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Abstract

Understanding how activation energies and entropies vary with electrode potential is
central to interpreting electrocatalytic kinetics, yet temperature-dependent analyses often
yield apparent “compensation effects” whose physical origin remains debated. Here, we
model the hydrogen evolution reaction (HER) through both Volmer—Heyrovsky and
Volmer-Tafel mechanisms to determine under which conditions compensation effects
emerge—even when the entropic contribution to the activation barriers of the individual
reaction steps is, by assumption, potential-independent. By simulating steady state
currents across realistic potential and temperature ranges and extracting apparent
Arrhenius parameters, we identify two general origins of compensation-like behavior: (i)
shifts in the effective rate law arising from changes in coverage or in the rate-determining
step, and (ii) the presence of multiple active sites with different equilibrium potentials of
reaction steps. Both phenomena generate non-constant Tafel slopes and curvature in
Arrhenius plots, producing Constable-plots (logio AappVvs Eapp) relations that mimic
intrinsic entropy—enthalpy compensation. Our results demonstrate that compensation
effects in electrocatalysis can arise purely from kinetic coupling and site heterogeneity
rather than from fundamental thermodynamic scaling, underscoring the need for caution
when interpreting temperature-dependent kinetic data. We propose that meaningful
mechanistic insight requires measurements on well-defined single-crystal electrodes
within potential regions where Tafel slopes remain constant.
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Introduction

Elucidation of mechanisms and reaction parameters associated with (electro)catalytic
reactions enables probing the underlying principles that govern the structure-reactivity
relationship that is fundamental to (electro)catalysis. In electrocatalytic experiments, a
key control parameter is the electrode potential, which is related to the thermodynamic
driving force, i.e., the Gibbs reaction free-energy by

AG yn = —nF(E — E) (1)

Applying an overpotential, n = (E — E?), induces a proportional change in the Gibbs free-
energy difference between the initial and final states of the corresponding redox reaction
(with n the number of electrons involved, and F the Faraday constant). The transformation
from initial to final state requires overcoming an activation Gibbs free-energy barrier, i.e.,
AG 4., Which can be reduced by increasing the thermodynamic driving force, i.e., AG,xn.
The cornerstone equation of electrode kinetics, i.e. the phenomenological Butler-Volmer
(BV) equation, assumes a linear relationship between AG,.,, and AG,.¢, equivalent to the
Bronsted-Evans-Polanyi (BEP) relation:

AGaer = AGh; + aF (E — E) (2)

with a a Bronsted coefficient, known as the transfer coefficient or symmetry factor in

electrode kinetics (and with the plus/negative sign corresponding to a reduction/oxidation

reaction). The activation energy at zero thermodynamic driving force, AGZ;?, is the

standard activation energy and governs the reaction rate, which is why quantitative
determination of this parameter is essential. The reaction rate is related to the activation
energy in an Arrhenius type law,

AGgct

k =k (3)

where k° is the pre-exponential factor. Combining Eq.2 and 3 gives the BV equation.’

In most electrode kinetics studies, the focus is on deriving mechanistic information from
the potential dependence of the reaction rate through the so-called Tafel analysis.
Determining activation energies and their potential dependence, through Arrhenius
analysis, is much less widespread. If we write AG,.; in terms of enthalpy (AH,.) and
entropy (AS,.¢) of activation

AGget = AHger —TAS gt (5)

constructing a plot of In(k) vs 1/T, i.e., Arrhenius plot,

ASger  AHget
In(k) = In(k?) + ot — Zoect (6)
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gives — AH,.;/R as the slope, and In(4) = In(k°®) + AS,.:/R as the intercept. This simple
manipulation shows that Arrhenius analysis in principle allows a separation between
enthalpic and entropic contributions to the activation energy. Quite a few recent papers
in electrocatalysis have suggested that this separation may hold crucial information on
the nature of electrocatalytic charge transfer, and that manipulating activation entropy is
an overlooked strategy towards improved electrocatalytic activity.?-”

Following Eq.2, AH,.; and AS,.; are expected to be electrode potential dependent as well.
In the simplest, ideal, case the change in electrode potential only shifts the enthalpic
contribution to the free energy and does not influence the entropic part, i.e.,

=0
AHger = AHth t+ aFn (7)

and AS,.: # f(n). In such a case, the intercepts of the Arrhenius plots (Eq. 6) constructed
at different potentials should all fall on the same value, as they are insensitive to the
potential.2 However, experimental reports of Arrhenius analysis show a strong potential
dependence of the intercept.3-4+ %13 This would imply that the entropic part of the activation
free energy is potential dependent as well. In such cases, plotting the experimentally
determined activation energy (Eabt = AH,.) Vs the intercept (In(4)) often shows a linear

dependence, which is a well-known phenomenon called the compensation effect.'4

The compensation effect has been reported extensively in the broad field of heterogenous
catalysis'®-16 as well as in electrocatalysis®# 10 17, The potential dependence of the
Arrhenius intercept (In (4)) is closely linked to the anomalous temperature dependence
of the Tafel slope, as shown by Conway’s studies® of the hydrogen evolution reaction
(HER) on various electrodes across wide temperature ranges.'8-'®* While Arrhenius plots
are linear over narrow temperature intervals, significant curvature appears over broader
ranges, correlating with changes in Tafel slopes. This behavior has been attributed by
extensive theoretical work to temperature-dependent orientation or dynamics of solvent
molecules, changes in the double-layer, proton tunneling and anion adsorption. 20-24

While these effects are obviously of high interest and should be thoroughly investigated,
drawing meaningful conclusions from experimental temperature dependent
measurements is not trivial.?®> Two relevant papers by Barrie showed that apparent
compensation effects can arise from random error in the data,? as well as from
systematic errors, such as change in coverage of a catalytic intermediate or a change in
the rate-determining step (RDS). 4,27 Moreover it was shown that apparent compensation
effects arise when analyzing the total rate of the reaction on a catalyst that is composed
of a distribution of active sites on which the reaction proceeds with different rates,?8-2° as
occurs on polycrystalline surfaces and catalytic nanoparticles.3%-32 The electrochemical
environment further complicates kinetics, as solvent, electrolyte, and impurities can
adsorb on electrodes and alter reactions in a temperature-dependent manner.
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Furthermore, the Gileadi group has shown that an apparent compensation effect for HER
on Hg disappears by correcting for double-layer potential drops33-3> and Zhang et al.
showed that increasing electrolyte concentration can eliminate an apparent
compensation effects for the CO reduction reaction36-37. Additionally, the distribution of
the potential in thick catalyst layers, such as in fuel cells or electrolyzers, is not accounted
for in normal IR compensation schemes38-3°,

This paper was motivated by the question what the applicability is of the compensation
effect for studying fundamental properties of the electrocatalytic reaction rates, especially
in combination with Tafel analysis. Specifically, a question that arises is whether in the
absence of a linear region in a Tafel plot, i.e., Tafel slope varying with potential (a situation
we analyzed in detail in recent papers'3 40-41) meaningful conclusions can be arrived at
regarding the origin of the compensation. To this end, we modeled mathematically the
simplest electrocatalytic reaction, i.e., the hydrogen evolution reaction (HER), and studied
the temperature dependence of its kinetics to uncover the mechanistic regimes where
indeed an apparent compensation effect arises. From this, we show that a compensation
effect can be seen if there is a change in balance between two steps as a function of
potential or if multiple active sites are present on a catalyst. More importantly, these
changes are not caused by a change in the entropic contribution to the individual reaction
steps, showing that the apparent compensation effects are not related to an intrinsic
enthalpy-entropy compensation.

Model

To study the emergence of a compensation effect due to the kinetics of the HER, we
model the kinetic current at steady state, assuming no potential dependence of the
entropic part of the free-energy of activation. In different mechanistic regimes, we
systematically investigate the occurrence of a compensation effect by varying the reaction
parameters and extracting the apparent activation energy (E.pp) and apparent pre-
exponential factor (A,pp) from an Arrhenius plot.

The HER mechanism is assumed to start with a discharge of a proton, i.e., the Volmer
step (Eqg. 8), followed by an electrochemical step, i.e., Heyrovsky step (Eg. 9) or a
chemical recombination step, i.e., the Tafel step (Eq. 10)*2

H* + e + *=Hyq (8)
H* + e~ + Hyg=H, + * ()
H,q + Hyg=H, +2 * (10)
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We distinguish between these two cases in which molecular hydrogen is formed, either
through the Heyrovsky step (Volmer-Heyrovsky mechanism, Eq. 8 and 9) or the Tafel
step (Volmer-Tafel mechanism, Eq. 8 and 10). The rate equations describing the kinetics
of the Volmer-Heyrovsky and Volmer-Tafel are given in Eq. 11 and 12, respectively.*3

ot] = ky () (1 — Hya)exp( — LEED) — je_ i gexp( DEEE) — o) Hag
eXP( aF(iTE )) (11)

ot = keyc(HH) (1 — Hagexp( — L) — je_ 1 qexp(A=0LEE) o 12 exp
—2(1—-a)FEY

(—RT ) (12)

k,, k_4, are the forward and backward standard rate constant of the Volmer step. k, and
k5 are the forward (standard) rate constants of the Heyrovsky and Tafel steps. Backward
rates of the Heyrovsky and Tafel steps are not considered. H,q is the coverage of
adsorbed hydrogen, ¢(H*) is the concentration of protons in solution, « is the transfer
coefficient, EY and EY, are the equilibrium potentials of the Volmer and Heyrovsky step,
respectively, which are defined by the binding energy of adsorbed hydrogen.** E is the
electrode potential vs. the standard hydrogen electrode (SHE), T is the temperature, R is
the molar gas constant and F is Faraday’s constant. We set the concentration of protons
to 1 M, the transfer coefficient to 0.5 and the summation of the Volmer and Heyrovsky
equilibrium potentials is fixed to 0 V.

To obtain an analytical solution, we assume the reaction is in a steady state in which the
coverage of adsorbed hydrogen does not change with time. Setting Eq. 11 and 12 equal
to zero, we obtain the expressions for the coverages in each case:

-1
HXé*,ss=(1+~’“ +=2 ) (13)

kic(HY)  kyc(H*)

(el +K )+ (e +) + 4k,

Hid ss = va (14)
For convenience, we summarized kl,k 1 kz and k; and their respective exponentlal
expressions in Eq. 13 and 14 as kl,k 1 kz and k3, respectively, i.e. k1 k,exp

(_ aF(E- EV)) otc.

RT

The steady state currents of the Volmer-Heyrovsky and the Volmer-Tafel mechanism are
computed according to the following equations
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8 = =2Fleyc(H)HYjssexp (- <L E-ER))
(15)

. 2 - — 0
J = —2Fka(HY] 55)” exp(Z20=0FE) (16)

The above expressions are used to generate steady state currents as a function of
temperature (298 to 343 K) and overpotential (-0.20 to -0.01 V). We use the equilibrium
potentials of the Volmer and Heyrovsky step (EY and EY, respectively) as variable input
parameters to change the Gibbs free-energy of the two separate steps at zero overall
overpotential. This allows us to study the effect of change in hydrogen coverage on the
observed Kkinetics. The input parameters for the different model outcomes are
summarized in Table S1 in the Supplementary Information (Sl). For convenience, and if
not stated otherwise, we set the pre-exponential factor of all elementary steps per default
to k? = 103,45 Because our equations are formulated using fractional coverages, the

units of the rate constant of the Volmer forward and Heyrovsky forward reaction are ﬁ

for the other steps % This allows us to use the standard Gibbs free activation energies
as the major parameters to generate different scenarios by making different elementary
steps rate-determining. As shown in Egs. (13) and (14), the hydrogen coverage depends
on the ratios of the pre-exponential factors, k% not on their absolute magnitudes.
Apparent Arrhenius parameters (logo(Aapp), Eapp) are extracted by linear regression of
In(]j*%|) vs. 1/T and are plotted in a Constable plot, i.e. log1(Aapp) Vs. Eapp.48 Tafel slopes
are extracted by linear regression of log,,|j*°| vs. overpotential.

Results
Single active site

We start by showing limiting cases in which a single elementary reaction is assumed to
be rate-determining. First, we consider the scenario in which the Volmer step is rate-
determining by setting its standard Gibbs free activation energy significantly higher than

for the Heyrovsky step (AGB,V » AGhy, AGhy — AGhy = 40 ) The results are shown in

Figure 1. Under these conditions, the steady state coverage of hydrogen is approximately
zero over the investigated temperature and potential range, see Figure 1c. These results
are not influenced by the equilibrium potential of the Volmer step (and consequently, of
the Heyrovsky step) as long as AG} ov > AGOH As expected from simple Butler-Volmer
kinetics, the apparent activation energy of the HER decreases as a function of applied
(negative) overpotential, as shown in Figure 1d and as indicated by the red arrow in Figure

1a. The Tafel slope at room temperature is 118dm—;£ and constant in the investigated
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potential range, see Figure 1b and Figure S5. In this case, an Arrhenius plot over an
extended temperature range is linear as shown in the Sl Figure S1.
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Figure 1: Numerical results of the steady state current of the HER assuming the Volmer-Heyrovsky mechanism. The
Volmer step is assumed to be rate-determining by setting AGhc. v » AGhe, , namely AGY. = 50% and AGYe. y =10

mk_iz' The equilibrium potential of the Volmer step is set to EY, = 0 V. Panel a) shows the resulting Constable plot. . The
arrow indicates the change of the apparent Arrhenius parameter as a function of applied potential. Panel b) shows the

corresponding Tafel plot. The Tafel slope at 298 K is 118 mV/dec. Panel c) shows the steady state coverage of
hydrogen in the investigated potential range at 298 K. Panel d) shows the apparent Arrhenius parameters (activation
energy (black) and pre-exponential factor (red)) as a function of applied potential.

Next, we investigated the effect of a change in hydrogen coverage as function of potential
on the apparent Arrhenius parameters by making the Heyrovsky step the RDS. The
equilibrium potential of the Volmer step is setto —0.1 V and hydrogen coverage increases

from zero to full saturation over the studied potential range. This causes a change in the
Tafel slope as shown in Figure 2b from 40:_;2 at low overpotentials to 118(% at high

7
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overpotentials. Additionally, we show in Figure S7 the potential dependence of the Tafel
slope. Interestingly, this also leads to an apparent compensation effect in the Constable
plot as shown in Figure 2Error! Reference source not found.a. Although the overall
trend follows the behavior expected from BV kinetics, the apparent pre-exponential factor
and activation energy both decrease as the potential is decreased from —0.01 Vto —0.10
V. At potentials more negative than —0.1V, the apparent activation energy decreases
with a different slope, while the apparent pre-exponential factor increases and eventually
reaches the same value as at low overpotentials. We investigated the origin of this
apparent compensation effect in more detail in the Sl Figure S3. In short, we observe that
the increase in hydrogen coverage with overpotential and the decrease in the activation
Gibbs free-energy of the Heyrovsky-step leads to a change in the kinetic regime. At low
overpotentials, the reaction can be described with a pre-equilibrium situation between
protons and adsorbed hydrogen while it changes to a sequential two-step process at
higher overpotentials. Note that we have also investigated the scenario where the
Heyrovsky step is the RDS but with an equilibrium potential of the Volmer step of 0.1V,
see S| Figure S2. In this case, the observed effects are very similar to what we have
shown in Figure 1 because the hydrogen coverage is almost constant in the potential
range of interest.
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Figure 2: Numerical results of the steady state current of the HER assuming the Volmer-Heyrovsky mechanism. The
Heyrovsky step is rate-determining by setting AGfM,V < AGfm_ u, hamely AGfM,V = 10% and AGLCL H= 50%. The
equilibrium potential of the Volmer step is setto EY, = —0.1 V. Panel a) shows the resulting Constable plot. The standard
activation energy of the Heyrovsky step is set to 50 % The arrow indicates the change of the apparent Arrhenius

parameter as a function of applied potential. Panel b) shows the corresponding Tafel plot. The Tafel slope at 298 K is
40 mV/dec above 0.1 V and 118 mV/dec below. The red and blue solid lines show fits to the corresponding regions.
Panel c) shows the steady state coverage of hydrogen in the investigated potential range at 298 K. Panel d) shows the
apparent Arrhenius parameters (activation energy (black) and pre-exponential factor (red)) as a function of applied
potential.

We use this rationale to create a case where initially not a single reaction is the RDS and
where the coverage of hydrogen changes in the investigated potential window by setting
E) to —0.1V. The ratio of the pre-exponential factors, k? of the Volmer and Heyrovsky
K — k4 = 100 and the difference of the activation Gibbs free-energy to A

K K

steps is set to

Ghy—AGhH y = 10%. These values are within the expected variation of Arrhenius

9
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parameters for the HER.#7-4° Especially at low overpotentials, the Tafel slope is not
constant, but shows a continuous curvature, as shown in Figure 3b and Figure S8.
Additionally, we see a complex compensation effect in the Constable plot. At low
overpotentials, both the pre-exponential factor and the activation energy increase while
the steady state coverage of hydrogen on the catalyst increases. As soon as the steady
state coverage approaches its saturation value, the apparent activation energy decreases
as function of overpotential while the pre-exponential factor remains constant. As
discussed before, this compensation effect is caused by a similar interplay between the
individual rates of the depleting reactions that change with overpotential. Moreover, as
shown in Figure 4, the Arrhenius plot over an extended temperature range shows a clear
curvature, indicating a change in the effective rate law, which is indicated by an R? value
of about 0.98. However, when a smaller temperature range from 298 K to 343 K is
considered, one would still obtain an R? value of better than 0.9999.

10
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Figure 3: Numerical results of the steady state current of the HER assuming the Volmer-Heyrovsky mechanism. The
difference between the activation energy of the Volmer and Heyrovsky step is set to: AGZ,I, v— AGfm_ H= 10% and the

ratio of the pre-exponential factors to: i—z = 100 The equilibrium potential of the Volmer step is setto EY = —0.1 V. Panel

a) shows the resulting Constable plot. The arrow indicates the change of the apparent Arrhenius parameter as a
function of applied potential. Panel b) shows the corresponding Tafel plot. At low overpotentials, the Tafel slope is not
constant but as the hydrogen coverage saturates, the Tafe slope approaches 118 mV/dec. Panel c) shows the steady
state coverage of hydrogen in the investigated potential range at 298 K. Panel d) shows the apparent Arrhenius
parameters (activation energy (black) and pre-exponential factor (red)) as a function of applied potential.
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Figure 4: Arrhenius plot of the current of the Volmer-Heyrovsky mechanism over a temperature range from 298 K to
1073 K for three overpotentials (see legend) is shown. The difference between the activation energy of the Volmer and

Heyrovsky step is set to: AGLCW _AGtzct,H = 10% and the ratio of the pre-exponential factors to: ’;-E: 0.01 The

equilibrium potential of the Volmer step is set to EY = —0.1V. The R%-values are larger than 0.98 but importantly, the
Arrhenius plot shows a curvature which indicates a deviation of the effective rate law from pure Arrhenius behavior.

Similar cases can be created for the Volmer-Tafel mechanism. We make the same
observation in the Constable and Tafel plot for the Volmer-Tafel mechanism when the
Volmer step is the RDS, see Figures S4 and S9. We observe new features in the
Constable plot when the Tafel step is the RDS of the reaction. In Figure 5, the equilibrium
potential of the Volmer-step is set to —0.1 V to investigate the effect of a change in steady
state coverage on the apparent activation energy and pre-exponential factor. Both
parameters first decrease at more positive potentials than —0.1 V and then increase as
we move to higher (more negative) overpotentials. This occurs concurrently with a change
in the Tafel slope as shown in Figure 5b and S10. Note the difference in the potential
dependence observed in the Constable plot when the Heyrovsky step is rate-determining
(Figure 2a), showing a small dip with increasing potential, compared to when the Tafel
step is rate-determining (Figure 5a) showing a clear compensation effect which changes
at larger overpotentials. We currently do not have enough numerical examples to judge
whether these are general features, but clearly a more detailed numerical and analytical
study on the relation between the shape and features of the Constable plot and the
(electro)catalytic mechanism will be of great interest.
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a) Constable Plot b) Tafel Plot
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Figure 5: Numerical results of the steady state current of the HER assuming the Volmer-Tafel mechanism. The Tafel
step is rate-determining by setting AGhce,y < AGhe, 7, namely AGhe, v = 10% and AGher = 50%. The equilibrium
potential of the Volmer step is set to E) = —0.1 V. Panel a) shows the resulting Constable plot. The arrow indicates the
change of the apparent Arrhenius parameter as a function of applied potential. Panel b) shows the corresponding Tafel
plot. The Tafel slope at 298 K above -0.06 V is extrapolated to 30 mV/dec and approaches infinity below. Panel c)

shows the steady state coverage of hydrogen in the investigated potential range at 298 K. Panel d) shows the apparent
Arrhenius parameters (activation energy (black), pre-exponential factor (red)) as a function of applied potential.
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Multiple active sites

We also consider the scenario in which two active sites exist on the electrocatalyst. We
assume the same Arrhenius parameters between the two sites, but vary the equilibrium
potential of the Volmer step and consequently that of the Heyrovsky step. We take the
sum of steady state currents of the individual sites, jis..;, and apply the same analysis as
before.

20 a) Constable Plot b) Tafel Plot
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Figure 6: Numerical results of multiple sites contributing to the total kinetic current of the HER assuming the Volmer-
Heyrovsky mechanism. The Heyrovsky step is rate-determining by setting AGfm, v L AGtm_ u, hamely Awa' v = 10-L

mol
and AGﬁm_ H= 50%. The equilibrium potentials of the Volmer step at the two different sites are set to E 8, 1 =0.15V and

EY , = —0.05 V. Panel a) shows the resulting Constable plot. The arrow indicates the change of the apparent Arrhenius
parameter as a function of applied potential. Panel b) shows the corresponding Tafel plot. The Tafel slope at 298 K
below -0.1 V approaches 118 mV/dec. Panel c) shows the coverage of adsorbed hydrogen on the two different sites
as a function of potential. Panel d) shows the apparent Arrhenius parameters (activation energy (black), pre-exponential
factor (red)) as a function of applied potential. Figure S11 shows the Tafel slope as a function of overpotential.
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Figure 6 shows an example for a catalyst which consists of two sites on which the HER
occurs through the Volmer-Heyrovsky mechanism, but with different equilibrium
potentials for the Volmer step (E} ; = 0.15V and E} , = —0.05V). On both sites the
Heyrovsky-step is rate-determining. This leads to a very similar situation as shown in
Figure 2. While one site is already saturated with hydrogen and thus, the apparent
activation energy decreases while the pre-exponential factor is constant, the other site
starts to get filled with hydrogen in the investigated potential range, which leads to the
same trends as discussed before.

If we assume two sites, but molecular hydrogen is formed through the Volmer-Tafel
mechanism, we obtain results as shown in Figure 7. In subpanel a), at low overpotentials
the previously discussed signature of the Tafel-step — where the apparent activation
energy and pre-exponential factor increase with applied overpotential — is observed.
Around the equilibrium potential of the Volmer-step of the second site, this site starts to
get covered in hydrogen, which results in a decrease of both Arrhenius parameters. At
high enough overpotentials, the second site also approaches saturation coverage and the
same increase of apparent activation energy and pre-exponential factor is observed.
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Figure 7: Numerical results of multiple sites contributing to the total kinetic current of the HER assuming the Volmer-
Tafel mechanism. The Tafel step is rate-determining by setting AGhce v < AGher 7, namely AGh, , = 10% and AGY. ¢

= 50%. The equilibrium potentials of the Volmer step at the two different sites are set to E{i,l =—0.15V and E8_2

= 0.05V. Panel a) shows the resulting Constable plot. The arrow indicates the change of the apparent Arrhenius
parameter as a function of applied potential. Panel b) shows the corresponding Tafel plot. The Tafel slope is not
constant over the investigated potential window. Panel c) shows the coverage of adsorbed hydrogen on the two different
sites as a function of potential. Panel d) shows the apparent Arrhenius parameters (activation energy (black), pre-
exponential factor (red)) as a function of applied potential. Figure S12 shows the Tafel slope as a function of the

overpotential.
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Discussion and conclusions

The simulation results in the previous sections demonstrate that even in ideally chosen
systems (free of heterogeneity, no intrinsic potential-dependent activation entropy in the
elementary reaction rates, no competing reactions from impurities, etc.) an apparent
compensation effect can arise from changes in the kinetic regime as a function of
electrode potential. Mathematically, these effects arise from the effective rate law not
exactly satisfying (the temperature dependence of) the Arrhenius law. Moreover, in the
case of a "heterogeneous" surface, modelled here as two sites differing in activity, a
curved Tafel plot, i.e. with no single Tafel slope, can be obtained, and an apparent
compensation effect is observed. In cases where such phenomena are observed i.e.,
changes between constant Tafel slopes and/or potential-dependent Tafel slopes (i.e., no
single Tafel slope value), we conclude that it cannot unequivocally be demonstrated that
the observed deviations from ideality are due to a single factor, i.e., potential-dependent
changes in activation entropy in elementary reaction steps.

While most studies on the temperature dependence of the HER have focused on
polycrystalline materials, where deconvoluting facet-dependent adsorbate and surface
charge contributions are intractable, a compensation effect has been shown to arise for
more "idealized" electrode materials such as Hg and single-crystalline metal electrodes
(i.e., Ag and Pt). Schmickler and colleagues studied the temperature dependence of the
HER on both Ag and Pt single-crystal electrodes and observed non-idealities (i.e.,
increasing apparent activation energy with more negative potentials and a potential
dependent pre-exponential factor, quite similar to what we modeled in Figure 3), which
for the case of Ag they tentatively attributed to the effect to adsorption of anions.'® For
the case of Pt(111) single-crystal electrode, they observed a curved Tafel plot, which as
discussed above, makes the attribution of the observed compensation effect challenging.®
Defects inherently found on Pt(111) may show high HER activity compared to the terrace
atoms and may be the cause of the deviation from ideality.5%-5 Also note that from plots
such as shown in Figure 2d, Figure 3d, Figure 5d and Figure 7d, one could derive
enthalpic and entropic contributions to the transfer coefficient, as originally defined by
Conway.'8 21 However, those quantities would not have a clear physical meaning, as they
would, again, be a result from fitting a non-Arrhenius rate law by the Arrhenius law. Hg
would by far be the most ideal material for studying fundamental concepts such as the
compensation effect, as it reduces the side phenomena that may cause an apparent
compensation effect. Conway indeed observed a compensation effect when studying the
HER on Hg in acidic media in a potential regions where a constant Tafel slope is observed
(i.e., ensuring that there is no change in kinetic regimes).'”- 52 Nonetheless, the apparent
compensation effect for this system was later shown to arise from the diffuseness of the
double layer and when accounting for it, no compensation effect was observed.35 53
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In general, linking an observed compensation effect in electrochemical measurements to
intrinsic entropic contributions is difficult due to the high complexity of the electrode-
electrolyte interface, which will undermine the assumption that the reaction rate will
exactly satisfy the Arrhenius law at every potential. Here, we have shown even for a
prototypical, simple electrochemical reaction that a compensation effect can occur when:
1) there is a change in the rate-determining step or a change in balance between two
steps, as a function of potential; 2) multiple active sites are present on a catalyst. We
have shown that in both cases, non-constant Tafel slopes indicate the concurrence of a
compensation effect. In general, interpretation of observed compensation effects should
be done with caution, especially when a multi-step reaction is investigated as a function
of potential and temperature. Both parameters can change the effective rate law —
resulting in a curved Arrhenius plot — and cause an apparent compensation effect which
does not signify any intrinsic entropy-enthalpy compensation. As outlined by others
before, in such cases the observed compensation effect has a mathematical, i.e. non-
intrinsic, origin.26-27. 54

Regardless of our results and conclusions based on these simple models, studying the
compensation effect for electrochemical reactions is a fascinating topic that might be able
to resolve some of the currently unanswered questions about mechanisms and interfacial
electrolyte effects. Apart from a more detailed numerical and analytical study of different
models, we propose that these insights should preferably be tested against experiments
using well-defined single crystal electrodes in potential regions where the Tafel slope is
sufficiently constant.
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