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Correcting the Hydrogen Diffusion Limitation in Rotating Disk
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Rotating disk electrode (RDE) method is widely employed in studies on the hydrogen oxidation/evolution reaction (HOR/HER)
owing to its well-defined mass transport behaviors. While it is accepted that the measured HOR current is controlled by both the
electrode kinetics and the diffusion of Hy, HER is typically assumed to be free of diffusion limitation. Here we demonstrate that
HER could also be diffusion limited when the electrode kinetics is fast, as evidenced by the rotation speed dependent HER current
on Pt in acid (pH = 1) and the overlap of the HER polarization curve with the concentration overpotential curve. The HER diffusion
limitation originates from the insufficient mass transport of produced H; from the electrode surface to the bulk electrolyte and the
highly reversible nature of HOR/HER. Kinetic analyses based on HER polarization curves on Pt in acid without correcting for the
diffusion limitation could lead to inaccurate Tafel slopes and mechanistic interpretations, and significantly underestimated HER
activities. A general data analysis protocol based on the reversible Koutecky-Levich equation is developed to obtain accurate kinetic
information of HOR/HER even when electrode kinetics is facile. This new method is compared with other existing methods on Pt
disk electrodes at different pHs and thin-film electrodes with different Pt loadings.
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Hydrogen oxidation reaction (HOR, H, — 2H* +2 ¢) and hydro-
gen evolution reaction (HER, 2 H* +2 ¢ — H,) are among the most
extensively studied electrochemical reactions for their foundational
role in establishing the theoretical framework of electrochemistry,
and practical importance in the development of renewable energy
conversion devices, such as H,-fueled low temperature fuel cells, and
electrolyzers. Kinetics of HOR/HER is not only a key metric in evalu-
ating HOR/HER catalysts, but more importantly, a sensitive probe of
the pathway through which the two-electron transfer process occurs
on the molecular level.

Rotating disk electrode (RDE) method is widely adopted to
quantitatively evaluate the intrinsic kinetics of electrochemical re-
actions, including HOR/HER'~ and oxygen reduction/evolution re-
action (ORR/OER),** owing to its well-defined mass transport behav-
iors that can be rigorously derived from the hydrodynamics.® While
ORR activities are typically determined by converting the measured
currents at a fixed potential (e.g., 0.9 V vs. RHE) to kinetic currents
due to its sluggish reaction kinetics;”® exchange current density (iy)
is the more widely adopted measure of HOR/HER activities.>® Ex-
change current density can be determined by either fitting the kinetic
current density with the Butler-Volmer equation or extrapolating the
Tafel plot to zero overpotential. Accurate measurement of kinetic cur-
rents, which is free of the contribution from the mass transport of
H, to and from the electrode, is key to the reliability of both meth-
ods. It is generally accepted that HOR can be severely limited by
the mass transport of H, to the electrode surface, as evidenced by
the plateau in the polarization curve or the anodic limiting current
at large overpotentials. The mass transport limitation of H, in HOR
is primarily attributed to the limited solubility of H, (<1 mmol/L at
room temperature), following the Levich equation® as in Eq. 1,

i =0.62n FAD**v Yocow'? = ABcyw'? [1]

where i is the limiting current, D is the diffusivity of hydrogen in
electrolyte, n is the number of electrons transferred in HOR (n = 2),
A is the area of the electrode, v is the kinematic viscosity of the
electrolyte and ¢ is the solubility of H; in electrolyte, w is the rotation
rate and B = 0.62nF D*3v~1/%_ The kinetic current for thin-film
electrode is then calculated using the Koutecky-Levich equation’ as
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in Eq. 2,
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where i and iy are the measured current and kinetic current, respec-
tively. In contrast, HER is generally assumed to be free of diffusion
limitation and indeed no cathodic limiting current is observed in RDE
measurements. The lack of diffusion limitation is attributed to the
high concentration of H* or H,O in acidic or alkaline electrolyte.
Therefore, measured currents, compensated for the ohmic loss, in the
HER branch are considered to be kinetic currents.!'

The RDE method is unable to quantify the HOR activity on Pt in
acid due to the combination of mass transport limitation of H, and fast
reaction kinetics. The measured current is dominated by the rate of
H, diffusion to the electrode surface, as evidenced by the overlapping
HOR polarization curve and concentration overpotential curve, as

defined in Eq. 3,
RT i
=——In|l1-— 3
Na F H( i/) (31

where 14 is the diffusion overpotential, i, is the diffusion limited cur-
rent, i; is the maximum current from polarization curves, R is the uni-
versal gas constant (8,314 J/(mol-K)), T is the temperature in Kelvin
and F is the Faraday’s constant (96,485 A-s/mol). Kinetic currents of
HOR on Pt in acid must be determined by methods free of mass trans-
port limitations, such as H,-pump method,>'!"'? ultramicroelectrode
(UME),'*!* scanning electrochemical microscopy (SECM)'>'¢ and
floating electrode method.!” For example, the exchange current den-
sity of HOR/HER on Pt/C in acid obtained using the H,-pump method
in a proton exchange membrane fuel cell (PEMFC) configuration is
~70 mA/cm?p at 293 K (extrapolated from the Arrhenius plot), with
the transfer coefficient (o) and Tafel slope determined to be ~0.5 and
~120 mV/dec, respectively, by fitting the polarization curve with the
Butler-Volmer equation.’

Several studies of HER on Pt in acid using RDE report Tafel
slopes around 30 mV/dec and exchange current densities on the order
of 1 mA/cm?p,'82* which are almost two orders of magnitude lower
than the results obtained from H,-pump measurements.’ In this study,
we demonstrate that RDE measurements of HER kinetics on Pt are
also limited by mass transport of the produced H, from the electrode
surface to the bulk electrolyte when the HER kinetics is facile. This is
demonstrated by the overlapping of the HER polarization curve with
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the diffusion overpotential curve and the rotation speed dependence
of the HER activity. The inefficient diffusion of H, formed at the
electrode to the bulk electrolyte is proposed to be the origin of HER
mass transport limitation. A general data analysis protocol based on
Koutecky-Levich equation for reversible reactions is developed to
obtain accurate HOR/HER kinetic information. Through comparison
with a recently reported method, we show that our proposed approach
is equally accurate and more general in extracting kinetic parameters.

Experimental

Preparation of electrodes and electrolytes.— The polycrystalline
Pt disk was polished using 0.05 pwm alumina polishing suspension
(Buehler) to a mirror finish prior to electrochemical testing, and the
glassy carbon electrodes were pre-polished similarly before preparing
thin-film electrodes. Ink suspension of high surface area carbon sup-
ported Pt catalyst was prepared by dispersing Pt/C (46.6 wt%, Tanaka
Kikinzoku International, Inc.) into DI water to achieve a concentration
of 0.1 mgp/mL followed by ultrasonication for 1 h to obtain a uniform
suspension. Thin-film Pt/C electrodes were prepared by pipetting dif-
ferent amounts of ink suspension onto pre-polished glassy carbon
electrodes to achieve a final loading of 4 to 40 pgp/cm?gig. 0.1 M
HClOy4, 0.5 M H,SO4 and 0.2 M H3PO4 were prepared by dilut-
ing HCIOy4 (67-72%, TraceSELECT, Sigma Aldrich), H,SO4 (95%,
TraceSELECT, Sigma Aldrich) and H;PO, (80%, Sigma Aldrich)
with DI water. 0.1 M KOH and 4 M KOH were prepared from KOH
tablets (85 wt% and 99.99% metal trace, Sigma Aldrich). Phospho-
ric acid/phosphate buffer solutions were prepared by adding different
volumes (2 to 10 mL) of 4 M KOH into 100 mL 0.2 M H;PO,.

Electrochemical measurements.— The electrochemical measure-
ments were performed in a glass cell for rotating electrodes (PINE
Research Instrumentation), with a double junction silver/silver chlo-
ride (Ag/AgCl) electrode as the reference electrode, a Pt wire as the
counter electrode and a 5 mm diameter polycrystalline Pt disk or a
5 mm diameter glassy carbon as the working electrode using a mul-
tichannel potentiostat (Princeton Applied Research). Cyclic voltam-
mograms (CV) of Pt disk and Pt/C were recorded between ~0.03
to 1.1 V vs. RHE in Ar-saturated electrolytes at a scanning rate of
50 mV/s. Hydrogen oxidation/evolution reaction (HOR/HER) polar-
ization curves were obtained by RDE measurement in electrolyte with
saturated Hy, at a scanning rate of 10 mV/s (for measurement on Pt
disk) or 1 mV/s (for measurement on Pt/C electrodes) and rotation
speeds ranging from 100 rpm to 3600 rpm at r.t. (293 K). All poten-
tials reported in this work were converted to the reversible hydrogen
electrode (RHE) scale. Potential ranges for HER scans were chosen
such that no excessive H, bubbling occurred.

Impedance measurements.— The internal resistance was mea-
sured after HOR/HER measurement by electrochemical impedance
spectroscopy (EIS) from 200 kHz to 100 mHz at open circuit voltage
(OCV) and used to obtain internal resistance free (iR-free) potential
of the working electrode. The resistances for 0.1 M HCIO,4, 0.5 M
H,S0O, and 0.1 M KOH at 293 K are about 25 €2, 5 € and 40 €,
respectively.

Results and Discussion

Identification of diffusion limitation in measured HER currents.—
The HOR/HER polarization curve on Pt disk after internal resistance
correction in 0.1 M HClOy reaches the plateau at ~0.06 V vs. RHE
and completely overlaps with the concentration overpotential curve as
defined by Eq. 3 (Figure 1), suggesting that both HOR and HER are
completely mass transport controlled. To ensure accurate comparison
between the polarization curve and diffusion overpotential curve, iR
correction is essential even for highly conductive electrolytes, e.g.,
0.1 M HCIO4 (25 ), as evidenced by the significant difference of
the polarization curves before and after iR correction (blue dashed
curve and red solid curve in Figure 1, respectively). The lack of iR
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Figure 1. HOR/HER polarization curves on a Pt disk in Hy-saturated 0.1 M
HCIOy, at a rotation speed of 1600 rpm and a scanning rate of 10 mV/s before
(blue dashed line) and after (red solid line) iR-correction. The black dashed line
is the calculated concentration overpotential curve, and the green dot dashed
line is the simulated kinetic current using the Butler-Volmer equation (Eq. 4)
assuming ip = 70 mA/cm? and o = 0.5.

correction in several early studies could be a main cause for not
recognizing that the current was completely controlled by the mass
transport limitation, which in turn led to significant underestimations
of the HOR/HER activity on Pt.?*?

Measured currents for the highly reversible HOR/HER are the sum
of the anodic (positive) and cathodic (negative) currents from HOR
and HER, respectively, according to:

i =igor+ IHER

Conventionally, the polarization curve at positive overpotentials with
positive currents (HOR polarization curve) is referred to as the HOR
branch, while the part at negative overpotentials (HER polarization
curve) is referred to as the HER branch. It is important to note that
HOR and HER occur simultaneously in both branches, albeit with dif-
ferent rates. In this work, we denote the current in the HOR and HER
branches as net-HOR and net-HER currents, respectively, to differen-
tiate from the pure HOR and HER currents. The HOR/HER exchange
current density (ip) at 293 K on Pt/C and transfer coefficient (o) were
determined to be ~70 mA/cm?p and ~0.5 respectively, using the H,-
pump method in a PEMFC configuration (with an equivalent pH of
0)° Since no particle size effect has been observed for Pt regarding
HOR/HER,>? the exchange current density and transfer coefficient
determined on Pt/C can be used to calculate the kinetic current den-
sity (ix) on Pt disk in the HER branch (dashed green line in Figure 1)
following the Butler-Volmer equation (Eq. 4),

. aFn (a—1)Fn
iv =io fexp (= ) —exp | = [4]

The measured current in the HER branch should be equal to the kinetic
current in the absence of diffusion limitation; however, the calculated
kinetic overpotential curve (dashed green line) deviates significantly
from the measured polarization curve (solid red line), confirming that
the net-HER current is not free of diffusion limitation.

The diffusion current (i) is proportional to the limiting current (i)
at a given potential, according to Eq. 5:

ig= 1 <1 — exp (—%)) [5]

Thus, i, should share the same rotation speed dependence as i; (Eq. 1).
It follows that measured currents will also be rotation speed dependent
if HER/HOR is completely diffusion limited on Pt disk in acidic media
(iexp = iq). Indeed, the HOR/HER polarization curves on Pt disk in
0.1 M HCIO; at rotation speeds of 100 rpm, 400 rpm, 900 rpm, 1600
rpm, 2500 rpm and 3600 rpm match well with their corresponding
diffusion overpotential curves in the entire HOR/HER potential win-
dow scanned (Figure 2), which is strong evidence that the net-HER
current is diffusion limited. Furthermore, a Koutecky — Levich plot at
0.08 V vs. RHE (Figure 2, inset) yields a straight line passing through
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Figure 2. iR-corrected HOR/HER polarization curves at different rotation
speeds (100 rpm to 3600 rpm) on a polycrystalline Pt disk in Hp—saturated
0.1 M HCIOy at a scanning rate of 10 mV/s. Dashed gray lines are the diffusion
overpotential curves at different rotation speeds. The inset shows a Koutecky-
Levich plot at 0.08 V vs. RHE, yielding a straight line with Bco value of
0.075 mA/(cmZdiSkrpm”Z).

origin, and a Bcy value of 0.075 mA/(cm?ggrpm*?), in reasonable
agreement with the values reported previously.'*?” Furthermore, the
diffusion limited nature of the HER branch on Pt in acid suggests that
supersaturation of H; is likely in the vicinity of the electrode, which
provides the driving force of transport H, produced at the electrode
to the bulk. Chen et al. reported that the supersaturation of H, could
be as high as 300 times relative to saturation concentration at room
temperature and pressure before nucleation and bubble formation on
Pt nanoelectrodes.®%

HER on Pt in base much slower than in acid, and thus HER cur-
rents determined by the RDE in base could be kinetics, rather than
diffusion, limited.? Indeed, the HOR/HER polarization curves on Pt/C
in 0.1 M KOH at rotation speeds from 100 rpm to 3600 rpm devi-
ate significantly from their corresponding concentration overpotential
curves (Figure 3), owing to the sluggish kinetics on Pt in the alkaline
electrolyte. In addition, the HER polarization curves at different rota-
tion speeds essentially overlap within experimental errors (Figure 3),
consistent with a previous report.'” The independence of the net-HER
current on the rotation speed is also due to the sluggish HER kinet-
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Figure 3. iR-corrected HOR/HER polarization curves at different rotation
speeds (100 rpm to 3600 rpm) on Pt/C (loading: 10 ugpl/cmzdisk) in Hy —
saturated 0.1 M KOH at a scanning rate of 10 mV/s. Dashed gray lines are the
diffusion overpotential curves at different rotation speeds. The inset shows a
Koutecky-Levich plot at 0.5 V vs. RHE, yielding a straight line with Bcg value
of 0.069 mA/(cm? gigkrpm/2).
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ics on Pt in base, which makes the net-HER current kinetics rather
than diffusion controlled: the HER overpotential at —5 mA/cm? g
at 3600 rpm is about 44 mV, less than a quarter of which is from
H, mass transport (ng = 10 mV). Although the kinetic overpoten-
tial is dominant when the HER kinetics is sluggish, the contribution
of ng in the overall overpotential in the HER branch could still be
sizable: The diffusion overpotential (n4) at —5 mA/cm? g increases
from 10 mV at the rotation speed of 3600 rpm to 26 mV at 100
rpm. Therefore, a high rotation speed is recommended to facilitate
the mass transport of H, and minimize 14 in the RDE measurements
of HOR/HER activities. It should be noted that the Levich equation
(Eq. 1) does not apply when the rotation speed (w) is small, because the
hydrodynamic boundary layer becomes large compared with the disk
radius, and the assumption used in derivation of the Levich equation
no longer holds.* It has been pointed out by Galus et al. that the RDE
without rotating will approach unshielded liner diffusion conditions,
leading to a finite limiting current.’ Indeed, rather than the infinitely
large diffusion overpotential and zero net-HER current predicted by
the Levich equation, finite net-HER currents are observed when the
electrode is not rotating both in 0.1 M HCIO4 and 0.1 M KOH on
Pt (black dashed line in Figure 4). In addition, limiting current den-
sities without rotation in 0.1 M HCIO, (~0.60 mA/cm?gy) and in
0.1 M KOH (0.45 mA/cm?gg) are comparable to those obtained at
o = 100 rpm (Figure 4). Moreover, it is important that constant H,
pressure is maintained throughout the experiment to obtain accurate
HER polarization curves even though H; is not a reactant for HER.
Conducting RDE experiments in Ar leads to higher onset potentials
for HER (~60 mV vs. RHE in both 0.1 M HCIO,4 and 0.1 M KOH on
a Pt disk) (Figure 5) due to the positive shift of the Hy/H" equilibrium
potential at H, partial pressure less than 1 atm, which explains the “su-
perior” net-HER current in Ar vs. H, at a rotation speed of 2500 rpm.
Moreover, the ill-defined equilibrium potential makes it impossible
to reveal kinetic information from HER polarization curves obtained
in Ar. In 0.1 M KOH, the HER polarization curves measured in H,
and Ar match better than in acid, especially at higher overpotentials
(~ —25 mV) (Figure 5b). This shows that the error caused by the
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Figure 4. HOR/HER polarization curves on a) Pt disk in 0.1 M HCIO4 and
b) Pt/C (loading: 10 pugp[/cmzdisk) in 0.1 M KOH, in H; at a scanning rate of
10 mV/s and rotation speeds of 0 rpm (dash black line) and 100 rpm (solid red
line).
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Figure 5. HER polarization curves on Pt disk in a) Ar-saturated 0.1 M HC1O4
at a scanning rate of 10 mV/s at different rotation speeds. Dash magenta
line represent HOR/HER polarization curve on Pt disk in H-saturated 0.1
M HCIOy4 at 2500 rpm and 10 mV/s as comparison, and b) Ar-saturated and
Hj-saturated 0.1 M KOH at 2500 rpm and 10 mV/s.

lower H, partial pressure in HER polarization curves is less when the
electrode kinetics is sluggish.

The origin of the diffusion limitation in HER currents.— The
highly reversible nature of HOR/HER is key to understanding the
diffusion limited behavior of HER. We propose that the diffusion lim-
itation in the HER branch when the electrode kinetics is facile, as in
the case Pt electrode in acid, originates from the slow diffusion of the
H, produced on the electrode in HER to the bulk of the electrolyte.
The abundance of the reactant, HT, in acid makes the mass transport
limitation of the reactant to the electrode unlikely. Meanwhile, the
highly reversible nature of HOR/HER makes the efficient transport
of product away from the electrode crucial, because the contribution
of the pure HOR current to the net-HER current could be significant,
especially at low overpotentials. We will discuss only HER in acidic
media because the diffusion limitation is more prominent. HER in
base (2 H,O +2 e — H, + OH™) can be considered as a com-
bination of a surface reaction step (2 H* + 2 ¢ — H,) and a H,O
dissociation step (2 H,O — 2 H™ + 2 O H™), as suggested by Durst
et al.'> The HOR/HER current can be expressed as follows assuming
a first order reaction for H,, and an ¢ order reaction for HT,

i=nFA (kHORCHz,surf - kHERCZ+_ m,f> [6]

where kyor and ky g are the rate constants for HOR and HER, and
CHy sury and cy+ g4 are the surface concentrations of H, and H, re-
spectively, and ¢ is the reaction order with respect to HT. The assump-
tion of first order reaction with respect to H, will be justified by our
analysis in the following section. In strongly acidic media (Figures 1
and 2), the high concentration of HT makes a steep concentration
gradient from bulk to electrode surface unlikely. Therefore, cy+ gurf
in the second term of Eq. 6 can be replaced by the bulk H* concen-
tration (cy+ puir ), Which is independent of rotation speed. In contrast,
the slow mass transport of H, could result in a significant difference
in H, concentrations at the electrode surface, where H, is produced,
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and in the bulk electrolyte, especially at low rotation speeds. Since H,
is the reactant of the reverse reaction of HER, i.e., HOR, higher con-
centration of H, at the electrode surface leads to larger HOR currents
and in turn lower net-HER currents (Figure 2). Surface and bulk H,
concentrations are related through the constraints of mass transport,

as Eq. 7,
i=nFAmy, (CHz,bulk - cHz,.vurf) [7]

where mpy, is the mass transport coefficient of H, and cp, pux and
Ch,,surg are the bulk and surface concentrations of H,, respectively.
Substituting the expression for ¢y, ¢ derived from Eq. 7 into Eq. 6,
and assuming Cy+ surf = CH* pulk
kH OR
+ [8]

mpy,

i =nFA (knorC, pu — kngrCy+, bulk) / (1
inor = nFAkyorC, surf
k k
nFAkyor |:CH2,bulk + bmkﬂ] / <1 + HOR)
muy, mpy,
[9]

[10]

. €
LHER = nFAkHERCHﬁ bulk

Therefore, the net-HOR/HER and the pure HOR currents are my,
or rotation speed dependent (Eqs. 8-9), because m y, is proportional
to w!/? according to the Levich equation (Eq. 1). When the rate of
HOR is much smaller than that of H, diffusion, i.e., kyor < mpy,,
Eq. 8 becomes i = nFA(kyorChy, puik — kHERcfH# sute) = k> which
is consistent with the observation that HER polarization curves on Pt
in base are independent of the rotation speed. Hence, the experimental
net-HER currents in base can be considered as kinetic current without
introducing significant errors.>!°

Impact of diffusion limitation of H, on determination and inter-
pretation of Tafel slopes.— Correction for internal resistance (iR)
is an indispensible step in obtaining reliable Tafel slopes. To illus-
trate its importance, we chose to present data obtained in 0.5 M
H,S0;, (a typical choice of electrolyte in many HER studies,320-23
Figure 6a) with an internal resistance of 5 €2 instead of 25 Q as in
the case of 0.1 M HClO, (Figures 1 and 2). The iR-corrected HER
polarization curve on Pt disk in H,-saturated 0.5 M H,SO,4 at 1600
rpm and 10 mV/s deviates significantly from the iR-uncorrected HER
polarization curve (Figure 6a). Like in 0.1 M HClO, (Figure 1), the
iR-corrected HER polarization curve in 0.5 M H,SO, also almost
overlaps with the concentration overpotential curve. The difference
in overpotentials obtained with and without iR correction is about
65 mV at —60 mA/cm? g, demonstrating the importance of iR cor-
rection in obtaining accurate kinetic information. The “Tafel slope”
of iR-uncorrected HER polarization curve can give rise to a value of
~30 mV/dec or 306 mV/dec depending on the choice of overpoten-
tial range (from the solid blue line in Figure 6b), both of which are
incorrect.

Correction for diffusion limitation also plays an important role in
accurate Tafel analysis, especially when the HER kinetics is facile.
When the kinetics of HER is sluggish, e.g., in base, the contribution
of diffusion overpotential to the overall overpotential is insignificant,
and thus the experimental net-HER current can be approximated as the
kinetic current. Similar simplification will lead to substantial underes-
timation of kinetic currents when the rate of HER becomes significant
relative to the rate of H, mass transport. The overlap between the polar-
ization curves and the concentration overpotential curve on Pt in acid
(Figures 2 and 6a) suggests the measured currents are diffusion limited
(Eq.5),i.e.,i.p = i4. Thus the apparent Tafel slope determined under
this condition (2.303RT/2F or ~30 mV/dec at 293 K) (from solid red
line in Figure 6b) reflects the Tafel slope for H, diffusion, rather than
HOR/HER kinetics. Since Tafel slope is frequently used as a diagnos-
tic parameter in mechanistic studies, especially in the identification
of the rate-limiting step (RLS), incorrect interpretation of measured
Tafel slope could lead to misleading mechanistic interpretations. For



F1474
a) Ptdisk  ___
Orosm H,S0,, H,, 1600 rpm, 10 mV/s_, ]
~ 10t 1
NE'U -20 N P ]
o .
< -30f 1
g/ 40t /,/' 4
= A iR-uncorrected
50+ . ‘ ——iR-corrected <
- = 7 Naitusion
_60 4 1 1 1 1
-0.10-0.08 -0.06 -0.04 -0.02 0.00 0.02
E vs RHE (V)
b) -0.25 Pt disk
-0.20 0.5MH,S0,, H,, 1600 rpm, 10 mV/s |
> —— iR-uncorrected /
LI\.I/ -0.15H] —_ ;R-corrected /306 o
@ -0.10
2 A
[T 31mM'/ZQHVdeC
0.00 4’/

0.1 1 10 100
lilf,

Figure 6. (a) HER polarization curves on Pt disk in H, — saturated 0.5 M
H,SOy4 at a scanning rate of 10 mV/s, and a rotation speed of 1600 rpm before
(blue dash line), after (red line) iR correction and concentration overpotential
curve (black dash line), (b) Tafel plot of HER before (blue line) and after (red
line) iR correction, black line represents concentration overpotentail curve.

example, a Tafel slope of 30 mV/dec caused by H, diffusion limi-
tation, if interpreted as a Tafel slope that reflects the intrinsic HER
kinetics, could lead to the conclusion that HER on Pt in acid follow
a Tafel-Volmer pathway with Tafel step being the RLS. Using the
diffusion-free H,-pump method in a PEMFC configuration, with the
equivalent electrolyte pH = 0, assuming a transfer coefficient of about
0.5, a Tafel slope of 120 mV/dec (2.303RT/oF) has been obtained,”!?
suggesting that Volmer step is likely the RLS. Since exchange current
densities of HER are supposed to be obtained by extrapolating the
Tafel slope to 1 = 0 V vs. RHE, the 30 mV/dec Tafel slope has led to
substantial underestimation of iy reported in the literature.'®>3 True
HER kinetic parameters can only be extracted after the HER branch
of the polarization curves are corrected for the overpotential caused
by diffusion (n4), which will be discussed in the next section.
Another important consideration is that Tafel behavior reflects
irreversible kinetics, which only occurs at high overpotentials for
reversible reactions when the contribution from either the anodic or
cathodic reaction to the total current is negligible. It follows that Tafel
slopes for reversible reactions, e.g., HOR/HER, should be calculated
only at high overpotential regions. Assuming negligible mass transport
limitation in the HER branch, the contribution of the pure HOR current

drops to less than 1% to the total current when n < — 118 mV at
(u—l)an

298 K (%7 /e "% = e < 0.01). For HER entirely controlled
by mass transport, as indicated in Eq. 3, Tafel slope no longer reflect
the reaction kinetics. However, apparent Tafel slope could be useful
for revealing the diffusion limitation. To that end, it is still necessary
to draw the Tafel slope at high enough overpotential because the
contribution of the pure HOR current is less than 1% to the total
current only when the overpotential is greater than 59 mV at 298 K

(e% < 0.01). Tafel slopes determined at overpotentials less than 59
mV (solid black line in Figure 6b) are not accurate measures of Tafel
slopes since the contribution from the reverse reaction to the overall
reaction rate is still significant.
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Correction of diffusion limitation for both HOR and HER
branches.— The contribution of the diffusion current to the net-HOR
and net-HER currents must be removed to obtain the kinetic current,
based on which true kinetic parameters such as exchange current den-
sity and transfer coefficient can be extracted. In this section, we show
that the kinetic current can be obtained by the two methods: 1) Ex-
traction of iy from Koutecky-Levich equation for reversible reactions
(referred as reversible Koutecky-Levich equation hereafter); and 2)
Correction of overpotential and current with the diffusion overpoten-
tial and the modified Koutekcy-Levich equation, respectively.

Method 1.  reversible koutecky-levich  equation.— Since
HOR/HER is highly reversible, a reversible Koutecky-Levich
equation should be used to calculate kinetic current. For a one-
electron transfer, one-step reversible reaction, R < O + e, a
Koutecky-Levich equation for reversible reactions can be written in
the form of Eq. 11,

1 1 1

-= -+ - [11]

1 17 g
where i, is the diffusion limited current defined in Eq. 5 instead of the
maximum limiting current ;2”332 The derivation of the Koutecky-
Levich equation for reversible reactions is as follows.

The Butler-Volmer equation with mass transport is in the form of
Eq. 12 (also see Ref. 30).

i =(1-= L eaFﬂ/RT (1= L e*(l—a)Fn/RT [12]
iO il,a il.c

Solving for i, we get
1 eaFn/RT e—(l—ot)Fn/RT
i = (e(an/RT _ e—(lfot)Fn/RT) / (7 + _ )
io ila ic
[13]
The kinetic current iy is the current in the absence of mass transport,
1e., 4, i — 00, thus:

ik — iO (eo(Fn/RT _ e—(l—(x)Fn/RT) [14]

When iy approaches infinity, the measured current is completely con-
trolled by diffusion, i.e., i = iy, and the left hand side of Eq. 12
vanishes:

0= (1 _ i) eaFn/RT _ (1 _ li) e—(l—a)Fn/RT [15]
U.a U,

Solving Eq. 15, we obtain:

1 e—Fn/RT
iq=(1—eVET)y (,— - — ) [16]
U.a U,
From Eqs. 14 and 16, we get:
1 1 1
—+ - =

i i io (e(an/RT _ e*(l—a)Fn/RT)

—Fn/RT
T (L _ e~ ) /(1 _ €7FTI/RT) [17]

il,a il,c

Eq. 18 can be obtained by taking the reciprocal of the both sides of
Eq. 13:

1 (uFN/RT e—(1—0)Fn/RT
1 _ o + ila ilc _ 1
i e FN/RT _ p—(1—0)Fn/RT io(e4FN/RT — o—(1—)Fn/RT)

1 ean/RT
+ <7 - — >/(1 — e FVERT) (18]
U.a U.c

By noting that the right hand sides of Eqs. 17 and 18 are identical, we
arrive at Eq. 11.

For a one step, one electron transfer irreversible reaction
(R — O + ne), we have

A =|1- i ne®f/RT [19]
i ila
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iy = igne®™V/RT [20]

ig=1i14 [21]

Similar manipulations lead to a Koutecky-Levich equation in the form
of Eq. 2, which is widely used to extract kinetic currents from the
HOR branch.'=>!0 Alternatively, Eq. 2 can be derived by explicitly
considering the concentrations of R at the electrode surface (cg surf)
and in the bulk (cg pui). At steady state, the rate of mass transport of
R should match that of the electrode reaction:

i =nFmg (Crpuk — CRosury) [22]
When cg 5.y becomes 0, the limiting current (i;) is reached:
i1 =nFmgcg pu [23]
where m g is the mass transfer coefficient of R. Hence,

CR,surf i

=1- - [24]
CR,bulk l
Since i = kcg sury and iy = KCg puik»
L _ Crowy _ 1— i [25]
ir  CRbulk i

which is identical to Eq. 2.

Itis critical to recognize that Eqs. 2 and 25 only apply to irreversible
reactions (referred to as irreversible Koutecky-Levich equation here-
after), and thus unsuitable for the highly reversible HOR/HER, espe-
cially at low overpotentials."* The reversible Koutecky-Levich equa-
tion should be employed in extracting kinetic currents of HOR/HER.

If we consider HOR/HER as % H, < H™ + e as a one-electron
transfer process (not an elementary step), with the apparent reaction
orders of y and ¢ with respect to H, and H™, respectively, then

i = FAK°c}, exp(aF(E — E”)/RT)

— FAK’c%,,exp((a — 1)F(E — E”)/RT) [26]

io = FAK'c}y, exp(aF(E., — E)/RT)

= FAK’¢:,.exp((a — 1)F(E,y — E”)/RT) [27]

where E is the electrode potential, £ 'js the formal potential, and E,,
is the equilibrium potential of the electrode.

. RT c}
Since Eoy; = E” + — In | 2+ (28]
F Ch,
e\
iy = FAKc), < c?j) = FAK°cly e, [29]
2

From Eq. 29, it is clear that the reaction order for H, is (1—a)y (with
respect to iy), which has been determined by Rheinlénder et al.'” to be
0.5. Multiple studies have shown that the a value for HOR/HER on
Pt is about 0.5,>1%123132 which will lead to the conclusion of y = 1.
Therefore, at any given potential, and in turn constant kyor and kygg,
the reaction order of H, is 1, consistent with the assumed reaction

order value in previous reports.! !4

Method 2. diffusion overpotential (v4) correction together with
current correction.— A recent detailed analysis by Durst et al. points
out the importance of correcting the RDE potential by ng for HOR
branch to obtain the correct kinetic information.” Rheinlénder et al.
proposed that after iR and ng4 corrections for overpotential, a modified
Koutecky-Levich equation should be used to calculate kinetic current
for the HOR branch based on their observation that the reaction order
of hydrogen with respect to the exchange current density is %, while
the HER branch only need to be compensated with iR.!” Here we re-
derive the method of Rheinlénder et al. rigorously for a one-electron
transfer, one-step reaction below using a different approach. We will
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show Method 2 is equivalent to Method 1, i.e., using the reversible
Koutecky-Levich equation to extract the kinetic current.

For one-electron transfer, one-step reversible reactions, the i — 1,
and i — ng relations can be described by Eq. 12 and Eq. 30 (similar to
Eq. 16), respectively.

1 e—Fna/RT
i=(1 —e-F"d/RT)/<,7 - ) [30]
U.a U.c

#)e*”d/” and substi-
<

Eq. 30 can be rearranged to 1 — # =(1-
tuted into Eq. 12 to obtain Eq. 31,

i i
- = <1 _ 7) (e—Fnd/RT eOF/RT _ e—(l—a)Fn/RT) [31]
Lo Ue

Multiply both sides of Eq. 31 by a factor of ¢!~ 1a/RT /(1 — f)

L pu-aF/rT (1 _ L) — FMMQ/RT _ ,—(1=0)F(=ng)/RT
lo Uc

_ [32]

1— i
1#1”, therefore, e(!~®FMa/RT —

i

iIe

According to Eq. 30, e~ Me/RT =

J
(;—%%)*~", which can be substituted into Eq. 32 to obtain Eq. 33,

e

. a—1 . —a
i(l — l—) <1 — L) =iy (eO‘F(n—'M)/RT _ e—(l—a)F(n—nd)/RT)

oFng/RT __ e—(l—a)Fnk/RT) — ik

(33]

:io (e

The last equality of Eq. 33 indicates an ix — 1 relation in the form of
a Butler-Volmer Equation. The kinetic current (ix) can be obtained by
correcting the measured current (i) via Eq. 34, and kinetic overpoten-
tial can be obtained correcting the measured overpotential according

Nk ="M —"Ng.
i a—1 i —a
i = i(l - ,—) (1 - ,—) [34]
U.a U.c

For HOR/HER, i; . = oo and a = 0.5, Eq. 34 becomes

i i\
L (1 - ,7> 1351
Uk Ua

which is the modified Koutecky-Levich equation proposed by
Rheinlander et al. to calculate the kinetic current for HOR branch
after 1y correction.'”

It is important to stress that corrections for both the measured
current and the overpotential are necessary to obtain the correct iy —
1 relation in the form of the Butler-Volmer Equation. If we assume
that the uncorrected current (i) relates with the kinetic overpotential
(ny) in the form of the Butler-Volmer Equation,

i =i (eo‘fnk _ e—(l—u)j.nk) [36]
By combining Eqgs. 31 and 36, at any given i, 1, 1 and nq are related
through Eq. 37,

eV _ p(-0f e (1 _ L) (@m0 _ g==ofm) [37]

U,

rather than the simple expression of ny = n — ng, which shows the
necessity of the correction of the measured current by Eq. 34.

The procedural differences in the two approaches mentioned above
have been summarized in Figure 7. Method 1 is simpler and more
general since it does not require the prior knowledge of the o value,
and only requires correction for the current, rather than both the current
and the potential.
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Diffusion limitation correction for HER branch using different
approaches.— To illustrate the validity of correcting diffusion lim-
itation in HER using the two methods described in the previous
section, HOR/HER polarization curves were obtained on a Pt disk
in phosphoric acid/phosphate buffer solution at pH = 2.4. These
HER curves are close to the concentration overpotential curves
and exhibit rotation speed dependence (Figure 8a). The net-HER
currents, if not corrected by diffusion, increase as rotation speed
increases (solid lines in Figure 8a and dash lines in Figure 8b,
8c). Moreover, the kinetic currents calculated using irreversible
Koutecky-Levich equation (Eq. 2) from polarization curves at different

T
5

0.1

e
N

rotation speeds in the HOR branch do not overlap (Figure 8b), which
confirms that the correction with the irreversible Koutecky-Levich
equation is not sufficient. In contrast, both HOR and HER kinetic
currents calculated using the reversible Koutecky-Levich equation
(Eq. 11) at different rotation speeds overlap, and they are larger
than the measured currents (Figure 8c). Furthermore, the overpo-
tential and current corrections by ny = n —ny and Eq. 35, respec-
tively, generate almost identical |ix| —E —ngq plots at different rotation
speeds (Figure 8d), which also match the |ix| —E plot constructed
with the reversible Koutecky-Levich equation (gray dashed line in
Figure 8d).

a) 4+ ' /', ----== ] b) Bo'(h HOR and HE|'={ currents corre(':ted by
B e 10t 1i= 1/ + 1/ . L
— ol —~ . Figure 8. (a) HOR/HER polarization curves on a
o g o 2 Pt disk in Hy-saturated phosphoric acid/phosphate
E ot g 1k ] buffer solution (pH = 2.4) at 10 mV/s and ro-
§ 2 tation speeds from 900 to 3600 rpm. Dash lines
ol A | represent the concentration overpotential curves.
E? i 5200 1o E il >o00iom ] (b) Tafel plots of HOR/HER when both HOR
- 41 ,',‘,y 1600 rpm - - — 1600 rpm and HER Kkinetic currents were calculated with
,"r'ﬂ' ——900 rpm —— 900 rpm the irreversible Koutecky-Levich equation (Eq. 2),
6 M . . . 0.01 L— . and the dashed lines represent the experimental
0.00 0.05 0.10 0.15 -0.02 0.00 0.02 0.04  net-HER currents, the kinetic overpotential ny is
E vs. RHE (V) n, (V) the iR-corrected overpotential (Ejr-free Vs. RHE),
iR-free k (c) Tafel plots of HOR/HER when both HOR and
C) Bo'lh HOR and HEI'R currents correéted by d) Bo'th HOR and HEIL-R overpotentials 'corrected-hy s vHe]fibl;(lanIe(t(l)itce lili(r;{lizxglee(;l.ll?tlil(?rtle((iEzlﬂll lt;1 eal;f d
10¢ Vi= 16 + 1h, 3 10 and eyrrents correcated by"‘='!/ﬂ-m')°5 the dashed lines represent the experimental’ net-
/?/_‘; e Aﬁ - HER currents, and ng = Ejrfree VS. RHE, (d) Tafel
e’ ] e’ ; plots of HOR/HER when both HOR and HER over-
Q ] 3 K] 3 3 potentials are corrected by diffusion overpotential
E } <é2 (Na) Mk = EiR-free V8. RHE —n¢) and the HOR and
= 4 3600 rpm = 3600 rpm HER currents were converted to kinetic current by
—= 01F § 2500 rpm —= 0.1¢ 2500 rpm Eq. 35, the gray dashed line represents the [ix| vs
- 1600 rpm - 1600 rpm Eir-free curve in (c) at a rotation speed of 3600 rpm
0.01 | N 900 rpm 0.01 N 900 rpm for comparison.
T -0.02 0.00 0.02 0.04 T -0.02 0.02 0.04
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Figure 9. Tafel plots for HOR/HER on Pt/C (loading: 10 ugpt/cmzdisk) in Hy saturated 0.1 M KOH at a scanning rate of 10 mV/s at different rotation speeds.
(a) Both HOR and HER kinetic currents were calculated with the irreversible Koutecky-Levich equation (Eq. 2), dashed lines represents experimental net-HER
currents, and Ny = Eir-free VS. RHE, (b) Both HOR and HER kinetic currents were calculated with the reversible Koutecky-Levich equation (Eq. 11), and ny =
Eir-free V8. RHE, and (c) Both HOR and HER currents were uncorrected while the overpotential is corrected by diffusion overpotential (1q), S0 Nk = EiR-free VS-
RHE - 4. (d) Both HOR and HER overpotentials are corrected by diffusion overpotential (n4) and the HOR and HER currents were converted to kinetic current
by Eq. 35, Nk = Eir-free VS. RHE —n4, and gray dashed line represents the |ix| vs. Eir-free curve in (b) at a rotation speed of 3600 rpm for comparison.

As mentioned before, HER on Pt in base is more sluggish than
in acid and therefore diffusion limitation correction is less important.
Here we show that diffusion correction is still necessary for obtaining
accurate kinetics data. In a recent study, Rheinlander et al. argue that
the HER branch only needs to be ohmically compensated to obtain ki-
netic HER currents on Pt in alkaline media, based on the observation
that HER kinetic currents at different rotation speeds do not over-
lap when calculated using the irreversible Koutecky-Levich equation
(Eq. 2), but do overlap when using the measured currents as the kinetic
currents.'® In our analysis, we confirm that net-HER kinetic currents
obtained by the irreversible Koutecky-Levich equation for different
rotation speeds do not overlap (Figure 9a) however, net-HER kinetic
currents extracted with the reversible Koutecky-Levich equation do
overlap (Figure 9b).

Non-overlapping curves were obtained when [i| was plotted vs.
E — nqy at different rotation speed (Figure 9c), indicating that a dif-
fusion overpotential correction using ny = n —14 without a current
correction is inadequate, as discussed in the previous section. Plots
of |ix| (calculated with the modified Koutecky-Levich Eq. 35) vs. E
— nq at different rotation speeds overlap completely for both HOR
and HER branches (Figure 9d), demonstrating that this double cor-
rection method (both 1 and i are corrected) is reliable in extracting
kinetic information. Importantly, [ix| — E plot obtained by correcting
the current with the reversible Koutecky-Levich equation (Method 1,
Figure 9b) matches those obtained with the double correction method
(Method 2), demonstrating the consistency of the two approaches.
The gray dashed curve and solid curves in Figure 9d are obtained
following Methods 1 and 2, respectively, and they match well. The
difference in potential range stems from the nx = n —mnqy correction in
Method 2, which modifies the potential range; whereas no potential
correction is needed in Method 1.

It should be noted that the reversible Koutecky-Levich equation
(Eq. 11) is only rigorously derived for one electron transfer elementary

a) 10l Ptdisk
0.5t b
——0.1 MKOH (pH = 12.8)
0.0} phosphate buffer (pH = 7.6) -
— —— phosphate buffer (pH = 5.6)
= phosphate buffer (pH = 2.4)
_05 L —— phosphate buffer (pH = 1.8)
—— phosphate buffer (pH = 1.5)
0.1 MHCIO, (pH =1.2)
-1.0F : - - - diffusion -
I H2, 10 mV/s, 1600 rpm
-0.1 0.0 0.1 0.2 0.3
E,.... s RHE (V)
b) 1.0} TKKPYC -
0.5¢ ; 1
—4 pg/cm2
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= 0.0¢ —15ug/cmz )
= —— 20 ug/cm
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Figure 10. (a) HOR/HER polarization curves on Pt(pc) disk in H,-saturated
0.1 M KOH, 0.1 M HCIO4 and phosphoric acid/phosphate buffer solutions
with different pHs, tested at a scanning rate of 10 mV/s and a rotation speed of
1600 rpm, (b) HOR/HER polarization curves on carbon supported Pt nanopar-
ticles from TKK (Pt/C) with different Pt loadings tested in Hp-saturated 0.1 M
KOH, at 1 mV/s and 1600 rpm.
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Figure 11. Tafel plots of HOR/HER kinetic currents and their corresponding fitting into a Butler-Volmer equation calculated from HOR/HER polarization curves
measured on a Pt disk in electrolytes with different pHs at 10 mV/s and 1600 rpm, when (al—-a6) both HOR and HER kinetic currents were calculated using
the reversible Koutecky-Levich equation (1/i = 1/ix + 1/is), (b1-b6) both HOR and HER overpotentials are corrected by diffusion overpotential, and both
HOR and HER currents were converted to kinetic currents using i /iy = (1 —i/i;.4)*>, and (c1-c6) the HOR kinetic currents were calculated using irreversible

Koutecky-Levich equation (1/i = 1/ ix + 1/i;) and the HER Kkinetic currents were the measured ones corrected for internal resistance (iR). All overpotentials
were iR-corrected.
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reactions. However, HOR/HER is inherently a two electron transfer
reaction which consists of at least two elementary steps, e.g., Tafel-
Volmer or Heyrovsky —Volmer,*
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of multi-electron and multi-step electrochemical processes provided
that robust data analysis procedures are developed.

Although the reversible Koutecky-Levich equation cannot be rigor-
ously derived for multi-electron, multistep electrochemical reactions,

Tafel : Hy +2+ < 2Hu [38] such as HER/HOR, the kinetic currents obtained is much more consis-

tent than those obtained from irreversible Koutecky-Levich equation,

Heyrovsky : Hy+ * < Hy+H' +e (391 as shown in Figures 6 and 7. The fundamental reason for the abil-
ity of reversible Koutecky-Levich equation to extract information for

Volmer : Hyq <> H" + e+ * [40] electrochemical reaction other than one-electron, one-step processes

Regardless of the mechanism assumed, the reversible Koutecky-
Levich equation (Eq. 11) cannot be obtained. Additionally, discrep-
ancy exists between the diffusion current equations derived for a

one electron transfer — one step reaction ((i; = i,(1 — e’%) from
Eq. 16 when i; . approaches infinity) and derived for HOR/HER

(g = i1,(1 — e*%n) in Eq. 5), which can be solved only if the
summation of transfer coefficients for HOR and HER equals to 2. In
this case, Eqgs. 12 and 14 become Egs. 41 and 42, the diffusion cur-
rent will have the form of Eq. 5, and the reversible Koutecky-Levich
equation (Eq. 11) remains valid. Similarly, the derivation of Method 2
also assumes the reaction involves only one electron transfer and one
step reaction.

deserves further investigations. Our HOR/HER results suggest that it
is reasonable to consider the reversible Koutecky-Levich equation as a
semi-empirical expression to calculate kinetic currents with excellent
accuracy.

Comparison of the three methods of calculating the kinetic current
and the exchange current (ip) of HOR/HER.— The exchange current
(ip) of HOR/HER can be obtained by fitting the kinetic current (ix)
into the Butler-Volmer equation (Eq. 4) or fitting iy, within a very small
overpotential region into the linearized Butler-Volmer equation as in
Eq. 43,

ix = ipFm/RT [43]

i — (1 _ L) e FI/RT _ ,~(2—o/)Fn/RT [41] Both approaches are based on sound theoretical ground and lead to
io ila similar iy. The former method has the added benefit of yielding the
iy = ig(e? FI/RT _ e—(2—a’)FT|/RT) [42] transfer coefficient o, which is related to the Tafel slope (TS) by TS

The interdependence between reaction mechanism and kinetic pa-
rameters leads to a dilemma: electrokinetics, a powerful tool in the
mechanistic study of multi-electron transfer reactions and the reliable
extraction of kinetic information, e.g., ip and a, predicates on the ac-
curate knowledge of kinetic current. At the same time, the formula
needed to deconvolute the kinetic and diffusional contributions to the
measured currents is dependent on the knowledge of the same set of
kinetic parameters, and in turn the reaction mechanism. One solution
is to adopt techniques without mass transport limitation, such as the
H,-pump method®!"!? and the floating electrode method,!” to avoid
the entanglement of kinetic and diffusional contributions. However,
those methods typically require more complex setups and are often
time consuming, and cannot evaluate materials in the disk forms. An-
other option is to derive an expression for an assumed mechanism
with mass transport, and then fit experimental data numerically into
the derived expression.'* While it is clearly more rigorous, given the
large number of possible mechanisms for multiple electron transfer
and multi-step processes, this method is more suitable for reaction
systems with considerable existing knowledge and the number of
possible mechanisms is limited. RDE method with its simplicity and
reliability will remain a powerful technique in the mechanistic study

= 2.303RT/aF.

Experimentally, polarization curves with different exchange cur-
rents can be generated by varying the pH of the electrolyte, or the
loading of the electrocatalyst: the exchange current increases as pH
decreases or the loading increase. The HOR/HER polarization curve
on a Pt disk approaches the concentration overpotential curve as the pH
of the electrolyte decreases (Figure 10a). The following three methods
were used for diffusion correction: 1) both HOR and HER currents are
converted to kinetic currents by reversible Koutecky-Levich equation
(Eq. 11) (Method 1), and 2) the overpotential is corrected by diffusion
overpotential (n, = n — 1q) and current is converted to kinetic current
by a modified Koutecky-Levich equation (Eq. 35) for both HOR and
HER branches (Method 2) and 3) the net-HOR current is converted
to kinetic currents by irreversible Koutecky-Levich equation (Eq. 2)
while the HER current is uncorrected (Method 3). All the overpoten-
tials were iR corrected. Tafel plots of HOR/HER kinetic currents at
different pHs and their corresponding fittings with the Butler-Volmer
equation were shown in Figure 11. The fittings with Method 1 (Figure
11al-11a6) and Method 2 (Figure 11b1-11b6) are excellent in the pH
range of 1.5-12.8, while fittings with Method 3 (Figure 11c1-11c6)
become increasingly poor with decreasing pHs, as the reaction is in-
creasingly diffusion limited. The exchange current (ip) determined

Table I. Comparison of exchange currents (iy) from three different diffusion-correction methods for HOR/HER on a 5 mm diameter Pt disk in

electrolytes with different pHs.

Method 1? Method 2° Method 3°
Butler-Volmer Linear Butler-Volmer Linear Butler-Volmer Linear

Electrolyte pH igp (mA) o ip (MA) ip (MA) o ip (mA) ip (mA) o ip (mA)
0.2 M H3POy4 1.5 4.42 0.26 4.61 4.30 —0.64 4.45 0.92 -0.22 0.90
Phosphoric acid/phosphate buffer 1.8 2.35 0.37 2.38 2.25 0.1 2.33 1.10 0.46 0.91

24 1.45 0.42 1.49 1.39 0.29 1.42 0.84 0.50 0.74

5.6 0.51 0.45 0.50 0.44 0.40 0.49 0.47 0.46 0.40

7.6 0.27 0.44 0.28 0.24 0.38 0.27 0.26 0.44 0.24
0.1 M KOH 12.8 0.22 0.43 0.21 0.20 0.41 0.20 0.21 0.44 0.19
2The kinetic current (ix) for both HOR and HER branch is calculated by reversible Koutecky-Levich equation % = i + i
YThe overpotential is corrected by diffusion overpotential N = n — ng, while the measured current is converted to kinetic current by i = (11— ﬁ)“.
“The kinetic current (ix) for HOR branch is calculated by irreversible Koutecky-Levich equation ll = i + % while the kinetic current (ix ) for HER branch

remains uncorrected.
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Figure 12. Tafel plots of HOR/HER kinetic currents and their corresponding fitting into a Butler-Volmer equation calculated from HOR/HER polarization curves
measured on Pt/C in 0.1 M KOH with Pt loadings from 4 to 40 ugpl/cmzdisk at 1 mV/s and 1600 rpm, when (al—a5) both HOR and HER kinetic currents were
calculated using the reversible Koutecky-Levich equation (1/i = 1/ix 4+ 1/iz), (b1-b5) both HOR and HER overpotentials are corrected by diffusion overpotential,
and both HOR and HER currents were converted to kinetic currents using i /iy = (1 —i /il,a)O‘S, and (c1- c5) the HOR kinetic currents were calculated using

irreversible Koutecky-Levich equation (1/i = 1/ ix + 1/i;) and the HER kinetic currents were the measured ones corrected for internal resistance (iR). All
overpotentials were iR-corrected.

from the three methods mentioned above increases as the pH of the Method 1 are more meaningful compared with those obtained from
electrolyte decreases (Table I). iy determined from Butler-Volmer fit- Method 2, as an a value of 0.5 is assumed in the derivation of Method
ting and linear fitting are similar for all methods. The iy from Methods 2 (the negative value at pH = 1.5 is clearly not physical, Table I).

1 and 2 are identical within the experimental errors, while the iy from HOR/HER polarization curves on carbon supported Pt nanopar-
Method 3 only agrees with the rest two at high pHs when the electrode ticles approach the concentration overpotential curve as the load-
kinetics is slow, and is substantially underestimated at lower pHs when ing of Pt increases from 4 to 40 pwgp/cm?gy (Figure 10b), and the

the kinetics becomes faster (Table I). Transfer coefficients (a) from Butler-Volmer fittings of the HOR/HER kinetic currents obtained
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Table II. Comparison of exchange current (iy), transfer coefficient (o) and exchange current density (jo) from three different diffusion-correction
methods for HOR/HER on a 5 mm diameter glassy carbon electrode with different Pt loadings in 0.1 M KOH at 1600 rpm.

Method 12 Method 2° Method 3¢
Loading (ug/cm?gisk) Surface area (cm?) ECSA (m2/g) ip (mA) a  jo (mA/em?p)? ig (mA) o  jo (mA/em®p) ip (MA) o«  jo (mA/cm?p)
4 0.35 45 0.14 0.49 0.40 0.12 0.48 0.34 0.14  0.49 0.39
10 1.03 53 0.41 0.50 0.40 0.37 0.49 035 0.38 0.51 037
15 1.60 54 0.72 0.56 0.45 0.66 0.60 0.41 0.59 0.54 037
20 2.20 56 1.01 0.60 0.46 0.95 0.70 0.43 0.73 0.55 0.33
40 4.00 51 1.65 0.58 0.41 1.57 0.70 0.39 0.96 0.52 0.24

2The kinetic current (ix) for both HOR and HER branch is calculated by reversible Koutecky-Levich equation ll = i + i

"The overpotential is corrected by diffusion overpotential nx = n — ng, while the measured current is converted to kinetic current by i = (1—-1)03,

U.a

“The kinetic current (ix) for HOR branch is calculated by irreversible Koutecky-Levich equation ,l = i + % while the kinetic current (ix ) for HER branch

remains uncorrected.

dSimilar current densities for samples with different metal loadings prove that the diffusion in the Pt catalyst layer does not affect the HOR/HER rates.

using Method 3 are worse than those obtained using Methods 1 and
2 (Figure 12). The iy determined from the three methods are similar
to each other when the loading is less than 15 pgp/cm? g or igfi;
1.5 (i is the limiting current in the HOR branch, its value is about
2.5 mA/cm? g at 1600 rpm), however, the iy determined from Method
3 are significantly underestimated as the loading of the electrocata-
lyst grows and the reaction becomes increasingly diffusion limited
(Table II), which is consistent with the results obtained on the Pt
disk in the previous section. For HOR/HER, using the irreversible
Koutecky-Levich equation to determine ji yields reasonable results
only when the total exchange current is less than 1.5i; (as in the case
of HOR/HER on a Pt disk at different pHs or Pt/C with a relatively low
loading in 0.1 M KOH), and substantially underestimated exchange
current densities are obtained as the true exchange current becomes
larger. Therefore, Methods 1 and 2 are recommended in calculating ki-
netic currents and exchange current densities for HOR/HER. Method
11is preferred because it requires less correction and Method 2 requires
prior knowledge of a (assumed to be 0.5 in the derivation) to calculate
iy at overpotential 1 — ng.

Conclusions

Our study shows that HER is diffusion limited when the electrode
kinetics is facile. The diffusion limitation behavior of HER originates
from the slow mass transport of produced H, on the electrode to the
bulk electrolyte and the reversible nature of HOR/HER. Although the
diffusion overpotential for HER is typically small, it could have a
significant impact on the kinetic analysis especially in the low over-
potential region, leading to underestimated activities and inaccurate
mechanistic interpretations. The reversible nature of HOR/HER dic-
tates that the reversible Koutecky-Levich equation should be used to
calculate kinetic current while the use of the irreversible Koutecky-
Levich equation to obtain kinetic currents can lead to significant errors
when the electrode kinetics is facile and the process is partially diffu-
sion controlled. In order to obtain accurate kinetic information from
polarization curves using RDE method, we recommend: 1) perform
iR correction to compensate the solution resistance; and 2) correct
the measured current with the reversible Koutecky-Levich equation to
obtain the kinetic current.
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