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a b s t r a c t 

The generic volcano plot is a widely employed practical tool to display and compare the activity of dif- 

ferent electrocatalysts in dependence of a small number of descriptors. It is known that the apex of the 

volcano curve shifts with applied potential. However, the trend of the potential-dependent shift of the 

volcano apex has remained unclear. Herein, we address this question for a two-step electrocatalytic reac- 

tion. With the transfer coefficient assumed as 1/2, our analysis reveals that the adsorbate coverage at the 

volcano apex equals 1/2 regardless of potential. We present a criterion to predict the direction and mag- 

nitude of the apex shift as a function of the activation energies of the two steps. Thereafter, the criterion 

is extended to the oxygen reduction reaction. The influence of the transfer coefficient and the potential 

of zero charge on the volcano plot is revealed. Implications of the presented criterion for targeted design 

of electrocatalysts are discussed. 

© 2021 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. INTRODUCTION 

Electrocatalyst materials are needed in electrochemical devices 

o accelerate vital reactions, such as the oxygen reduction or evo- 

ution reactions [ 1 , 2 ]. In this context, concepts founded on the

abatier-volcano principle find increasing use in comparative anal- 

ses and materials screening [3–5] . In the archetypal variant, a 

olcano plot relates the activities of a class of catalytic materi- 

ls to the chemisorption strength of reaction intermediates. In the 

950s, Parsons [6] and Gerischer [7] derived a volcano-shape curve 

or the hydrogen evolution reaction (HER). The curve is a mani- 

estation of the Sabatier principle of heterogeneous catalysis [8] , 

hich states that the interaction between a catalyst surface and 

dsorbed reaction intermediates should be neither too strong nor 

oo weak. In the 1970s, Trasatti compiled the first experiment- 

ased volcano plot for the HER which employed the hydrogen ad- 

orption enthalpy extracted earlier by Krishtalik from experimental 

ata [ 9 , 10 ]. Platinum was found at a location closest to the apex of

he volcano curve. 

Stepping into the 21st century, quantum-chemistry calculations 

n tandem with the computational hydrogen electrode approach 

ave enabled the generation of extensive databases of adsorption 

nergies [ 11 , 12 ], shedding new light on the pertinent criteria for
∗ Corresponding author. 
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atalyst design. It has been claimed that, for the optimal electrocat- 

lyst material, the equilibrium potential of each reaction step must 

e equal to the overall equilibrium potential [13] . In this vein, con- 

idering a two-step two-electron reaction, the binding energy of 

he reaction intermediate (RI) should be precisely half of the sum 

f the free energy of reactant and product states. If reaction is con- 

rolled at its overall equilibrium potential, then it features a per- 

ectly flat free energy profile (in the sense that no activation free 

nergy is considered). A material with the ideal energetic proper- 

ies for the reaction of interest is called a thermodynamically neu- 

ral one [10] . 

This approach assesses the catalyst activity by the so-called 

hermodynamic limiting potential ( U L ), the potential at which the 

eaction energy of the thermodynamically least favorable step ap- 

roaches 0. In other words: once U L is achieved, no step is uphill 

14] . The relation between U L and the intermediate binding energy 

ranslates into a thermodynamic volcano plot (TDVP). Owing to its 

imple concept and advances in ab initio techniques [ 15 , 16 ], com-

utational materials screening based on the TDVP has made deep 

nroads into electrocatalysis [ 3 , 4 ]. 

The curse and the blessing of the TDVP both lie in its simplicity, 

hat is, catalyst activity is solely determined by binding energies 

f adsorbed intermediates. Schmickler et al . suggested that a com- 

lete picture of catalyst activity for the HER should entail at least 

wo more properties: the relative position of the metal d-band and 

he Fermi level, and the interaction strength between the d-band 
nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Scheme 1. Schematic of the two-step PCET reaction. In the first step, reactant A 

receives an electron and a proton, forming a chemisorbed intermediate AH. In the 

second step, AH receives another electron-proton pair, transforms into AH 2 and des- 

orbs from the electrode surface. 

Scheme 2. Free energy diagram illustrating the base-case parameters. The conven- 

tional computational hydrogen electrode scheme is used here [14] . The superscript 

“eq” in G eq , 0 
a , 1 

(or G eq , 0 
a , 2 

) denotes that step 1 (or step 2) is in equilibrium when the 

activation energy is measured. 
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nd the hydrogen 1 s orbital [17] . Though not independent, these 

wo factors as well as the binding energy sometimes act against 

ach other, as discussed in ref 14 . Besides, another severe limita- 

ion of the analysis based on the TDVP is that it ignores the impact

f activation energies and applied overpotential. 

A recent experimental study revealed that the assumption of 

hermoneutrality for the optimal catalyst in the TDVP analysis 

ailed to explain the superior activity of RuO 2 over IrO 2 for the 

xygen evolution reaction (OER) or the chlorine evolution reaction 

CER) [18–20] . A kinetic volcano plot, compiled by Exner, explained 

his anomaly [21] . It exposes a shift of the volcano apex towards 

ore weakly bound intermediates with increasing overpotential 

or both reduction and oxidation reactions. Instead of being con- 

rolled by U L , the activity is controlled by the energy difference 

etween the initial configuration of the surface (identified from 

he DFT-based Pourbaix diagram) and the highest transition state 

n the free energy diagram (FED) of the reaction [22–24] , similar 

o the property considered in the energetic span model devised 

y Kozuch and Shaik [ 25 , 26 ] and introduced to the field of elec-

rocatalysis by Chen et al. [ 27 , 28 ]. More recently, by microkinetic

odeling, Zhang, Zhang and Huang pointed out that, for the oxy- 

en reduction reaction (ORR), an increase in overpotential shifts 

he optimal catalyst (in terms of the turnover frequency, TOF) to 

tronger oxygen bonding [29] . Around the same time, Ooka and 

amakura derived a potential-dependent volcano plot for the HER 

nd demonstrated that the apex could shift in either direction de- 

ending on reaction conditions [30] . 

Until now, the deviation of the optimal material from the pre- 

iction based on the TDVP has been reported for many crucial 

eactions (HER, ORR, CER, to name a few) [ 19 , 21 , 29 , 30 ]. It could

e rationalized by the potential dependence of the volcano plot 

 29 , 30 ]. Nevertheless, there is a lack of a universal criterion to de-

ermine, for any given reaction, in which direction the kinetic vol- 

ano apex shifts. In order to predict the optimal material at any 

verpotential, it is a pressing need to provide such a criterion. 

For a two-step reaction with one adsorbed intermediate, the 

dsorbate binding energy is the descriptor of a conventional one- 

imensional volcano plot. A multi-step reaction with n ( n > 2) types 

f adsorbed intermediates requires an n-dimensional volcano plot 

hich, by employing scaling relations, can be reduced to a one- 

imensional one in the most expedient case [14] . However, in ad- 

ition to the binding energy, surface charging relations and local 

onditions at the reaction plane severely alter the catalyst activity 

31–35] . Thus, a volcano plot considering these effects would be 

uitable for a meaningful comparison of different catalysts. On the 

ne hand, catalyst-specific parameters, such as transfer coefficient 

and the potential of zero charge (PZC) φPZC , add extra dimen- 

ions to volcano plots [36] . On the other hand, catalyst-nonspecific 

arameters, such as reactant concentrations and electrode poten- 

ial, will affect the shape and peak position of volcano plots. 

In this article, we analyze a two-step proton-coupled electron 

ransfer (PCET) reaction to understand the parametric effects that 

ontrol the peak shift. We first prove that, on the premise of the 

ransfer coefficient being 1/2, the optimal catalyst at any given po- 

ential is the one that exhibits half coverage by adsorbed interme- 

iates. Then, we provide a criterion that pinpoints the shift di- 

ection of the volcano apex. This criterion focuses on the effect 

f changes in activation energies while other kinetic factors are 

ssumed constant to retain a low-dimensional volcano plot. Af- 

er generalizing the criterion with respect to reactant and product 

oncentrations, we demonstrate its applicability to ORR, a multi- 

tep PCET reaction. Following that analysis, systematic studies on 

he influence of the surface charging relations and intrinsic kinetic 

arameters on the criterion are carried out. A discussion of impli- 

ations for materials screening and design concludes this contribu- 

ion. 
�

2 
. MODEL DEVELOPMENT 

.1. Reaction scheme 

The considered two-step proton-coupled electron transfer reac- 

ion is 

+ A + e − + H 

+ ↔ A H 

∗ (1a) 

 H 

∗ + e − + H 

+ ↔ A H 2 + ∗ (1b) 

As illustrated in Scheme 1 , in step 1, A is chemisorbed onto 

he catalyst surface to form an intermediate A H 

∗. In step 2, the 

ntermediate is desorbed after receiving an electron and a pro- 

on. This two-step reaction scheme applies directly for several im- 

ortant reactions, for example, with AH 

∗ being H 

∗ for the HER 

 2H 

+ + 2e − → H 2 ) or being COOH 

∗ for the CO 2 reduction reaction

t Au or Ag surfaces ( CO 2 + 2H 

+ + 2e − → CO + H 2 O ). 

.2. Microkinetic model 

The reaction equations are 

 1 = k 1 

[
H 

+ ][ A ] 
(
1 − θAH 

)
− k −1 θAH (2a) 

 2 = k 2 

[
H 

+ ]θAH − k −2 [ A H 2 ] 
(
1 − θAH 

)
(2b) 

here k i and k −i are the forward and backward rate constants of 

tep i , and θAH is the coverage of AH 

∗. Definitions and values of 

ase-case parameters are given in Table 1 and shown in Scheme 2 . 

articularly, �G 

0 
AH 

does not affect G 

eq , 0 
a , 1 

or G 

eq , 0 
a , 2 

, as the Bronsted–

vans–Polanyi relation can be written as G 

0 
a , i 

= G 

eq , 0 
a , i 

+ α�G 

0 
r , i 

with 

G 

0 
r , i 

being the reaction free energy of step i [37] . Moreover, the 



Y. Zhang, J. Huang and M. Eikerling Electrochimica Acta 400 (2021) 139413 

Table 1 

Base-case parameters. 

Symbol Definition Value 

[ A ] Dimensionless concentration of A 1 

[ A H 2 ] Dimensionless concentration of AH 2 1 

[ H 

+ ] b Dimensionless concentration of H 

+ in the bulk solution 1 

α Transfer coefficient of step 1 and 2 0.5 

�G 0 
A 

Standard a Gibbs energy of A 3 eV 

�G 0 
A H 2 

Standard Gibbs energy of AH 2 0.5 eV 

E eq , 0 
1 

Standard equilibrium potential of step 1 ( �G 0 
A 

− �G 0 
AH 

) /e 

E eq , 0 
2 

Standard equilibrium potential of step 2 ( �G 0 
AH 

− �G 0 
A H 2 

) /e 

G eq , 0 
a , 1 

Standard activation energy of the first step at E eq , 0 
1 

0.5 eV 

G eq , 0 
a , 2 

Standard activation energy of the second step at E eq , 0 
2 

0.5 eV 

ε w Permittivity of water 78.5 ε 0 

a Standard state corresponds to 298 K, 1 bar, 0 V applied potential vs the standard hydrogen electrode (SHE), 1 mol/L concentration for soluble reactants and 1 bar 

pressure for gaseous reactants. 
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alues of �G 

0 
A 

and �G 

0 
A H 2 

are selected to ensure the overall equi- 

ibrium potential, E eq , 0 = ( �G 

0 
A 

− �G 

0 
A H 2 

) / 2 e , is around 1 V, which

s a moderate value. 

At steady state, we have 

 1 = v 2 = TOF (3) 

here TOF is the turnover frequency. Substituting Eqs. (2) into 

q. (3) and solving for θAH gives 

AH = 

k 1 [ H 

+ ] [ A ] + k −2 [ A H 2 ] 

k 1 [ H 

+ ] [ A ] + k 2 [ H 

+ ] + k −1 + k −2 [ A H 2 ] 
(4) 

OF = 

k 1 k 2 [ H 

+ ] 2 [ A ] − k −1 k −2 [ A H 2 ] 

k 1 [ H 

+ ] [ A ] + k 2 [ H 

+ ] + k −1 + k −2 [ A H 2 ] 
(5) 

ith rate constants, 

 1 = k 0 exp 

( 

−
G 

eq , 0 
a , 1 

+ αe 
(
φM − φOHP − E 

eq , 0 
1 

)
k B T 

) 

(6) 

 −1 = k 0 exp 

( 

−
G 

eq , 0 
a , 1 

− ( 1 − α) e 
(
φM − φOHP − E 

eq , 0 
1 

)
k B T 

) 

(7) 

 2 = k 0 exp 

( 

−
G 

eq , 0 
a , 2 

+ αe 
(
φM − φOHP − E 

eq , 0 
2 

)
k B T 

) 

(8) 

 −2 = k 0 exp 

( 

−
G 

eq , 0 
a , 2 

− ( 1 − α) e 
(
φM − φOHP − E 

eq , 0 
2 

)
k B T 

) 

(9) 

here φM and φOHP are the potential in the metal electrode and 

hat at the position of the outer Helmholtz plane (OHP), respec- 

ively. The proton concentration at the OHP is then 

H 

+ ] = 

[
H 

+ ]
b 

exp 

(
−e φOHP 

k B T 

)
(10) 

In the Gouy-Chapman model [ 38 , 39 ], φOHP is calculated from 

OHP + 

√ 

8 [ H 

+ ] b c 
ref 
H + k B N A T ε w 

sinh 

(
e φOHP 

2 k B T 

)
ε OHP 

δOHP 

= φM − φPZC (11) 

here c ref 
H + is the reference H 

+ concentration, ε w 

is the permittiv- 

ty of bulk water, φPZC is the potential of zero charge (PZC), and 

 

OHP and δOHP are the permittivity and thickness of the medium 

etween the OHP and the metal electrode surface, respectively. It 

s worthwhile to note that by PZC we always imply the potential 

f zero free charge [49] . 
3 
Different catalysts have different �G 

0 
AH 

and PZCs. When gener- 

ting a volcano plot, one of the most important yet usually over- 

ooked aspects is that α and G 

eq , 0 
a , i 

( i = 1 , 2 ) , just like �G 

0 
AH 

and 

ZCs, do not remain the same among different materials. Thus, ev- 

ry parameter will contribute a degree of freedom, and a kinetic 

olcano plot accounting for all the parameters should be multidi- 

ensional. However, aiming for a simplified picture and an ana- 

ytical result, we make the following assumptions when presenting 

nd proving the criterion in the next section: 

1 The supporting electrolyte is highly concentrated so that φOHP 

can be approximated to be 0 V, i.e., equal to the potential in 

the bulk solution (the reference potential). In this vein, the PZC 

does not play a role in the volcano analysis; 

2 For the whole class of materials, α = 1 / 2 for both step 1 and 2;

The assumptions will be the basis for the mathematical deriva- 

ion in the following section. In the Discussion section, however, 

e will relax these assumptions one at a time and analyze the in- 

uence of each parameter. 

. CRITERION AND PROOF 

The optimal binding energy corresponding to the volcano apex 

s denoted as �G 

optim 

AH 
and the overpotential is defined as η = 

 

eq , 0 − φM . The criterion for finding the optimal electrocatalyst at 

ny overpotential will be formulated by the following theorem, 

hich will be rigorously proved shortly. 

HEOREM 1. Consider a two-step proton-coupled electron transfer 

eaction in solution with high supporting-electrolyte concentration, 

= 1 / 2 and [A] = [ A H 2 ] . 

If G 

eq , 0 
a , 1 

< G 

eq , 0 
a , 2 

, then as η increases, �G 

optim 

AH 
becomes more posi- 

ive, and levels off at very large η. 

If G 

eq , 0 
a , 1 

= G 

eq , 0 
a , 2 

, then as η increases, �G 

optim 

AH 
remains the same. 

If G 

eq , 0 
a , 1 

> G 

eq , 0 
a , 2 

, then as η increases, �G 

optim 

AH 
becomes more nega- 

ive, and levels off at large η. 

Theorem 1 provides a universal criterion for the direction of 

he shift of the volcano apex with increasing overpotential η. 

ig. 1 a demonstrates the volcano plot for the case with G 

eq , 0 
a , 1 

< 

 

eq , 0 
a , 2 

. As the overpotential increases, the volcano curve shifts 

p, and its apex moves towards right, asymptotically approach- 

ng a limiting value. The change of �G 

optim 

AH 
with η is shown in 

ig. 1 b for all three cases listed in Theorem 1 . For G 

eq , 0 
a , 1 

= G 

eq , 0 
a , 2 

,

G 

optim 

AH 
remains 1.75 eV which is the thermoneutral value given 

y ( �G 

0 
A 

+ �G 

0 
A H 2 

) / 2 . G 

eq , 0 
a , 1 

> G 

eq , 0 
a , 2 

induces an opposite trend com- 

ared with G 

eq , 0 
a , 1 

< G 

eq , 0 
a , 2 

. 
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Scheme 3. Role of coverage θAH in the proof of Theorem 1: a link between �G optim 
AH 

and η. Using Lemma 1 and Lemma 2 with the help of θAH allowing for a much 

easier proof of Theorem 1 . 
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Proving Theorem 1 directly by relating η with �G 

optim 

AH 
requires 

umbersome mathematics. Instead, we will exploit θAH in an out- 

ank strategy shown in Scheme 3 . Lemma 1 will give the value 

f the optimal coverage, θoptim 

AH 
, corresponding to the volcano apex, 

hile Lemma 2 will give the change of θAH with η. In short, θAH 

erves as a bridge which helps to locate the volcano apex at any 

verpotential. 

EMMA 1. Consider a two-step proton-coupled electron transfer re- 

ction in solution with high supporting-electrolyte concentration and 

= 1 / 2 . Then, for any η, θoptim 

AH 
= 1 / 2 . 

Proof. We can find �G 

optim 

AH 
from the condition 

( TOF ) / d( �G 

0 
AH 

) | 
�G 

optim 

AH 

= 0 . Then, substituting the obtained 

G 

optim 

AH 
into θAH gives the corresponding θoptim 

AH 
. 

Here, as stated above, we assume φOHP = 0 . This assumption is 

alid for the case of a highly concentrated supporting electrolyte. 

ewriting each term in the denominator of θAH in Eq. (4) (or that 

f TOF in Eq. (5) ) as a function of �G 

0 
AH 

yields 

 1 

[
H 

+ ][ A ] = k 0 exp 

( 

−
α
(
�G 0 

AH 
− �G 0 

A 

)
k B T 

) 

exp 

( 

−
G eq , 0 

a , 1 
+ αe φM 

k B T 

) [
H 

+ ][ A ] 

= A 1 exp 

(
−α�G 0 

AH 

k B T 

)
(12) 

 2 

[
H 

+ ] = k 0 exp 

⎛ ⎝ −
α
(
�G 0 

A H 2 
− �G 0 

AH 

)
k B T 

⎞ ⎠ exp 

( 

−
G eq , 0 

a , 2 
+ αe φM 

k B T 

) [
H 

+ ]
= B 1 exp 

(
α�G 0 

AH 

k B T 

)
(13) 

 −1 = k 0 exp 

( 

( 1 − α) 
(
�G 0 

AH 
− �G 0 

A 

)
k B T 

) 

exp 

( 

−
G eq , 0 

a , 1 
− ( 1 − α) e φM 

k B T 

) 

= C 1 exp 

(
( 1 − α) �G 0 

AH 

k B T 

)
(14) 

 −2 [ A H 2 ] = k 0 exp 

( 

( 1 − α) 
(
�G 0 

A H 2 
− �G 0 

AH 

)
k B T 

) 

exp 

( 

− G eq , 0 
a , 2 

− ( 1 − α) e φM 

k B T 

) 

[ A H 2 ] 

= D 1 exp 

(
− ( 1 − α) �G 0 

AH 

k B T 

)
(15) 

here A 1 , B 1 , C 1 and D 1 are independent of �G 

0 
AH 

and given 

n the Supporting Information. By substituting Eqs. (12) - (15) to 

q. (4) , we can express θAH as a function of �G 

0 
AH 

, 

AH = 

A 1 exp 

(
− �G 0 

AH 

2 k B T 

)
+ D 1 exp 

(
− �G 0 

AH 

2 k B T 

)
A 1 exp 

(
− �G 0 

AH 

2 k B T 

)
+ B 1 exp 

(
�G 0 

AH 

2 k B T 

)
+ C 1 exp 

(
�G 0 

AH 

2 k B T 

)
+ D 1 exp 

(
− �G 0 

AH 

2 k B T 

) . (16) 
4 
Meanwhile, the numerator of the TOF is expressed as 

 1 k 2 

[
H 

+ ]2 
[ A ] − k −1 k −2 [ A H 2 ] = A 1 B 1 − C 1 D 1 , (17) 

hich is independent of �G 

0 
AH 

. The reciprocal of TOF is then writ- 

en as 

TO F −1 ∝ A 1 exp 

(
− α�G 0 

AH 

k B T 

)
+ B 1 exp 

(
α�G 0 

AH 

k B T 

)
+ C 1 exp 

(
( 1 − α) �G 0 

AH 

k B T 

)
+ D 1 exp 

(
− ( 1 − α) �G 0 

AH 

k B T 

)
(18) 

Taking the derivative, i.e., d( TO F −1 ) / d( �G 

0 
AH 

) = 0 , gives 

αA 1 exp 

(
− α�G 0 

AH 

k B T 

)
+ ( 1 − α) D 1 exp 

(
− ( 1 − α) �G 0 

AH 

k B T 

)
= αB 1 exp 

(
α�G 0 

AH 

k B T 

)
+ ( 1 − α) C 1 exp 

(
( 1 − α) �G 0 

AH 

k B T 

)
(19) 

With α = 1 / 2 and substituting Eq. (16) to Eq. (19) , we finally

rrive at θoptim 

AH 
= 1 / 2 , which is also confirmed by numerical simu- 

ations of the volcano plot and θAH at four different values of η, as 

llustrated in Fig. 2 . Note that the proof of Lemma 1 is independent

f the values of [A] and [ A H 2 ] . �

In the case of α = 1 / 2 , as considered here, the optimal binding

nergy is calculated by inserting θAH = 1 / 2 into Eq. (16) , 

G 

optim 

AH 
= k B T ln 

A 1 + D 1 

B 1 + C 1 
(20) 

here A 1 , B 1 , C 1 and D 1 are dependent on η (see the Supporting 

nformation), so �G 

optim 

AH 
is a function of η. In the limit of high 

verpotential, when C 1 and D 1 can be neglected, we obtain 

G 

optim 

AH 
| η high = 

�G 

0 
A 

+ �G 

0 
A H 2 

2 

+ k B T ln [ A ] + G 

eq , 0 
a , 2 

− G 

eq , 0 
a , 1 

(21) 

The fact that �G 

optim 

AH 
| η high is invariant with η corroborates the 

tatement in Theorem 1: �G 

optim 

AH 
levels off at large η. The first term 

s the binding energy of the so-called thermoneutral catalyst at the 

quilibrium potential [ 12 , 13 ]. The second and last two terms ac- 

ount for the deviation from thermoneutrality because of concen- 

ration and activation energies. The larger the difference in activa- 

ion energies, the larger the deviation of the optimal catalyst from 

he thermoneutral one; the deviation could be well above 0.2 eV, 

he uncertainty in binding energy from DFT calculations [40] . 

Having established that the optimal performance occurs at 
optim 

AH 
= 1 / 2 (for α = 1 / 2) , the correlation between coverage and

verpotential, which will be introduced by LEMMA 2 , allows con- 

ecting the position of the volcano apex with the overpotential 

see Scheme 3 ). 

EMMA 2. Consider a two-step proton-coupled electron transfer re- 

ction in solution with high supporting-electrolyte concentration, α = 

 / 2 and [A] = [ A H 2 ] . 

If G 

eq , 0 
a , 1 

< G 

eq , 0 
a , 2 

, then for any catalyst, as η increases, θAH increases. 

.e. , d θAH / d η > 0 . 

If G 

eq , 0 
a , 1 

= G 

eq , 0 
a , 2 

, then for any catalyst, as η increases, θAH remains 

he same. 

If G 

eq , 0 
a , 1 

> G 

eq , 0 
a , 2 

, then for any catalyst, as η increases, θAH de- 

reases. i.e. , d θAH / d η < 0 . 

Proof. Rewriting each term in θAH as a function of ˜ η = 

eη
k B T 

, 

 1 

[
H 

+ ][ A ] = k 0 exp 

(
−�G 0 

AH 
− �G 0 

A 

2 k B T 

)
exp 

( 

−
G eq , 0 

a , 1 
+ 0 . 5 e φM 

k B T 

) [
H 

+ ][ A ] 

= A 2 exp ( 0 . 5 ̃  η) (22) 

k 2 
[
H 

+ ] = k 0 exp 

( 

−
�G 0 

AH 2 
− �G 0 

AH 

2 k B T 

) 

exp 

( 

−
G eq , 0 

a , 2 
+ 0 . 5 e φM 

k B T 

) [
H 

+ ]
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Fig. 1. Illustration of Theorem 1 . a) Kinetic volcano plot at four different overpotential ηs assuming G eq , 0 
a , 1 

= 0 . 4 eV and G eq , 0 
a , 2 

= 0 . 6 eV . The volcano apex moves to the right 

with increasing η; b) The optimal binding energy as a function of η for G eq , 0 
a , 1 

= 0 . 4 eV , G eq , 0 
a , 2 

= 0 . 6 eV ; G eq , 0 
a , 1 

= 0 . 5 eV , G eq , 0 
a , 2 

= 0 . 5 eV ; G eq , 0 
a , 1 

= 0 . 6 eV , G eq , 0 
a , 2 

= 0 . 4 eV . The trends 

are in line with that stated in Theorem 1 . For both a) and b), parameters other than G eq , 0 

a , i 
retain their base values shown in Table 1 . 

Fig. 2. The upper subfigure is the volcano plot for G eq , 0 
a , 1 

= 0 . 4 eV and G eq , 0 
a , 2 

= 0 . 6 eV 

at different values of the overpotential η. Other parameters retain their base values 

in Table . The lower subfigure shows θAH as a function of �G 0 
AH 

. Changing overpo- 

tential does not alter θ optim 
AH 

= 1 / 2 . 

k

k

g

θ

w

S

t

 ) 
2 

(27) 

G

Fig. 3. The coverage of the adsorbed intermediate θAH as a function of overpotential 

η for four different catalysts Cat 1 ∼Cat 4 for the case with G eq , 0 
a , 1 

= 0 . 4 eV and G eq , 0 
a , 2 

= 

0 . 6 eV . Binding energies of the four catalysts are showed in the plot. The curves are 

divided into four overpotential regimes, within which the color is the same as that 

used in Fig. 2 . Other parameters retain their base values in Table 1 . 

 

s

G

P

f

c

o

o

η
i

a

c

p

θ
 2 ) 

≈

I

�

s  

a  

i

b

= B 2 exp ( 0 . 5 ̃  η) (23) 

 −1 = k 0 exp 

(
�G 0 

AH 
− �G 0 

A 

2 k B T 

)
exp 

( 

− G eq , 0 
a , 1 

− 0 . 5 e φM 

k B T 

) 

= C 2 exp ( −0 . 5 ̃ η) (24) 

 −2 [ A H 2 ] = k 0 exp 

( 

�G 0 
A H 2 

− �G 0 
AH 

2 k B T 

) 

exp 

( 

−
G 

eq , 0 
a , 2 

− 0 . 5 e φM 

k B T 

) 

[ A H 2 ] 

= D 2 exp ( −0 . 5 ̃ η) (25) 

ives, 

AH = 

A 2 exp ( 0 . 5 ̃  η) + D 2 exp ( −0 . 5 ̃  η) 

A 2 exp ( 0 . 5 ̃  η) + B 2 exp ( 0 . 5 ̃  η) + C 2 exp ( −0 . 5 ̃  η) + D 2 exp ( −0 . 5 ̃  η) 
(26) 

here A 2 , B 2 , C 2 and D 2 are independent of ˜ η, and given in the 

upporting Information. Taking the derivative of θAH with respect 

o ˜ η gives 

d θAH 

d ̃  η
= 

A 2 C 2 − B 2 D 2 

( A 2 exp ( 0 . 5 ̃  η) + B 2 exp ( 0 . 5 ̃  η) + C 2 exp ( −0 . 5 ̃  η) + D 2 exp ( −0 . 5 ̃  η)

d θAH 
d ̃ η

> 0 warrants A 2 C 2 > B 2 D 2 , which can be written as 

 

eq , 0 
a , 1 

− 1 

k B T ln [ A ] < G 

eq , 0 
a , 2 

− 1 

k B T ln [ A H 2 ] (28) 

2 2 

5 
Because of [A] = [ A H 2 ] , the condition is G 

eq , 0 
a , 1 

< G 

eq , 0 
a , 2 

. In the

ame vein, 
d θAH 

d ̃ η
= 0 requires G 

eq , 0 
a , 1 

= G 

eq , 0 
a , 2 

and 

d θAH 
d ̃ η

< 0 requires 

 

eq , 0 
a , 1 

> G 

eq , 0 
a , 2 

. �

roof. of Theorem 1 . 

Let’s consider the case with G 

eq , 0 
a , 1 

< G 

eq , 0 
a , 2 

. The other two cases 

ollow the same logic. It is proved by Lemma 1 that the optimal 

atalyst is half-covered by the adsorbed intermediate irrespective 

f η. Therefore, the optimal catalyst denoted by Ca t 1 at a certain 

verpotential η1 is half-covered. As the overpotential increases to 

2 , Lemma 2 implies that θAH of Ca t 1 increases above 1/2, shift- 

ng it away from the volcano apex. Therefore, the optimal catalyst 

t η2 should bind A H 

∗ weaker than Ca t 1 to ensure that the “half- 

overage” requirement is fulfilled. Equivalently speaking, as over- 

otential increases from η1 to η2 , �G 

optim 

AH 
becomes more positive. 

At sufficiently high η, we have 

AH = 

A 2 exp ( ̃  η/ 2 ) + D 2 exp ( − ˜ η/ 2 ) 

A 2 exp ( ̃  η/ 2 ) + B 2 exp ( ̃  η/ 2 ) + C 2 exp ( − ˜ η/ 2 ) + D 2 exp ( − ˜ η/

A 2 exp 

(
˜ η
2 

)
A 2 exp 

(
˜ η
2 

)
+ B 2 exp 

(
˜ η
2 

) = 

A 2 

A 2 + B 2 

. (29) 

Because A 2 and B 2 are independent of η (see the Supporting 

nformation), θAH becomes independent of η in this limit, so that 

G 

optim 

AH 
levels off. �

We will use a concrete example to illustrate the proof. We as- 

ume G 

eq , 0 
a , 1 

= 0 . 4 eV and G 

eq , 0 
a , 2 

= 0 . 6 eV , while the other parameters

re set at the base values in Table . θAH as a function of η is plotted

n Fig. 3 for four different catalysts, Ca t 1 to Ca t 4 , with increasing 

inding energies. 
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Fig. 4. Kinetic volcano plot of the ORR. [O 2 ] = 0 . 032 , [H 2 O] = 1 , G eq , 0 

a , ad 
= G eq , 0 

a , 1 
= 

0 . 37 eV , and G eq , 0 

a , de 
= G eq , 0 

a , 4 
= 0 . 26 eV . Other parameters are the same as those used 

in Ref. 25 . The condition, �G eq , 0 
a > ��G r / 2 , is fulfilled. As η increases, the volcano 

apex moves to the left, and levels off at high η, as predicted by the generalized 

criterion. 

Fig. 5. Volcano curves of mean (deep-colored thin curve) and standard deviation 

(light-colored broad band) of 50 sets of TOF values. For each �G 0 
AH 

, 50 sets of 

[ α1 , α2 ] for step 1 and step 2 are used to generate the TOF values. G eq , 0 
a , 1 

= 0 . 6 eV and 

G eq , 0 
a , 2 

= 0 . 4 eV , and other parameters retain their base values. The overall trend of the 

apex shift remains the same as the criterion: for the case with �G eq , 0 
a < 

1 
2 
��G r , 

�G optim 
AH 

becomes more negative, and levels off at large η. 

4

a

f

v

a  

t

a

w

g

a

c

t

a

c

f  

p

s

a

At η = 0 . 1V , Lemma 1 tells us that the best catalyst is Ca t 1 with

0% coverage and features a binding energy of 1.77 eV. As η in- 

reases to 0 . 2V , the coverage on Ca t 1 increases to almost 100%, 

hich is in line with Lemma 2 . However, only by reducing the cov-

rage to 50% can the optimal catalytic activity be achieved. Thus at 

= 0 . 2V , catalyst Ca t 2 , with weaker bond strength (more positive 

inding energy), is half-covered by AH, and hence standing at the 

olcano apex. As η > 0 . 3V , θAH is almost invariant with η, so the

hange of �G 

optim 

AH 
is negligible. 

. DISCUSSION 

.1. Generalization to the case with [A] � = [ AH 2 ] 

In most real situations, the dimensionless concentrations of 

he reactant and product are different. Without the assumption of 

A] = [ A H 2 ] , the condition G 

eq , 0 
a , 1 

< G 

eq , 0 
a , 2 

in Theorem 1 will change

o G 

eq , 0 
a , 1 

− 1 
2 k B T ln [A] < G 

eq , 0 
a , 2 

− 1 
2 k B T ln [ A H 2 ] according to Equation 

28). 

Recalling E eq = −�G r 
ne and the Nernst equation E eq = E eq , 0 −

k B T 
ne ln 

[ A H 2 ] 
[A] 

, the new condition to replace G a,1 
eq,0 < G a,2 

eq,0 can be 

ewritten as 

G 

eq , 0 
a > 

1 

2 

��G r (30) 

ith �G 

eq , 0 
a = G 

eq , 0 
a , 2 

− G 

eq , 0 
a , 1 

and ��G r = �G r − �G 

0 
r = 

2 e ( E eq − E eq , 0 ) . 

.2. Application to the ORR: a four-electron PCET reaction 

The developed criterion can be used in the analysis of other 

lectrocatalytic reactions that involve more steps and several in- 

ermediates, as will be demonstrated for the ORR in this section. 

he definition of �G 

eq , 0 
a needs to be modified for multi-step re- 

ctions: �G 

eq , 0 
a = G 

eq , 0 

a , de 
− G 

eq , 0 

a , ad 
. Herein, the subscript ‘ad’ stands for 

he adsorption of reactant onto the catalyst surface (the first step), 

hile ‘de’ stands for the desorption of the product from the cata- 

yst surface (the last step). 

The ORR pathway is given by Equation (31) [31] , 

+ O 2 + H 

+ + e − ↔ OO H 

∗ (31a) 

+ OO H 

∗ ↔ O H 

∗ + O 

∗ (33b) 

 

∗ + H 

+ + e − ↔ O H 

∗ (33c) 

 H 

∗ + H 

+ + e − ↔ H 2 O + ∗ (33d) 

The microkinetic model is the same as that used in Ref. 25 and 

iven in the Supporting Information. Here, we use [ O 2 ] = 0 . 032 ,

 H 2 O ] = 1 , G 

eq , 0 

a , ad 
= G 

eq , 0 
a , 1 

= 0 . 37 eV , and G 

eq , 0 

a , de 
= G 

eq , 0 
a , 4 

= 0 . 26 eV . Sim-

le calculation shows that �G 

eq , 0 
a < ��G r / 2 is fulfilled, which 

redicts that as η increases, the apex of the volcano plot will shift 

o stronger binding regime, and level off at large η. 

Fig. 4 shows the volcano plot derived by the microkinetic 

odel. As η increases, �G 

optim 

AH 
decreases, and levels off for η > 

 . 53V . The generalized criterion predicts this behavior successfully. 

.3. Influence of kinetic parameters 

In the above analyses, the criterion for the shift of the volcano 

pex has been proven and tested for the ORR with several restric- 

ive assumptions on kinetic parameters. In this section, these as- 

umptions are relaxed one at a time. We analyze the stability of 

he criterion against these variations. These tests are done for the 

eneric two-step mechanism in Eqs. (1) . 
6 
.4. Influence of transfer coefficient α

The transfer coefficient α may depart from 1/2 and differ 

mong different steps for a single material as well as among dif- 

erent materials for a single step. Following the literature, typical 

alues of α estimated theoretically lie in the range between 0.3 

nd 0.7 [ 22 , 33 , 41–44 ]. In this section, we study a group of 21 ma-

erials with the binding energy �G 

0 
AH 

ranging from 1 to 2 eV in 

 step of 0.05 eV. Given that experimental data of α are scarce, 

e do not know the precise value of α for a given catalyst and a 

iven step. Therefore, for each one of these materials we randomly 

ssign 50 sets of [ α1 , α2 ] between 0.3 and 0.7, as transfer coeffi- 

ients of step 1 and step 2, respectively, and calculate the TOF. In 

his way, 50 different TOFs are obtained for every �G 

0 
AH 

. The mean 

nd standard deviation of those TOFs, then, translate into the vol- 

ano plot shown in Fig. 5 . Here, the condition �G 

eq , 0 
a < 

1 
2 ��G r is 

ulfilled by assuming G 

eq , 0 
a , 1 

= 0 . 6 eV and G 

eq , 0 
a , 2 

= 0 . 4 eV while other

arameters retain their base values. The overall trend of the apex 

hift is preserved: as η increases, �G 

optim 

AH 
becomes more negative, 

nd levels off at large η. 
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Table 2 

PZCs of common catalysts. Here, the PZC refers to the potential of zero free charge. The 

electrolyte solution used for PZC tests is 0.1 M H 2 SO 4 . Data are collected from Ref. [46–49] . 

Metal Ag(111) Pt(100) Pd(111) Pt(111) Au(111) Ir(111) Ru(111) 

PZC / V SHE −0.50 0.34 0.21 0.29 0.47 0.02 0.06 
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.5. Influence of φOHP and φPZC 

Proper consideration of surface charging relations is indispens- 

ble when modeling electrocatalytic reactions [ 29 , 31 , 32 , 45 ]. The

esulting local conditions at the reaction plane, such as φOHP , de- 

ermines both the driving force of the reaction and the concen- 

ration of charged species (see Eq. (6) - (10) ). For highly concen- 

rated solutions, ions effectively screen the electric field, so φOHP 

an be approximated as 0 V relative to the potential in bulk solu- 

ion. For less concentrated solutions, however, φOHP needs to be 

xplicitly calculated. Employing Eq. (11) , the case of φM > φPZC 

ives φOHP > 0 . The assumption of φOHP = 0 leads to an underes- 

imation of the driving force (Eq. (6) and (8)) and an overestima- 

ion of the proton concentration at the OHP (Eq. (10)). Because the 

nfluence of concentration is larger, the TOF will be overrated. 

If PZCs are the same for the whole class of materials, so will be
OHP (assuming the reaction takes place in the same solution). In 

his vein, discarding the assumption of high solution concentration 

ill only lead to a decrease in magnitude of the TOF curves, com- 

ared with the curves in Fig. 1a , while maintaining the trend for 

he apex shift, as stated in Theorem 1 . 

However, the difference in PZCs would result in different φOHP . 

n order to evaluate its effect, we employed PZC as another dimen- 

ion to generate a two-dimensional volcano plot, and check if a 

ertain set of PZCs alters the trend in �G 

optim 

AH 
. We evaluate the 

ollowing two cases: 

Case 1: overall equilibrium potential far from 0 V, here E eq , 0 = 

 . 25V is assumed; Case 2: overall equilibrium potential relatively 

lose to 0 V, here E eq , 0 = 0 . 5V is assumed. For the following anal-

ses in this section, we assume G 

eq 
a , 1 

= 0 . 6 eV and G 

eq 
a , 2 

= 0 . 4 eV .

ther parameters remain at their base values with the exception 

f �G 

0 
A H 2 

being 2 eV for case 2 to impose E eq , 0 = 0 . 5V . 

Experimental values of the PZCs of common metal catalysts 

argely fall into the range between −0.5 V and 0.5 V, as listed in

able 2. [46–49] Thus, in the following analysis, the PZC axis varies 

n the range of [ −0.5, 0.5]. 

Fig. 6 shows the volcano analyses for Case 1 ( Fig. 6 a,b) and

ase 2 (c,d). Comparing the TOF of the class of materials with a 

ertain value of the PZC, for example φPZC , 1 (the horizontal white 

olid lines in Fig. 6 a), �G 

optim 

AH 
decreases with increasing overpo- 

ential. This is predicted by the criterion for reactions that ful- 

ll �G 

eq , 0 
a < 

1 
2 ��G r . Moreover, at a given overpotential, changing 

he PZCs of all materials by the same magnitude does not alter 

G 

optim 

AH 
. This can be observed by the TOF values with φPZC , 1 and 

PZC , 2 , specified by the solid line and the dashed line in the upper 

ubfigure of Fig. 6 a. 

For a certain binding energy, higher PZC leads to higher TOF, as 

an be seen in the longitudinal dotted line in Fig. 6 c. The higher

he PZC is, the lower φOHP would be (see Eq. (11) ), which leads to

 better performance. 1 V difference in the PZC could lead to 10 

rders of magnitude difference in TOF (see Fig. 6 c). As a catalyst- 

pecific property, the PZC is likely to alter the activity trend pre- 

icted by previous thermodynamic and kinetic volcano plots in the 

iterature that do not consider the PZC explicitly. 

The influence of scattering PZCs of different catalysts is investi- 

ated in the following manner. For the first case, 21 materials with 

he binding energy �G 

0 
AH 

ranging from 1 to 2 eV with a step of

.05 eV are studied. For case 2, another 21 materials from 2 to 
c

7 
 eV are selected. In contrast to α, the PZC is a well-documented 

roperty of materials. Therefore, the “mean and standard devia- 

ion” treatment in the previous section is not necessary. Here, we 

ntend to show how a volcano plot for a specific class of materi- 

ls looks like. For each of these materials, a random value between 

0.5 V and 0.5 V is assigned to the PZC (specified in the Support- 

ng Information), then its TOF is calculated and compiled into a 

olcano plot (see Fig. 6 b,d). 

The fluctuation of the TOFs around the base-case volcano curves 

n Case 2 is larger than that of Case 1. Consequently, for a reaction 

ith E eq , 0 close to 0 V, there could be several materials with up to 

.3 eV difference in �G 

0 
AH 

(marked by the full green circles) that 

xhibit very high activity in activity at high overpotential. At low 

verpotential, the optimal material (marked by the full blue circle) 

ould deviate from the apex of the volcano curve by about 0.2 eV. 

To sum up, the explicit consideration of the PZC exerts a larger 

nfluence on the criterion for reactions with E eq , 0 close to 0 V, such 

s the HER, than those with E eq , 0 far from 0 V, such as the ORR 

nd the CO 2 reduction reaction. 

.6. Implications for materials screening 

It is the common practice to evaluate catalysts in the low cur- 

ent density regime ( ∼1 mA/cm 

2 ), where mass transport effects do 

ot affect the measured activity. However, as pointed out in this 

ork, the sequence of catalyst activity as a function of a material 

escriptor that is obtained under these conditions could be mis- 

eading if used in real-world devices. For example, fuel cells oper- 

te at 0.6 to 0.9 V SHE which is far from the equilibrium potential 

f the ORR. Recently devised experimental setups, such as that of 

alitis et al ., allow catalyst activities to be measured over a wide 

ange of overpotentials without interference from mass transport 

ffects [ 50 , 51 ]. In comparative analyses conducted at several high 

alues of overpotential, the trend predicted by the presented crite- 

ion should be seen. 

. CONCLUSION 

This contribution explores the origin of the overpotential- 

ependent volcano plot and provides a criterion that predicts 

hether the volcano apex shifts towards stronger or weaker bind- 

ng direction with increasing overpotential. For the case of a 

eneric two-step PCET reaction in highly concentrated solution 

ith α = 1 / 2 and [A] = [ A H 2 ] , the shift direction of the apex de-

ends on the relative magnitude of the two activation energies of 

he two reaction steps. At high overpotentials, the deviation of the 

ptimal catalyst from the thermoneutral one can be larger than 

.2 eV, the uncertainties of DFT calculations [40] . 

The criterion is then generalized for cases without the assump- 

ion of [A] = [ A H 2 ] and proven effective for a multi-step reaction, 

iz . the ORR. Furthermore, kinetic parameters that are fixed in the 

erivation of Theorem 1 , such as the transfer coefficient and the 

ZC, are then allowed to randomly fluctuate. With the transfer co- 

fficient randomly sampled in the range between 0.3 and 0.7, the 

rend in the shift of the volcano apex remains valid. The scatter- 

ng of the PZC between −0.5 and 0.5 V mainly affects the criterion 

hen applying to reactions with the overall equilibrium potential 

lose to 0 V (vs. the potential in bulk electrolyte solution); whereas 
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Fig. 6. (a), (c) Two-dimensional volcano plots for case 1 (a) and case 2 (c) at η = 0 . 4V and 0 . 1V . For a certain binding energy, higher φPZC leads to higher activity. Modifying 

the PZCs for the whole class of materials by the same magnitude does not shift �G optim 
AH 

. (b), (d) Volcano curves and TOF values at η = 0 . 4V and 0 . 1V for case 1 (b) and case 

2 (d). Solid curves: volcano curves assuming φPZC = 0V . Circles: TOF values obtained with a specific set of φPZC , randomly sampled from −0 . 5 to 0 . 5 , for each material. The 

TOF values close to the highest activities at two different η are marked with full circles. The explicit consideration of the PZC exerts a higher impact on the criterion for case 

2 than for case 1. For (a) ∼(d), G eq 
a , 1 

= 0 . 6 eV , G eq 
a , 2 

= 0 . 4 eV , and other parameters retain their base values except �G 0 AH = 2 eV is assumed for (b) and (d). 
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eactions with E eq , 0 far from 0 V can be safely analyzed by the cri- 

erion. 

The criterion would manifest itself in experiments when activi- 

ies of a class of materials are tested from low to high overpoten- 

ials if mass transport losses are either eliminated or corrected for. 

he contribution emphasizes that comparative analyses of electro- 

atalyst materials should be considered as multiparameter prob- 

ems. As demonstrated, especially the surface charging relation, 

hich, in the simplest case, could be represented by the poten- 

ial of zero charge, and intrinsic kinetic parameters of specific elec- 

ron transfer processes, including the transfer coefficient, should be 

onsidered in descriptor-based approaches of catalyst screening. 
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