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Reconsidering the Benchmarking Evaluation of Catalytic

Activity in Oxygen Reduction Reaction

Wenlong Chen,’® Qian Xiang,-* Tao Peng,’ Chengyi Song," Wen Shang,’ Tao Deng,"? and Jianbo Wu'-#4*

The sluggish kinetics of the oxygen reduction reaction (ORR) on electrocatalysts
represents a major obstacle in the development of fuel cell technology. A tremen-
dous amount of work has reported the increasing ORR activity for catalysts. Never-
theless, when applied to practical Membrane Electrode Assembly (MEA, an
assembled stack of a proton exchange membrane fuel cell) configuration, the
high-performance catalysts on the rotating disk electrode (RDE) may not display
the same high activity as in the lab-scale tests. This led us to reexamine the ORR
evaluation based on the RDE technique. With the development of high active elec-
trocatalysts, it may become significant to determine the reasonable kinetic current
at a conventional fixed potential approaching the limited current by using the Kou-
tecky-Levich (K-L) technique on RDE for the evaluation of ORR activity. Here we
describe such a challenging situation and systematically discuss the proper kinetic
region when comparing the ORR activity with the unsuitable potential or Pt loading
based on the K-L technique. Furthermore, the rational benchmarking guidelines are
given for the evaluation of the ORR electrocatalysts.

INTRODUCTION

With the onset of great challenges such as environmental change and the scarcity of traditional fuels now,
electrocatalysts functioning within energy storage and conversion devices have been rapidly developed.
Such devices are being developed currently because they have the capacity to use low-cost electricity
potentially from renewables to meet energy needs. Proton exchange membrane fuel cells (PEM-FCs) are
a vital part of this growth and future of renewable energy applications. The sluggish kinetics of the oxygen
reduction reaction (ORR), one of the half-reactions that makes up the whole fuel cell process, on
electrocatalysts represents a major obstacle to a more widespread use not only for fuel cells but also for
metal-air batteries. Developing and optimizing highly active catalysts has become paramount for the opti-
mization of fuel cell performance. For highly active ORR electrocatalysts, the activation energy barriers
should be low in its reaction kinetics steps, and the specific and mass current activity in the electrochemical
process should be observed as high as possible in certain overpotentials when compared with other cat-
alysts. Parameters such as these are common figures of metric within this field to understand activity and
benchmarking catalysts.

From previous studies, the mass activity of a commercial TKK Pt/C catalyst is around 0.28 mA pgp, ' at 0.9V
versus RHE (Pedersen et al., 2015). Thanks to the efforts of different studies, more high-performance ORR
catalysts have been explored in recent years. Various efficient strategies have been applied to obatain
highly acitive catalysts (Wu and Yang, 2013, Liu et al., 2019), such as surface engineering to fabricate a
3D hollow PtNi structure with open Pt-skin framework (Chen et al., 2014 ) and hollow PtNi cages (Tian
et al., 2019), doping method to synthesize Mo-doped Pt3Ni (Huang et al., 2015), 1D jagged Pt nanowires
(Li et al., 2016), 2D PtPb/Pt nanoplates with biaxial strain (Bu et al., 2016). With these strategies, the ORR
mass activity could achieve to ~13 A mgpt'1 (Liu et al., 2019). However, few catalysts with extraordinary ac-
tivities have been perfectly introduced into the full fuel cell configuration yet. There still is a tremendous
gap between the reported performance indicated by RDE results and practical performance studied in
MEA. Further studies are warmly expected to meet the practical application of advanced catalysts in
such devices.

Nevertheless, as the potential development of active electrocatalysts with increasing performance, the conven-
tional results obtained at 0.9 V may become not reasonable in the case of a rational benchmark (Stephens et al.,
2016). It may become challenging to rationally determine the reasonable kinetic current by using the RDE
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method technique for the evaluation of ORR activity toward the materials with extremely high ORR activity
because the kinetic current value obtained from the K-L method (Zhou et al., 2016) under the overpotential ap-
proaching the limited diffusion current becomes inaccurate for the calculation of the specific and mass activities
(e.g. 0.9 V vs. RHE, which is usually considered the benchmark potential for ORR catalysts).

For the O, concentration in the electrolyte (C,), the actual O, concentration at the electrode surface (C,) is
lower than C, due to the consumption of O, as a function of current density. The K-L equation is conven-
tionally applied to account for this difference in concentration so that iy at C, is obtainable. However, it is
essential to note that the evaluation of the real kinetic current based on the K-L method is conditional and is
therefore dependent on many corrections.

The data analysis and evaluation of electrocatalysts for ORR is usually based on the ORR polarization curves,
which generally would display three regions among the whole potential range, that is, the kinetic control region,
kinetic-diffusion mixed control region, and the diffusion limiting region (Figure 1). The so-called K-L plots are
often used as a standard approach to evaluate the kinetic current in order to present and compare the activities
of catalysts at 0.9 V practically (Pasti et al., 2012; Gasteiger et al., 2005). Nowadays, a large amount of explored
electrocatalysts have approached the diffusion-limited region with much lower overpotential (Liu et al., 2019; Li
et al,, 2019; Shao et al., 2016). In regard to this situation, some of the studies emphasized the activity at 0.95 V
versus RHE (Huang et al., 2015; Liu et al., 2019). With the fast development of highly active electrocatalysts, the
evaluation of kinetic activity in some higher overpotentials hence may lead to a magnified inaccuracy. In such
situation, the results estimated through the polarization curves include the effect of mass transfer, and the values
obtained from the K-L equation are not able to reveal the real activity of the catalysts anymore and not reliable to
compare with other catalysts. With the development of the advanced ORR catalysts, an unambiguous activity
benchmarkis a prerequisite to make sense and to prove the intrinsic high activity (but not just the value obtained
from the mathematical equation without the consideration of conditions) of the materials for fuel cells. In this
work, we systematically illustrated and discussed the proper kinetic region when comparing the ORR activity un-
der large overpotential based on the K-L technique, and subsequently, rationalize benchmarking guidelines for
the measurement and evaluation of catalysts studied using for the RDE method.

RESULTS

To illustrate the aforementioned issues and demonstrate the unreasonable and contradictory evaluation of
the ORR catalysts when the overpotential goes beyond the kinetic potential region and approaches to the
diffusion-limited region, firstly, we studied the activities of the commercial Pt/C catalyst at different poten-
tials, as it is the widely used benchmark catalyst in fuel cell (Figure 2).

We designed an experiment with a series of different mass loadings of the commercial Pt/C on the RDE
(see Transparent Methods for details) to demonstrate the difference for the evaluation of catalyst activity
when calculating the kinetic current (j,) (Figure 2). Figure 2A shows that the electrochemical surface active
areas (ECSAs) are obtained from the hydrogen adsorption region (0.05-0.4 V versus RHE). The ECSAs are
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Figure 2. ORR Performance of the Commercial Pt/C at 0.9 V and 0.854 V with Different Mass Loadings.

(A) CV curves of the commercial Pt/C with different mass loadings.

(B) ORR polarization curves for commercial Pt/C with iR-drop correction.

(C and D) (C) Specific and (D) mass ORR activities for commercial Pt/C catalysts at the potential of 0.9 V versus RHE.
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Figure 2. Continued

(E and F) (E) Specific and (F) mass ORR activities for commercial Pt/C catalyst with various mass loading at the potential of
0.854 V versus RHE

(G and H) Comparison of (G) specific and (H) mass ORR activities of the catalysts at different potentials as 0.854V and 0.9 V versus RHE.
Error bars represent one standard deviation of multiple independent measurements.

108.5, 107.92, 99.8, and 94.6 m?/gp, as increasing the mass loading from 4 g to 6, 8, and 10 pg, respec-
tively. The slight decrease of the ECSA for 8-10 ng catalysts is due to the lack of full utilization of active
sites in the thick catalyst layer. Figure 2B illustrated the ORR LSV curves measured for all the Pt/C with
different mass loadings based on the RDE after iR correction (see Transparent Methods for details). The
area-specific and mass activities for ORR were calculated based on the ORR curves by normalizing the
kinetic current density (i) to the above ECSA and the mass loading amount of Pt/C, respectively (Figures
2C-2D). The results of the specific (is) and mass (i,,,) activities demonstrated that the activities changed in
volcanic plots as the increase of catalyst loadings, whereas the 6 ng loading RDE reached the highest iy,
of 0.397 mA/pge:. It should be noted that, although different, the i, ranging from 4 to 10 pg was similar
(0.375, 0.398, 0.385, 0.384 mA/ugpy). In this case, the loading of Pt/C is not sensitive to determine the
performance at 0.9 V.

Figure 2B also shows the more loading of Pt has a smaller overpotential to reach the diffusion-limited
current (jim). In order to describe the magnified inaccuracy and the rising error of the evaluation of
ORR catalysts in the larger overpotential position for different Pt loading, we calculated ORR activities
at 0.854 V (Figures 2E and 2F). At 0.854 V, both sequences of the is and i, values vary more dramatically
(30% deviation) among the different loadings compared with those at 0.9 V (5.6% deviation) (Figures 2H
and 2@G). It can be expected that, with the potential chosen more close to the diffusion-limited region,
the relative error and deviation of the calculated activities would dramatically grow larger. Obviously,
it revealed that unsuitable choice of mass loading to evaluate the ORR activities may induce misleading
of the real performance of catalysts. Consequently, the above discussion indicated that even for the
same catalyst with different mass loading on the RDEs, the mass and specific activities can be signifi-
cantly different at a given potential.

Why could the potential of 0.9 V be used reasonably for all the four RDEs while the 0.854 V seemed unre-
liable to calculate the kinetic current for ORR correctly, and how shall we determine the rational potential as
abenchmarking? Here, we used Tafel plots to explain this phenomenon and determination of the inappro-
priate value.

The electrokinetic Tafel equation (Holewinski and Linic, 2012):

AE = a+ b log(i)

Here, 6E represents the difference of potential between the equilibrium potential and the applied poten-
tial, whereas a represents a constant that is related to the current at the equilibrium. What is more, b is the
Tafel slope. Thus, the Tafel equation could give a linear relation between the logarithm of current and elec-
trode potential (Damjanovic and Sepa, 1990). Nevertheless, it has been widely and experimentally reported
that the Tafel slope changes a lot with the applied potential for many electrocatalytic reactions, including
the ORR on Pt, as the reaction orders have also been demonstrated to vary with different potential (Blizanac
et al., 2006; Gasteiger et al., 2005). Previous research revealed that the measured Tafel slopes shift from
~60 mV/dec (at small overpotential) to ~120 mV/dec (at larger overpotential) for the ORR on Pt (Holewinski
and Linic, 2012; Gasteiger et al., 2005). And it is in agreement with the initial electron transfer as the sole
rate-limiting step (RLS) during the whole reaction range of operating potentials (Damjanovic and Sepa,
1990, Wang et al., 2007; Markovi¢ et al., 1999, 2001). Thus, it is found that the ORR Tafel slope of
120 mV/dec indicates the initial electron transfer to O,. Moreover, the region of the Tafel slope between
60 and 120 mV/dec also suggests a mechanism that is limited by the initial reduction of O, (Walsh et al.,
2013). We believe that the appropriate value to calculate the kinetic current should be in the kinetic-limited
region where the Tafel slope was less than 120 mV/dec.

The Tafel plots of the commercial Pt/C catalyst with different potentials derived from the ORR polariza-
tion curves were adopted to find out the proper overpotential range that could be used to calculate the
"real” kinetic current (Figures 3A-3D). From curves, the potentials at the Tafel slope of 120 mV/dec for
different Pt/C loadings were derived to 0.851 V, 0.854 V, 0.861 V, and 0.863 V from 4 to 10 pg,
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Figure 3. Tafel Plots of the Commercial Pt/C Catalyst with Different Potentials Derived from the ORR
Polarization Curves

(A-D) Tafel plot for the commercial Pt/C catalyst with the mass loading of (A) 4 ug, (B) 6 ug, (C) 8 ug, and (D) 10 ng; the
measurements are tested in Oy-saturated 0.1M HCIO, electrolyte.

respectively. As mentioned earlier, the calculation of the i, at the potential of 0.9 V versus RHE (Figure 2)
is in a kinetic-controlled region with a Tafel slope lower than 120 mV/dec. Thus, at 0.9 V, the specific and
mass activities for commercial Pt/C are reasonable for all the different loadings. Instead, when using
0.854 V to determine the activity, it was still nearly fair for the 4 ng and 6 ng loadings. However, the
8 ng and 10 pg Pt loadings make the reaction beyond the kinetic current region because the Tafel slopes
are larger than 120 mV/dec for these two cases (Figures 3C and 3D). Figure 3 shows the slope at 0.854 V
is in the region where the diffusion effect could not be neglected (the Tafel slope is higher than 120 mV/
dec) for the different Pt/C loadings. Under this condition, the current at the potentials smaller than
0.854 V will gradually approach the value of limiting current, and the kinetic current will approach infinity
in theory according to the K-L equation. Therefore, the 0.854 V is not suitable as the benchmark to eval-
uate the kinetics current for the higher Pt loading RDEs (8 pg and 10 pg) but can still nearly fair for the
4 ng and 6 pg ones (Note: in this situation, the potential is still near the critical value, which may still have
relative inaccuracy to some extent to evaluate the ORR activity). Based on the above discussion, we can
conclude that when evaluating the kinetic current at the given potentials (e.g. 0.9 V), a suitable catalyst
loading should be carefully considered to ensure the reaction is in the kinetics region with Tafel slops
smaller than 120 mV/dec.

As mentioned earlier, we have demonstrated the proper loading to evaluate the real activity using the com-
mercial Pt/C catalyst as an example. In order to further prove this protocol applicable for the practical high-
ly active catalysts, we also test out the ORR performance for Pt3Ni/C catalysts with the Pt loading of 3 pg,
3.5 ng, and 6 pg on RDE (Figure 4A), as the Pt-Ni catalysts have been widely reported with superior ORR
activities among the advanced Pt-based nanomaterials (Wu and Yang, 2013; Wu et al., 2010, Wu et al.,
2011, Wu et al., 2012). Figure 4D shows that the critical Tafel slope value of 120 mV/dec is at 0.910 V for
the 6 pug Pt loading, which means the ORR kinetics current at 0.9V potential would cause inaccuracy and
error using K-L equation and it could not be used to fairly compare with other catalysts. However, we
can make the 0.9V position in the kinetic-control region to calculate kinetic current by reducing the catalyst
loading. Hence, when we reduce the Pt loading to 3 png and 3.5 pg, as a result, the position of the critical
Tafel slope value of 120 mV/dec shift to 0.873 V and 0.884 V, respectively (Figures 4B and 4C), which would
allow the accuracy to evaluate the ORR activity at 0.9 V. As expected, the mass activity of the 3 pg and 3.5 ng
Pt loading catalysts showed the similar fair value of ~2.3 mA/uge, with a variation of 4.5%. However, the
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Figure 4. ORR Performance of the Pt3Ni/C Catalyst in 0.1M HCIO,

(A-F) (A) ORR polarization curves for Pt3Ni/C with iR-drop correction. Tafel plot for the PtzNi/C catalyst with the mass
loading of (B) 3 g, (C) 3.5 pg, and (D) 6 ng; the measurements are tested in Oy-saturated 0.1M HCIO, electrolyte. Mass
activities for PtzNi/C catalysts at the potential of (E) 0.9 V and (F) 0.95 V versus RHE. The dash line means the fair value.

6 ugpy displayed a high ~72% inaccuracy and deviation, which also indicated the importance of the suitable
mass loading of catalyst and choice of potential to study the ORR activity (Figure 4E). We also compared the
ORR activity at 0.95V for both the two RDEs (red line in Figures 5B and 5F), where the potential was located
in the applicable Tafel slope region for both of them. It can be found that the activity results based on the K-
L method were much similar and showed a reasonable deviation between each other. This also indicated
that in the reasonable potential windows range, different Pt loadings would not lead to unfair evaluation of
ORR. All the earlier discussions unambiguously proved the importance of a suitable choice of loading and
potential to reveal the intrinsic activity of the ORR catalyst.

It also must be considered that the structure of catalysts would have a significant influence on ORR per-
formance. Hence, nowadays, most of the advanced electrocatalyst studies focused on the influence of
kinds of structures (structure/property relationships) but may ignore the rationality when processing
the analyzation based on RDE test. Furthermore, as mentioned earlier, a rational mass loading or poten-
tial choice is very critical to compare the ORR performances and indicate their intrinsic catalytic ability.
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Hence, to realize the purpose of accurate ORR evaluation, it suggests the importance of the rational
benchmarking of ORR. In conclusion, we propose here the following guidelines to reasonably compare
the ORR activity of catalysts:

i) To form a uniform and full film in the RDE, the loading of catalyst should not be too low; the
mass loading also should not be too high, because too high loading of catalyst would suppress
the O, mass transportation (Higuchi et al., 2005; Xiong et al., 2018; Suntivich et al., 2010). Too
high loading will introduce an extremely thick film layer on the RDE. Such a thick layer would
make the O, mass transportation very difficult for the interior layer catalysts. In addition, the
RDE theory is that based on the diffusion-convection kinetics of the pure solution laminar
flow, the too thick layer would block the interior catalysts to behave in such a way. A thinner
catalyst layer could help to promote O, diffusion in the ORR process while maintaining the
high intrinsic electrocatalytic activity, whereas a too thick layer would increase the mass trans-
port resistance for the ORR.

ii) For the Pt catalyst, the limited-diffusion current must reach the theoretical value (~5.5 mA/cm?,
within a variation of 10%).

iii) The potential chosen to process the kinetic current needs to be at the region <120 mV/dec to guar-
antee the reasonable accuracy and minimized relative error when evaluating the activity (Figure 5). In
this regard, if one must compare the performance in specific potential, one can adjust the catalyst's
mass loading to make the specific potential locate in the kinetic-controlled region. There are also
some reports that claimed the current at the potential of interest has to be within 10% and 80%
of the limited-diffusion current (Figure 5) (Mayrhofer et al., 2008), which has actually the similar pur-
pose as our description. Our proposal provides a guide method by using the Tafel plot to rationalize
the accurate evaluation of ORR. In practical evaluation, the chosen ideal potential should be below
the half-wave potential. Too small current density will also induce magnification of errors, which also
should be avoided (>0.1jjim).

CONCLUSION

In summary, we discussed the influence in the ORR evaluation accuracy of the catalyst mass loading on RDE
and the choice of potential to study the activity in ORR. Using unsuitable potential approaching the limited-
diffusion current can boost the ORR activity to extremely high values, which makes it not appropriate to
compare with other materials. Henceforth, it is more practically meaningful to compare the activity in a ki-
netic-control region or adjust the potential (0.9 V) to such a region by tuning the mass loading. To compare
the performance of different catalysts, the guidelines for intrinsic activity are recommended. The perspec-
tive provided in this study could further enable more approaches to accurately evaluate and benchmark the
intrinsic activity of the high-performance ORR catalysts and further the field considering RDE evaluation of
next-generation catalysts.

Limitations of Study

In this study, we systemically studied the accuracies when carried out the ORR performance of typical cat-
alysts of Pt and Pt3Ni nanoparticles and gives some guidelines to rationally compare and benchmark the
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performance by combining the practical study and Tafel plots. However, the exact mechanism, reason, and
discussion on why only some potentials region is rational and how could the RDE performances reflect the
catalysts’ MEA performance is still needed to be further explored.
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Transparent Methods

Chemicals and Materials:

Commercial Pt/C (Platinum, nominally 20% on carbon black) was
purchased from Alfa Aesar and the Perchloric acid (HCIO4, 99.999%
trace metals basis) was purchased from Aldrich. Nafion perfluorinated
resin solution (Sigma Aldrich, 5 wt%) was purchased from Sigma
Aldrich. Platinum(ll) acetylacetonate (Pt(acac)2, Strem Chemical),
nickel(ll) acetylacetonate (Ni(acac)z, Strem Chemical), oleylamine (OAm,
Sigma Aldrich), oleic acid (OA, Sigma Aldrich), benzyl ether (BE, Sigma
Aldrich), tungsten hexacarbonyl (W(CO)s, Strem Chemical) were all used
as received. Oxygen (02, 99.999%) and argon (Ar, 99.999%) were
purchased from Shanghai Weichuang Standard Gas Analytical
Technology Co., Ltd. All chemicals used in this study were used without
further purification. The deionized water (18.2 MQ-cm) used in all
experiments was prepared by using a Milli-Q ultra-pure purification
system.

Synthesis of Pt3Ni:

For the typical synthesis of PtsNi, a modified method was used referred to
the previous report (Choi et al., 2013). 0.102 mmol of Pt(acac)2 and 0.08
mmol Ni(acac)2 were added to the mixture of 4.0 mL OAm, 2.0 mL OA
and 14.0 mL BE, and after then this mixture was heated to 130 °C under

Ar with continuously magnetic stirring. Then 0.28 mmol W(CO)s was



quickly added to the heated mixture. Subsequently, this mixture was then
heated to 230 °C and kept for 30 min. After the reaction, the room
temperature reaction mixture with the PtsNi octahedra was precipitated
out by sequentially adding toluene and ethanol. The supernatant was

removed by centrifugation at 8,000 rpm for 10 min for 5 times.

Electrochemical Measurements:

All electrochemical measurements were characterized on an
electrochemical work station (CHI760E, CHI instrument, and SP-200,
Bio-Logic) in a three-electrode configuration. The reference electrode
was while a Pt wire was used as the counter electrode. The glassy carbon
rotating disk electrode (RDE) with an area of 0.196 cm2 was performed
as working electrode which connected to the installation of rotating
electrode speed control. Prior to the test measurements, the purchased
RHE electrode was already corrected before all the measurements. All the
potentials reported in our manuscript were referenced to RHE.
Preparation of RDE film. The GC electrode was polished with Al203
powder, washed with ethanol and deionized water, and dried before use. 5
mg metal/carbon (Pt/C, or PtsNi: Carbon= 1:4) catalysts and 25 pl of
Nafion solution (5 wt%) were dispersed in 5 ml of water-isopropanol
solution with a volume ratio of 4.1 by sonicating for 10 min to form a

homogeneous ink. Then the Pt concentration was measured by ICP, to



ensure the accuracy of the Pt loading. To obtain different desired catalysts
mass loading on the RDEs, the corresponding calculated amount volume
of the above ink was dropped onto the RDE for the Pt/C or PtsNi/C,
respectively, using a pipette and dried in air. Before the electrochemical
test, the RDE film surface was wetted by DI water.
The CV measurements were conducted in an Ar saturated 0.1 M HCIOa
solution at room-temperature from 0.05 V to 1.1 V vs. RHE with a scan
rate of 50 mV/s. The ORR activity was tested in an O2 saturated 0.1 M
HCIOs electrolyte and maintained the O2 bubble during the whole
measurement. The linear scan rate was set to 10 mV/s from 0V to 1.1 V
vs. RHE in the positive direction at a rotation rate of 1600 rpm.

The ORR activity was obtained after the iR correction to the LSV.
Typically, the iR correction is according to the following equation,

E=ErHe-IR,

where E is the potential after iR-corrected, Erne is the measured
potential referred to RHE, i represents the measured current, and R is the
uncompensated resistance which could be determined by electrochemical
impedance spectra (EIS). The typical EIS test for resistance evaluation is
conducted by measuring the ac impedance spectra from 100 kHz to 0.1
Hz with a voltage perturbation of 10 mV vs open-circuit potential. The
uncompensated resistance is found as the impedance where the imaginary

part of the impedance is zero in a Nyquist plot.



In order to quantitatively evaluate the ORR activity for different Pt
catalysts, the kinetic currents of the ORR polarization curves were
calculated by the following Koutecky-Levich equation (Shao et al.,

2016).

_ 1
1/t =1/i1im

Ik
where i is the measured current density from the LSV curves and ik is the
Kinetic current density to evaluate the activity. Then ik can then be
normalized against Pt mass to obtain the mass activities (imass),
respectively (Bard and Faulkner, 2000).

Tafel plots were obtained from the LSV of different catalysts at 1600

rpm with a scan rate of 10 mV/s in Oz saturated 0.1M HCIOa.
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