results greatly different from those obtained by the
RRDE method. By establishing a new mathematical model, we
found that the KL method is not suitable for determining the
electron transfer number of ORR, since the ORR is neither one

DOI: 10.1021/acscatal.6b01581
ACS Catal. 2016, 6, 4720—4728


http://dx.doi.org/10.1021/acscatal.6b01581

ACS Catalysis

Research Article

step nor one way. Only the RRDE method with calibrated N
and a properly biased Au ring is reliable from both theoretical
and experimental viewpoints. We further found that the ORR is
not always first order. This study provides some recommen-
dations for correct assessment of the performance and
mechanism of the ORR processes in alkaline electrolytes.
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