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Hydrogen oxidation and evolution are important processes from both a fundamental and applied
perspective. In interpreting experimental kinetic data, few studies have explicitly accounted for the
impact of H* coverage and mass transport, which lead to discrepancies in the kinetic parameters and
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1. Introduction

Hydrogen evolution and oxidation (HOR and HER) are, respec-
tively, key reactions in PEM-based electrolysers' and H, fuel
cells,> which can play a critical role in a sustainable energy
landscape. These reactions have been the subject of hundreds
of studies in the past few decades,’™ on catalysts both new and
old. In interpreting experimental activity data, few studies have
explicitly accounted for both the impact of the H* coverage and
its dependence on potential, and mass transport. The variation
of H* coverage with potential translates to a change in effective
transfer coefficient,*” while mass transport limitations com-
pletely dominate the current response for HOR and HER Pt in
acid, due to the extremely facile kinetics.®® Without accounting
for these effects, the intrinsic kinetics are not considered and
can lead to incorrect assignments of the mechanism and the
kinetic parameters.

Microkinetic models of HER on various catalysts have been
derived on the basis of reaction and activation energies from ab
initio simulations.”'®'" While the determination of the H*
binding energy is straightforward,'® challenges remain in
methods to determine the electrochemical barriers. The effect
of the structure of the static water layers,"® co-adsorption of
spectator species,'* and the effect of the capacitances® in the
charging components all compound the uncertainties in the
energetics associated with workhorse density functional theory
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(DFT) methods. Therefore, the interpretation of measured
kinetics with effective rate expressions remains a relevant step
in mechanistic studies.

In this Perspective, we (1) present how to determine kinetic
parameters and make mechanistic interpretations of experi-
mental HER/HOR data accounting for the effects of coverage
and mass transport, (2) discuss common pitfalls in the deter-
mination and mechanistic interpretation of kinetic parameters
and (3) apply these ideas to transition metal and novel HER
catalysts such as sulfides and phosphides. We show that, in
general, kinetic parameters are not sufficient to assign a reac-
tion mechanism and that in some cases knowledge of the
coverage of active H* species, or the relative differences in
activation energies of elementary steps are required. We apply
these ideas to Au, Ag, Pt, MoS,, and CoP catalysts. We suggest
that the Heyrovsky step is rate limiting on Pt in both acid and
basic conditions. The presented principles are generally applic-
able to the analysis of HER/HOR on other electrocatalysts.

2. H Saturation can modify the
Tafel slope
HOR and HER consist of at least two elementary steps, e.g.,

Tafel + Volmer or Heyrovsky + Volmer. Under acidic conditions,
these steps are:

Tafel: H, + 2* < 2H* (1a)
Heyrovsky: Hy + * <> H* + H + e~ (1b)
Volmer: H* « H' +e™ +* (1¢)

where forward processes correspond to HOR, backward pro-
cesses to HER, and (*) represents a free adsorption site. Fig. 1
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Fig. 1 Rate equations, simulated Tafel plots (solid red lines) and coverage of active H* species (dashed green lines) of HOR (top) and HER (bottom) for all

possible reaction pathways from a rate-limiting analysis. The reaction rates

for HOR (ryor) and HER (ryer) are also shown, where k2, K°, f, and y; are the

standard rate constant, equilibrium constant, symmetry factor and overpotential for step i (i.e., i =T, H, V for Tafel, Heyrovsky and Volmer, respectively; for
r;and k? a minus sign indicates backward direction), P, is the partial pressure of Ha, 0 is the potential-dependent coverage of active H* species, ay+ is the

activity of the protons and f denotes F/RT. In the rate equations, the terms hi

ghlighted in blue depend on the applied potential and determine the effective

transfer coefficients. Tafel plots for the case of py, = ap+ = k¥ = k2 = kP = k2, = k§ = k% = Land 8 = 0.5 are shown. Since both the activity and coverage
depend on the electrode potential E, the former are plotted in the y-axis while E (i.e., the independent variable) is plotted in the x-axis. Thus, the slopes in

the plots are the inverse Tafel slopes.

shows the rate equations and theoretical Tafel slopes as a
function of the overpotential (1) and coverage of H* species
() for various rate determining steps for HOR and HER. When
there is an electrochemical step preceding the RDS, 6 varies
exponentially with potential and gives rise to Tafel slopes lower
than 59 mv dec ' at 298 K, which correspond to effective
anodic or cathodic transfer coefficients («, and o, respectively)
that exceed 1. Note here we illustrate that when 0 — 1 the Tafel
slope changes due to H* saturation. The rate equations in Fig. 1
are derived in detail in Section S1 in the ESIL.}

3. How to determine kinetic
parameters from experimental activity
data

(3a) The appropriate constraints on the Butler Volmer
equation that account for the effective coverage

Without a detailed microkinetic model, we evaluate the experi-
mentally determined current density ji, against an effective

This journal is © the Owner Societies 2021

Butler Volmer equation. In highly active catalysts where there
is a significant current (i.e., >1 mA cm™ ) at low overpotentials
both HER and HOR contribute to the total current density. In
these cases, both reactions would share the same rate-
determining step (RDS) - i.e., satisfy the reversibility condition
— and the corresponding kinetic parameters can be obtained
from the following equation:

oaFN/RT e—o(.:FV,/RT] (2)
where F is the Faraday’s constant, R is the universal gas
constant, and T is the temperature. For example, in the case
0 = o = 0.5, at || < 59 mV (298 K), one of the terms in eqn (1)
is at least 10% of the other. Due to coverage effects, the
individual values of a,, o, as well as their sum, o, + «., can
range from 0 to 2 for both HER and HOR (see Fig. 1). This range
is the only constraint that should be used when fitting experi-
mental data for systems where the reversibility condition holds,
and no other constraints should be applied on their values.
For slower HOR/HER catalysts where the kinetic current
starts to be significant only at |#| > 59 mV, the contribution

Jx =Jole
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of either HOR or HER to the total current is negligible and the
reversibility condition cannot be applied. Then, the transfer
coefficients for HOR and HER must be evaluated separately as
follows:

o RTd lnjk.a
“TTFdE (3a)
RTd Inji|
= TFdE (3D)

where ji, and ji. are the anodic (HOR) and cathodic (HER)
kinetic current densities.

In practice, the reversibility condition only holds for Pt-
based catalysts, while all other catalysts (including the novel
sulphide and phosphide HER catalysts discussed below) show
negligible current at |#| < 59 mV and must be evaluated using
eqn (3a) and (3b). Note that these equations should also be
used for fast catalysts if there is a shift in the intrinsic Tafel
slope at higher 7, since in that case eqn (2) is not applicable in
all overpotential range.

(3b) How to account for mass transport limitations

Acidic HOR/HER current densities recorded on Pt-based cata-
lysts are generally limited by mass transport even when
rotating-disk electrodes (RDEs) operating at fast rotation rates
are used, especially in the HOR branch.®® When the kinetics of
the reaction are so facile relative to mass transport, the mea-
sured activities give no information about the intrinsic kinetics,
even at low overpotentials of 10 mV. In such cases, the
measured current follows the concentration overpotential curve
when a slow scan rate is used (derived from the Nernstian
equilibrium, see Section S2 in the ESIT):

Jd = jia(1 — e 2R (4)

where jq is the purely diffusion limited and jj , is the limiting
anodic current density (i.e., the maximum current density for
HOR allowed by H, supply). At faster scan rates, the polariza-
tion curve can exhibit hysteresis (see Section 4e).® On the other
hand, if the measured current is only partially limited by mass
transport, j; can be decoupled from mass transport via the
reversible Koutecky-Levich equation:’

1 1 1
—=—+= 5
J Jx Jd ®
Note that the applicability of the above equation is limited to
those systems where j , is known. In RDE setups, jj , can simply
be determined from the Levich equation:®

Jla =1 .24FD%_[/23 v;i:l/é(ul/zcilcz (6)

where Dy_ is the diffusion coefficient of Hy, vyn is the kinematic
viscosity of the solvent, w is the disk rotation rate and cfy is the
bulk concentration of H,.

For this reason, the RDE method is widely employed in kinetic
studies of electrochemical reactions, owing to its well-defined mass
transport behaviour. For other techniques, it might be difficult to
determine this value without mass transport modelling and thus it
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Fig. 2 The contributions of the kinetic (j,) and diffusion limited (jg)
current densities to the simulated current density ( j) for HER/HOR reaction
on an arbitrary system with jo = ji» = 1 mMA cm~2 and o, = o = 1. Note that in
regions where j ~ j4 the uncertainty in ji blows up (as illustrated in the right
upper corner).

is not trivial to decouple j, from mass transport. Fig. 2 shows the
contributions of ji and j4 to j for HER/HOR reaction on an arbitrary
system with jo = ji, = 1 mA cem ™2 and «, = o, = 1. Note that when
J & Jja, the current response is completely dominated by mass
transport (see right upper corner of Fig. 2). In this scenario, ji
cannot be determined since its uncertainty becomes too large. If
this issue holds for a wide potential range, mass transport of the
experimental setup simply needs to be optimized to obtain any
estimate of ji,, for instance by using floating electrodes'”'® or the H,-
pump method.”*>" In the former technique, the reactant is sup-
plied in gas-phase to the porous electrode, which is floating on
aqueous electrolyte. The gaseous diffusion leads to a three order of
magnitude increase in mass transport of reactant gases to the
catalyst layer. In the latter, membrane electrode assemblies (MEASs)
with asymmetric Pt loadings of the electrodes are used in a proton
exchange membrane fuel cell (PEMFC) at pH = 0. The measured
exchange current density of HOR/HER on Pt/C in acid in this
configuration is about 2 orders of magnitude higher compared to
full-sized Pt disk in a RDE configuration.”*

To assess whether mass transport is an issue for a particular
system, one can compare the measured current with jq in all the
potential range explored. Another strategy to do so would be to
modify the mass transport coefficient of H,, for example by
increasing the rotation rate on a RDE setup. A more general
strategy to evaluate and mitigate mass transport effects would
be to decrease the loading, which would decrease the geometric
activity vs. relative to the rate of transport.® If the measured
turnover frequency (TOF) increases in doing so, then the system
is at least partially limited by diffusion.

(3¢) How to make mechanistic interpretations of the fitted
kinetic parameters

Fig. 1 reveals that the values of o, and o, alone are, in general,
not enough to determine the reaction mechanism, and

This journal is © the Owner Societies 2021
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knowledge of the hydrogen coverage 0 or activation energies
may be required. Fig. 3 shows flowcharts for possible mechan-
isms from the RDS analysis from Fig. 1 to interpret experimen-
tally determined HOR and/or HER transfer coefficients on any
electrocatalyst for the case of irreversible (Fig. 3A) or reversible
kinetics (Fig. 3B).

For irreversible kinetics (Fig. 3A), where 0 < o < 1, identifi-
cation of the dominant reaction mechanism is in general not
possible, even when 6 is known, and knowledge of the activa-
tion energies of the elementary steps from DFT simulations
would be required. Where the reversibility condition holds
(Fig. 3B), the dominant reaction mechanism can almost always
be uniquely identified by knowing the transfer coefficients, and
0 is only required if a, + o, = 1.

In a simple Sabatier picture, catalysts with where the active
sites bind H* weakly will have low 0 (Volmer is limiting) and
ones that bind H* strongly (Heyrovsky/Tafel limiting) 6 — 1.
This picture is consistent with computed coverages from micro-
kinetic modelling, developed on the basis of scaling relation-
ships in activation energies of elementary steps.’® 6 could
therefore be estimated from a computed H* binding energy,
and it can also be estimated experimentally from cyclic voltam-
metry (CV) and linear sweep voltammetry (LSV) experiments.>>
At close to neutral binding energies or where there are multiple
possibilities in active sites, however, the assignment of this
binding strength is not trivial, as we discuss for the case of Pt
below. In this analysis we also have not considered the

View Article Online
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possibility of shifts in the RDS, which would also change the
Tafel slopes, as overpotential increases.

4. Pitfalls in interpreting experimental
polarization curves

We now discuss below some common pitfalls in interpreting
experimentally measured activity.

(4a) When fitting experimental polarization curves, don’t
constrain o, + o, to 1

As shown in the previous section, o, + o, can range from 0 to 2.
However, a very common practice in the literature to obtain the
kinetic parameters for HOR/HER on Pt is to fit ji to the Butler-
Volmer equation (i.e., eqn (2)) imposing a, + o = 1.72%>*32¢ 1
the specific case of Pt, this constraint does not affect the final
result, since the sum of the transfer coefficients for HOR/HER
on Pt is 1 (see Section 5, below). Despite that, it should not be
imposed as a general constrain to any electrocatalyst. A risk of
using this constrain in other non-Pt catalysts is that, in the
typical low overpotential range considered in HOR/HER, the result-
ing fit looks always good, even when the true sum of transfer
coefficients is not 1 (see Fig. S2, ESIf). This might lead to the
incorrect conclusion that «, + o= 1 is always valid, which can
ultimately result in very different kinetic parameters and wrong
mechanistic interpretation. Finally, different assumptions in the

HOR

[ »

Tafel(RDS)
i

Irreversible kinetics

Volmer +
Heyrovsky(RDS)

Volmer +
Tafel(RDS)

(=

Reversible kinetics (both HOR/HER share the same RDS)

Heyrovsky(RDS)
+ Volmer

)
N\

Heyrovsky +
Volmer(RDS)

Fig. 3

(A) General recipes for determining the dominant reaction mechanisms for HOR (left) and HER (right) from experimental data when the transfer

coefficient of the other reaction is unknown or when the reversibility condition cannot be exploited. (B) General recipe for determining the dominant
reaction mechanism for HOR/HER from experimental data when by assuming reversibility (i.e., both HOR/HER share the same RDS). In all cases, mass
transport limitations must be corrected before determining the values of the transfer coefficients. 0,0r and 0er are the potential-dependent coverage of

active H* species in the HOR and HER branch, respectively.
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value of o, + o can lead to discrepancies in the values of j, when it is
obtained from the slope of the micropolarization region. Since the
slope is proportional to 1/jo(c, + o), jo cannot be determined from
the slope alone and the Butler-Volmer equation must be used.
These issues are illustrated in more detail in Section S4 in the ESL

(4b) Consider coverage effects when making mechanistic
interpretations

Some HOR/HER studies on Pt suggest that if the sum of alphas
is equal to 1 then it must correspond to Tafel + Volmer
mechanism, with Volmer step being rate-limiting.>"%>">%27
As shown in Fig. 3B, this will be correct for where § < 1 in
all potential range considered, but the reaction pathways
involving Heyrovsky + Volmer with either of the two steps being
RDS are also compatible with a, + o, = 1. This statement has
been justified sometimes by saying that the sum of transfer
coefficients must be equal to n/vrps,2® where n is the total
number of transferred electrons (for HOR/HER 7 = 2) and vgps
is a stoichiometric factor accounting for the number of times
the RDS has to proceed in order for the complete reaction to
take place once (ie., for Volmer(RDS) + Tafel, vgps = 2).
However, this statement is only valid for outer-sphere multi-
electron transfer reactions such as the self-exchange reaction
Tl +2e~ © Tluq' in acidic media,*® but it is not valid for
HOR/HER where H* coverage might play a role.

(4c) Account for mass transport limitations

A major challenge in evaluating the activity of Pt-based materi-
als for acidic HOR/HER is that the kinetics of the reaction are
so facile that the measured currents are always limited by mass
transport. On RDEs, the measured polarization curves overlap
with the concentration overpotential curve (i.e., eqn 4).>**
Furthermore, the presence of mass transport limitations has
also been suggested recently in fast mass transport setups.®
Still, in most experimental studies on acidic HOR/HER on Pt-
based electrodes, Tafel slopes (TSs) of ~30 mV dec ' for HER
are reported.”*> Since the transfer coefficients are frequently
estimated from TSs, incorrect interpretation of measured TS
could lead to misleading mechanistic interpretations. For
instance, if the 30 mV dec™* TS is interpreted as a kinetic TS,
then an apparent a. ~ 2 would be obtained, leading to the
conclusion that the dominant pathway is Volmer + Tafel(RDS)
(see Fig. 3A).” However, this value is just the apparent Tafel
slope of a two-electron reaction governed by mass transport
(also known as nernstian reaction) at room temperature and
does not reflect any kinetic information. In Section S3 in the
ESI} we show the derivation of this effective slope. We spec-
ulate that the reason why this TS has been misinterpreted in
several studies is because of the incorrect but spread idea that
for HER/HOR mass transport effects are only present at high
anodic overpotentials where the polarization curve flattens out.
This idea, however, is only valid for irreversible electrochemical
reactions. For highly reversible reactions such as HER/HOR, jq
increases exponentially in the HER branch, as shown in Fig. 2.

27154 | Phys. Chem. Chem. Phys., 2021, 23, 27150-27158
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(4d) If possible, do not use jj , instead of jq

A common approach found in the literature to correct alkaline
HOR/HER currents on Pt for mass transport is to use j , instead
of jq in eqn (5) and apply it only to the HOR branch, while the
HER branch is assumed to be free of mass transport
limitations.>**"**7° This variation in eqn (5) is known as the
irreversible Koutecky-Levich equation and, as its name
indicates, in principle it is valid only for irreversible reactions.
For the highly reversible HER/HOR reaction, the irreversible
Koutecky-Levich equation might underestimate the true jj
especially when jq « ji ., which can lead to lower j, and higher
transfer coefficients e.g., for RDE measurements of alkaline
HOR/HER on Pt/C (0.1 M KOH, 293 K), j, and o, values of
1.9 (1.0) mA cmygig > and 0.6 (0.97) are obtained, respectively,
from the reversible (irreversible) Koutecky-Levich equation, as
shown in Section S5 in the ESLf{ At high y# both equations
provide the same results, since jq =X ji,. Moreover, mass
transport effects can also be present in the HER branch at
low 5 due to slow diffusion of evolved H, away from the
electrode surface. Therefore, it is more advisable to use the
reversible Koutecky-Levich equation and apply it to the whole
potential range considered.

(4e) Choose an appropriate scan rate

In polarization curve measurements, the electrode potential
changes over time at a speed determined by the scan rate. The
same applies to CV experiments, which are typically performed
as a first step to detect small levels of anions impurities in the
supporting electrolytes and to determine the specific surface
area. An appropriate value for the scan rate must be chosen for
each one of these experiments, as detailed below.
Conventional CV or LSV experiments assume homogeneous
concentrations at the start of the scan, and only diffusional
mass transport throughout the scan due to the formation of a
diffusion layer with variable thickness that grows over time. In
a slow scan the diffusion layer will grow much further from the
electrode in comparison to a fast scan. Consequently, the flux
to the electrode surface is smaller at slow scan rates. Since the
current is proportional to the flux towards the electrode, the
magnitude of the current decreases as the scan rate is slower.>®
In fact, for electrochemically reversible electron transfer pro-
cesses involving freely diffusion redox species, the peak current
increases linearly with the square root of the scan rate, as
described by the Randles-Sevcik equation.®” The lower limit for
the scan rate is determined by the mass transport boundary
layer. As described in Section S6 in the ESIL,f for a scan of 1 V
and assuming a diffusion coefficient of 10°° m* s, the scan
rate should be faster than ~16 mV s '. Thus, scan rates
between 50-200 mV s~ ' are commonly used to study the
electrochemical behaviour of the electrolytes and catalyst in
HOR/HER measurements,”**?® but ultimately choosing the
scan rate in CV or LSV experiments depends on the information
one wants to obtain. The upper is limited by the capacitance.
Capacitive current scales linearly with scan rate, so at fast
scans, the faradaic current will ultimately end up being lost

This journal is © the Owner Societies 2021
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in comparison with the capacitive current (also called double-
layer current or non-faradaic current).*®

In contrast, polarization curve measurements should be
independent of the scan rate, as the system must be in
steady-state at any measured potential. To that end, HOR/
HER polarization curves are typically recorded in a RDE setup
and with a H,-saturated electrolyte (instead of Ar-saturated,
which is the case for the previous CV experiment), in order to
increase the rate of mass transport. In a RDE setup, the move-
ment of ions or molecules is completely dominated by a
diffusion layer with constant thickness, arising from the stir-
ring generated by the rotating disk, which can be approximated
as follows:**

51 = 1.61Dil/3vkinl/6a}’1/2 (7)

The fact that the diffusion layer is constant implies that the
measured current is independent of the scan rate, provided
that the diffusion layer is always equilibrated.

The upper limit for the scan rate can be calculated as
follows. When this diffusion layer is disturbed from an initial
state of equilibrium by a sudden change in boundary condi-
tions (e.g., change of the electrode potential), it takes a finite
amount of time tq4;; for the system to effectively reach a new
equilibrium state. In planar diffusion, tgis; ~ 6;°/D;.*° Thus,
thinner diffusion layers and faster diffusion coefficients lead to
a faster equilibration. If the scan rate V., is too fast, the
steady-state current at a given potential is never reached, giving
rise to significant hysteresis in CV experiments,® which will
prevent any subsequent kinetic analysis. The degree of hyster-
esis depends on the ratio between 74i; and the scan rate.
Specifically, if the time for reaching the steady-state (tq;) is
short compared to the time for sweeping the voltammogram
(~ RT/Fvyean) then steady-state like behaviour will be seen:*°

52 RT

— <K
D; Fygean

(8

where Vg iS the scan rate. Therefore, the scan rate should be
always smaller than D;RT/3;F. Consider now a typical RDE experi-
ment of acidic HER/HOR in 0.5 M H,SO,, operating at 1600 rpm. As
discussed in Section S2 (ESIt), the transport of H' species is much
faster than that of H,, and therefore we can focus only on the H,
diffusion layer. At these conditions, Dy, and v, have values of
3.7 x 10°°m® s " and 1.07 x 10~ ® m” s~ ', respectively.*"** Using
eqn (8), this corresponds to a diffusion layer thickness g, of
19.5 pm. At room temperature (298 K), the ratio D;RT/S;°F have a
value of 250 mV s~ . This means that the scan rate must be much
slower than 250 mV s~ so that equilibration of the diffusion layer
can be considered instantaneous. Therefore, slow scan rates of
2-10 mV s ' are often used in RDE measurements for HER/
HOR,”'8%% a5 shown in the caption of Fig. 4. Only one of the
studies reported in Fig. 4 used a faster scan rate of 50 mV s . As
this is a non-negligible value compared to 250 mV s, the presence
of hysteresis was observed in the measured polarization curves.
Finally, if the precise rates of mass transport are not known,
it must be verified that the measured polarization curve is
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Fig. 4 Experimental results for HOR/HER utilizing several different
experimental techniques. From lowest to highest specific current: full
sized Pt RDE in Hy-saturated 0.1 M KOH, 10 pgpee cMgisk 2, 3600 rpm,
10 mV s~ (red, ref. 9); full sized Pt RDE in H,-saturated 0.IM HCIO.,,
3600 rpm (pink, ref. 9); Pt/C dispersed on an Au grid in contact with a
perfluorsulfonic acid (PFSA) membrane, 90 m? gp %, 5 mV s~ (purple, ref.
46); Pt/C using the H,-pump approach in a proton exchange fuel cell
(PEMFC) setup, 2 mV s~ (blue, ref. 21); Pt/C in 4M HCIO, using the floating
electrode technique, 0.84 ugpe cm™2, 10 mV st (green, ref. 18); low
loading Pt/C RDE in 0.5M H,SO4, 13 ngp cm~2, 1600 rpm, 50 mV st
(yellow, details in ref. 8); and low loading Pt/C using the H,-pump
approach in a PEMFC, 3 pge, cm ™2 (black, details in ref. 19).

independent of the scan rate. This can be done by conducting
polarization curve measurements at slower scan rates and
comparing the results obtained. Ideally, an infinitely slow scan
rate should be used. However, too slow scan rate can be
problematic due to trace contamination with transition metals
of the electrolyte solutions. These metallic impurities can get
adsorbed on the electrode surface at low potentials and get
stripped from it at higher potentials, implying that at the
beginning of each negative-going scan the electrode surface
would be cleaner and more active than in the subsequent
positive-going scan.?® This effect will be of course more pro-
nounced if the scan rate is very slow.

5. Example: using the principles above
to determine the kinetic parameters
and mechanism of HER and HOR for
various catalysts

In this section we use the procedure described in Section 3 to
obtain the kinetic parameters and dominant reaction mecha-
nism for HOR/HER on several transition metals and novel HER
catalysts, with particular focus to the controversial case of Pt in
both acid and alkaline conditions.
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(5a) Transition metals

Weak binding transition metal catalysts such as Au or Ag
exhibit Tafel slopes of 121 and 147 mV dec™*, respectively, for
HER in acid,**** and 168 and 134 mV dec™ ' in alkaline,®
which corresponds to 0 < o, < 1. The HER activity of these
materials is 2-3 orders of magnitude smaller than the concen-
tration overpotential curve (e.g., for a RDE experiment in 0.5M
H,SO, and @ = 1600 rpm, the limiting HER current is about
—1700 mV cm™?, as shown in Fig. S1 (ESIf), while these
catalysts exhibit current densities of —1 to —10 mV cm™?),
and therefore we can assume that mass transport effects are
negligible. Because these catalysts only exhibit significant HER
activity at |#| > 300 mV, the reversibility condition cannot be
applied. Also, due to their weak binding strength for H, we can
assume that 0 < 1 in all overpotential range. Then, the
flowchart in Fig. 3A indicates that Volmer is the RDS in these
materials, followed by either the Heyrovsky or Tafel steps. DFT-
based kinetic models suggest the predominance of the Heyr-
ovsky over the Tafel step.'’

We now consider in detail the case of Pt. At low pH values,
RDE experiments using full-sized Pt disks only give the concen-
tration overpotential curve,”>® so fast mass transport setups
must be used. There are few studies on HOR and/or HER using
H,-pump PEMFC setup,”’ Au grid in contact with a perfluor-
sulfonic acid (PFSA) membrane’® and floating electrode
technique'® at room or near-room temperature (i.e., <324 K),
which report much higher activities than conventional RDE
measurements. However, a recent work suggests the presence
of mass transport limitations even in these systems, since they
do not exceed the apparent activity found for RDE of Pt
nanoparticles at low loadings, where mass transport limitations
are still present.® The activities from these studies are shown in
Fig. 4.

There is, however, one H,-pump study'® on HOR/HER
carried out at 353 K and using a low loading Pt/C sample
(3 ugpe cm ) which, due to the increased temperature, reports
activities much higher than those of any study at room tem-
perature. This work is the only one to our knowledge that shows
an exponential increase in the HOR current with potential,
which suggests that it is not limited by mass transport. We
assume that this Hy-pump study reports the least mass trans-
port limited current for acidic HOR/HER on Pt and a fit of the
reported current to Eqn 2 results in «, ~ o, ~ 0.5 (see Fig. S5 in
the ESIT). Note that, in this study, the authors argue that the
only reaction mechanism compatible with «, ~ «. ~ 0.5 is
Tafel + Volmer(RDS). However, as illustrated in Fig. 3B, there
are other pathways compatible with this result, and 0 must be
considered to truly determine the dominant reaction
mechanism.

In the literature, two types of H* species have been distin-
guished, namely underpotential deposited (UPD) and overpo-
tential deposited (OPD) H*, where H* is adsorbed above the
HER/HOR equilibrium potential at 0 V vs. RHE (e.g. on hollow
sites), or below 0 V (e.g. on top sites), and the nature of the
active H* species at HER conditions has been debated in the
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last decade.”*’ It has been concluded from experimental CVs
on Pt(111) in 0.1M HCIO, that the H* coverage at Eq is higher
than 2/3 ML and a full monolayer is reached at more negative
potentials.>”> Moreover, DFT calculations on Pt(111) have shown
that H* adsorbs on hollow sites up to a coverage of 1 ML, and
that the subsequent H* adsorption on top sites is energetically
unfavourable due to strong lateral interactions.'®*® Thus, we
assume that at least in the small overpotential range |n| <
0.05 V the experimental data was measured, UPD H* is the only
active H* species with 0"*® — 1, indicating that HOR/HER
follows a Heyrovsky(RDS) + Volmer pathway (see Fig. 3B). This
conclusion agrees with the recent work by Tang et al.'® who also
determined this mechanism to be the most favourable for HER
on Pt(111) and UPD H* to be the active H* species, based on
DFT calculations of the energy barriers for the different steps
and kinetic modelling.

To our knowledge, there are no HOR/HER studies on Pt in
alkaline conditions using fast mass transport setups, and only RDE
data is available.>?*?* However, at high pH values the kinetics are at
least two orders of magnitude more sluggish (see Fig. 4), and the
polarization curves obtained from RDE experiments only overlap
the concentration overpotential curve at high anodic potentials.
Thus, it is possible to obtain kinetic parameters for both HOR and
HER by correcting for mass transport using eqn (5). Similar to acidic
HOR/HER, o, ~ 0. ~ 0.5 is obtained (see Fig. S7 in the ESIt) and
H* binding on Pt is only slightly strong. Assuming that the relative
differences between the barriers on the UPD and OPD H* are
similar with both H,0 and H;O" as proton donors, the hollow,
UPD sites would remain the active sites. The CV profiles in acid
(0.1 M HCIO,) and in alkaline (0.05 M NaOH) overlap well,*’
indicating that the coverage of the UPD H* should be similar to
that in acid, 0"™® — 1. Therefore Heyrovsky(RDS) + Volmer would
be the dominant reaction mechanism for HOR/HER alkaline con-
ditions like in acid, consistent with previous DFT-based kinetic
models."

(5b) Novel HER catalysts

Metal sulfides and phosphides have proven to be promising
non-precious acidic HER catalysts.***>*" On MoS, basal
planes, the binding strength of H can be increased by straining
the surface or incorporating S vacancies,* yielding the opti-
mum catalytic activity for neutral H binding. The Tafel slopes
exhibited by these catalysts range from 60 to 98 mV dec™* (i.e.,
0 < o, < 1), depending on the degree of strain and number of S
vacancies. According to Fig. 3A, 0 is required to identify Volmer
or Heyrovsky as the RDS. Non-strained MoS, basal planes with
no S vacancies binds H very weakly, leading to 0 < 1 and
therefore the dominant reaction mechanism must be Volmer
being rate-limiting followed by either Tafel or Heyrovsky. On
the other hand, strained MoS, basal planes with a high number
of S vacancies binds H strongly (i.e., 8 — 1), meaning that HER
follows a Volmer + Heyrovsky(RDS) reaction mechanism. As for
MoS, nanoparticles, edge sites are responsible for the HER
activity, which present Tafel slopes of 56 mV dec '.>° Very
similar Tafel slopes are exhibited by CoP nanoparticles sup-
ported on Ti, which are around 50 mV dec™*, independent of
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mass loading. The only reaction pathway compatible with these
result is Volmer + Heyrvosky(RDS), as shown in Fig. 3A, and
knowledge of 0 is not required in these cases.

6. Conclusions

In this Perspective, we illustrate how to determine the domi-
nant reaction mechanism for HOR/HER from experimental
activity data accounting for the impact of H* coverage and
mass transport. In summary, mass transport effects can be
corrected by using the reversible Koutecky-Levich equation
whenever they contribute only partially to the measured cur-
rent, to obtain the kinetic current and kinetic parameters. The
reaction mechanism in general cannot be determined only with
kinetic parameters, and in some cases the coverage of the active
H* species or even the relative activation energies of elementary
steps are required. For systems where the reversibility condi-
tion can be applied (e.g., Pt), the transfer coefficients can be
obtained by fitting the kinetic current to an effective Butler—
Volmer equation with the only constraint that their sum must
range from 0 to 2. The reaction mechanism can be determined
by using the flowchart presented in Fig. 3B, which may require
information about the coverage of H* species at reaction conditions.
On the other hand, for less active catalysts where the reversibility
condition does not hold (e.g., Au), the transfer coefficients for HOR
and HER should be evaluated separately by using eqn (3a) and/or
eqn (3b), and the determination of the dominant reaction mecha-
nism can be done by following the flowchart in Fig. 3A. We also
discuss some common pitfalls in interpretating HOR/HER activity
and their consequences. Finally, we apply this recipe to several
electrocatalysts, with careful attention to Pt, and suggest that
Heyrovsky step is rate limiting for HOR/HER on Pt in both acid
and basic conditions. We hope that this Perspective will contribute
to solve the existing discrepancies on the kinetic analysis of HOR/
HER on Pt and that the presented recipe will be useful to make
mechanistic interpretations of HOR/HER on any electrocatalyst.
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