
ORIGINAL PAPER

Volcano Activity Relationships for Proton-Coupled Electron
Transfer Reactions in Electrocatalysis

Marc T. M. Koper1

Published online: 24 September 2015

� The Author(s) 2015. This article is published with open access at Springerlink.com

Abstract This paper studies simple kinetic models for

proton-coupled electron transfer reactions, and demon-

strates that for reactions in which proton and electron do

not transfer simultaneously, pH dependence of the overall

reaction rate is expected. In particular, if the current is

evaluated on the reversible hydrogen scale, this may lead to

volcano-type activity relations as a function of pH. In case

that an acid–base equilibrium is part of the mechanism, the

optimal pH occurs close to the pKa of this equilibrium.

Keywords Electrocatalysis � Proton-coupled electron

transfer � Volcano plot � pH dependence

1 Introduction

Electrocatalysis may be broadly defined as the catalysis of

redox reactions [1]. A more specific definition of electro-

catalysis highlights the role of ‘‘the electrode material on

the rate and the mechanism of electrode reactions’’ [2]. The

catalyst’s role is to offer alternative pathways for the

overall reaction by stabilizing catalytic intermediates

through a specific chemical interaction between the inter-

mediates and the catalyst. As a result, the Sabatier principle

[3] also applies to electrocatalysis. Volcano activity plots,

which depict the activity towards a certain reaction versus

the energy of stabilization of the key catalytic intermediate

(or any other related system parameter), have become

highly popular in the heterogeneous electrocatalysis com-

munity as a means to organize activity data and to design

new catalysts [4–8], though the concept is less widespread

in the molecular electrocatalysis community.

However, the electrolyte phase also has a role to play in

optimizing the rate of an electrode reaction (or more

practically, the output of an electrochemical device). Many

electrochemical reactions of practical interest are so-called

proton-coupled electron transfer (PCET) reactions, which

follow the general reaction equation:

A þ n Hþ þ n e� �AHn ð1Þ

Examples include the hydrogen evolution reaction,

hydrogen oxidation reaction, oxygen reduction reaction,

oxygen evolution reaction, reduction of CO2, oxidation of

organic molecules, dinitrogen reduction, ammonia oxida-

tion, and many more [1]. Typically these reactions take

place in an aqueous electrolyte, but some of the reactions

are also routinely studied in non-aqueous solvents

employing suitable proton donors.

Acidity is one of the electrolyte properties that can

impact significantly on the rate of an electrode reaction and

the performance of an electrochemical device. While this

observation is generally acknowledged in the electro-

chemistry literature, explanations vary and are often very

specific to the system under consideration [9]. In this paper,

I will show that pH dependence follows naturally from the

general theory of PCET reactions, and may lead to vol-

cano-type activity plots. Thermodynamic arguments for

this statement were given in a previous paper [10]. Here, I

will consider simple kinetic models, and I will emphasize

the idea to view the electrochemical system as a whole, that

is: to include the fact that the pH dependence of the
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reaction under consideration must be compared to the pH

dependence of the second (counter or reference) electrode

to understand the ‘‘final’’ impact of pH on device perfor-

mance. While this is somehow natural to people working in

the field of fuel cells and water electrolysis, this idea is not

generally included in the PCET theory. This difference in

viewpoint, though conceptually rather trivial, is often at the

basis of the confusion that arises when the heterogeneous

electrocatalysis community and the PCET community

argue about pH dependence.

2 Model: Results and Discussion

The molecular-level theory of PCET reactions is well

developed; excellent reviews are available on various

experimental and theoretical aspects [11–14]. In essence,

PCET theory models a reaction scheme such as shown in

the upper panel of Fig. 1, i.e. reaction 1 with n = 1, and

considers (or computes) a potential energy surface for such

a reaction as shown in the lower panel. One of the key

questions that PCET theory tries to resolve is whether

proton and electron transfer take place simultaneously, a

phenomenon referred to as concerted proton-coupled

electron transfer (CPET), or whether they take place suc-

cessively, in sequential pathways with first electron and

next proton transfer or vice versa. These are the ‘‘diagonal’’

and ‘‘off-diagonal’’ pathways, respectively, shown in the

scheme in Fig. 1. The choice of pathway mainly depends

of the free energies of the ‘‘off-diagonal’’ states HA? and

A-, and on the activation energies associated with electron

transfer (ET), proton transfer (PT), and CPET steps.

Detailed expressions exist for the rates and the energies

of activation of the various pathways shown in Fig. 1 [10,

13, 15, 16]. In general, CPET takes place if the free

energies of the off-diagonal states AH? and A- are high. If

the free energies of either AH? or A- are comparable to

AH, the activation energies for the sequential ET and PT

steps are generally lower than that for the concerted step,

and the reaction typically follows a sequential pathway

(‘‘decoupled proton-electron transfer’’) [10].

In the remainder of this section, I will consider simple

kinetic models for two typical situations of PCET: the

situation in which proton transfer (or deprotonation) pre-

cedes ET, and the situation in which ET (or reduction)

precedes proton transfer. All equations to be derived below

are steady-state expressions in which the eventual effect of

slow diffusion of reactants is not accounted for.

For the first example, consider the following mechanism

for the oxidation of a molecule HA:

HA�Hþ þ A� ð2Þ
A� ! A þ e� ð3Þ

Such a mechanism (albeit more detailed) has recently

been proposed for the oxidation of formic acid [17] as well

as for the oxidation of various alcohols [18]. If in this

mechanism reaction 3 is irreversible, one obtains the fol-

lowing expression for the current density in the steady-state

(‘‘ss’’) approximation:

j ¼ Fk2½A��ss ¼ Fk2½HA�0

1 þ k�1

k1
½Hþ� þ k2

k1

¼
Fk0

2½HA�
0

exp
aFðESHE�E0

A=A� Þ
RT

� �

1 þ 10pKa�pH þ k0
2

k1
exp

aFðESHE�E0
A=A� Þ

RT

� � ð4Þ

where pKa is the acidity constant of HA, and where the

rate of reaction 3 has been assumed to follow the Butler–

Volmer law. In this equation, k1 and k-1 are the rate con-

stants corresponding to reaction 2, ½HA�0 is the initial

nominal concentration of HA, k0
2 is the standard hetero-

geneous rate constant for reaction 3, a is the so-called

Butler-Volmer transfer coefficient (often equal to 0.5

though in reality it may be mildly potential dependent [1] ),

A + H+ + e-

AH

A- + H+

AH+ + e-
ET

ET

CPET PTPT

solvent coordinate
coupled to ET

solvent coordinate
coupled to PT

AH+

A

AH

A-

Fig. 1 Upper panel square scheme of PCET, following ET, proton

transfer (PT) and concerted proton-electron transfer (CPET) steps.

Lower panel potential energy surface representation of the PCET as a

function of the generalized solvent coordinates coupled to ET and PT
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E0
A=A� is the standard equilibrium potential for reaction 3,

and F, R, and T have their usual meaning. Equation 4

specifies explicitly that the potential is referred to the

standard hydrogen electrode, for reasons that will become

apparent below. Figure 2a shows the current (evaluated at

an arbitrary constant value of ESHE) as a function of pH, as

predicted by Eq. 4, showing an initially low rate at low pH

since no A- is available, and leveling off to a constant high

rate at high pH at which all HA in solution has been

converted into A-. This is the standard S-shaped curve for

pH dependent reactivity seen in the molecular electro-

catalysis literature [19].

In the heterogeneous electrocatalysis literature, it is

customary to take into account the pH dependence of the

reference electrode, since in a real device, the second

electrode will also have a pH dependence so that overall no

protons are produced or consumed in the cell (i.e. the cell

operates at constant pH). Ideally this second electrode is

entirely reversible involving concerted proton-electron

transfer, so it is often the hydrogen electrode in the same

solution with the same pH. The electrode potential vs the

reversible hydrogen electrode RHE is related to the elec-

trode potential versus the SHE by:

ESHE ¼ ERHE � 0:059pH ¼ ERHE � RT ln 10

F
pH

¼ ERHE þ RT

F
ln½Hþ� ð5Þ

Using this RHE scale as the ‘‘relevant’’ scale, the

equation for the current density becomes:

j ¼
Fk0

2½HA�
0

10�pHð Þaexp
aFðERHE�E0

A=A� Þ
RT

� �

1 þ 10pKa�pH þ k0
2

k1
10�pHð Þaexp

aFðERHE�E0
A=A� Þ

RT

� � ð6Þ

This equation predicts a volcano-type curve for the

current (now evaluated at an arbitrary constant value of

ERHE), as illustrated in Fig. 2b, with a maximum current for:

pH ¼ pKa þ log
a

1 � a
ð7Þ

Since typically a & 0.5, this equation reduces to

pH = pKa. This implies that in a device with the above

‘‘slow’’ oxidation reaction at the anode, and a fast rever-

sible H?/e- CPET reaction at the other electrode, the

current output maximizes at pH = pKa. The reason for the

increasingly lower reaction rate for pH[ pKa is the fact

that at this pH the concentration of A- has saturated (and it

is therefore no longer pH dependent) but the rate of ET of

reaction 3 is evaluated at increasingly higher overpotential

because of the pH dependent reference potential. This pH-

dependent volcano-type activity plot has been observed

experimentally for the electrocatalytic oxidation of formic

acid on platinum and gold electrodes [17, 20], but also for

the homogeneously catalyzed oxidation of formic acid by a

molecular iridium-ruthenium complex [21].

It is important to emphasize that there is no fundamental

difference between Fig. 2a and b; they are different ways of

plotting the same result. Using the RHE reference, one

‘‘corrects’’ for the expected pH dependence of concerted

proton–electron transfer, i.e. the 60 mV/pH shift observed

on the SHE scale. In the heterogeneous electrocatalysis

community, CPET is often considered the norm and there-

fore it is logical to consider pH dependence on the RHE

scale, since the RHE scale incorporates this intrinsic pH

dependence of CPET processes. A half cell reaction showing

pH dependence on the RHE scale hence implies the existence

of decoupled proton-electron transfer pathways. On the other

hand, in the molecular electrocatalysis literature, CPET

pathways are considered more exceptional, and decoupled

pathways are the norm. Hence, there is no tradition to employ

a pH corrected reference electrode such as the RHE. In

addition, in non-aqueous solvents, as often employed in

molecular electrocatalyis studies, there exists no obvious

practical alternative for the RHE in aqueous electrolytes.

Next, let us consider the reverse situation of Eqs. 2 and

3, where ET takes place first, and proton transfer is a next

irreversible step:

A þ e� �A� ð3Þ

Hþ þ A� ! HA ð2Þ

Fig. 2 a Typical plot of Eq. 3; Fk2[HA]0 = 1, pKa = 5, k2/k1 =

0.01, ESHE - E0
A=A� = 0. b Typical plot of Eq. 5; ERHE - E0

A=A� = 0;

a = 0.5, other parameter choices as in a
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An example of such a reaction mechanism would be the

reduction of oxygen on a weakly interacting electrode

material such as gold, mercury or graphite in aqueous

media, where the first intermediate has been suggested to

be O2
- superoxide anion [10]. In the steady-state approx-

imation for A-, we have:

½A��ss ¼ k�2

k2½A�
þ k1½Hþ�

k2½A�

� ��1

ð8Þ

Because reaction 2 is now assumed irreversible, the

measured steady-state current is equal to the rate of for-

mation of HA, since this is the reaction that causes the ET

reaction 3 to be out-of-equilibrium and hence yield an

effective reduction current. Therefore:

j ¼ � Fk110�pH

k0
�2

exp
FðESHE�E0

2
Þ

RT

� �
k0

2
½A� þ

k110�pH exp
aFðESHE�E0

2
RT

� �
k0

2
½A�

ð9Þ

or

j ¼ � Fk110�pH

k0
�2

10�pH exp
FðERHE�E0

2
Þ

RT

� �
k0

2
½A� þ

k1 10�pHð Þ1þa
exp

aFðERHE�E0
2

RT

� �
k0

2
½A�

ð10Þ

Figure 3 plots these curves as a function of pH for

representative values of the various parameters. On the

SHE scale, the reaction slows down with increasing pH,

because the driving force for ET remains the same on this

potential scale but the rate of the subsequent PT slows

down with higher pH. However, this is probably not real-

istic, at least not in aqueous media. In the absence of suf-

ficient protons, it is likely that reaction 2 will take place

through a reaction with water.

H2O þ A� ! HA þ OH� ð2bÞ

Depending on the rate of reaction 2b (with corre-

sponding rate constant k1b), i.e. in which water is the proton

donor, the rate at high pH will settle onto a constant value,

as illustrated by the dotted line. On the RHE scale, the

reaction rate increases with increasing pH, as the ET

reaction is probed at increasingly lower overpotential. The

saturation is again due to the lower availability of protons,

which exactly counteracts this effect, at least in the model.

In reality, water will likely act as proton donor at such high

pH, and no such saturation is expected, as illustrated by the

dotted line. The observation that the rate of oxygen

reduction increases with pH agrees well with experiments

on gold electrodes: the oxygen reduction proceeds much

closer to the equilibrium potential of the overall oxygen

reduction to water (i.e. 1.23 V vs RHE) in alkaline media

than in an acidic media [22]. The fact that the mechanism

for the oxygen reduction reaction on gold proceeds through

a superoxide anion intermediate is therefore the reason why

gold is such a good electrode material for oxygen reduction

in alkaline media [10, 23].

In some mechanisms, we may need to consider that A-

is an intermediate with a maximum concentration, e.g.

because it is bound to the catalyst. In such a case, our

model becomes similar to classical models suggested many

years ago by Laviron [24]. Experimental examples of this

situation would include the reduction of CO2 to a catalyst-

bound CO2
- intermediate, a mechanism regularly sug-

gested for CO2 reduction on metal complexes [25], or the

reduction of CO on Cu(100) electrodes, which has been

suggested to proceed through the formation of an adsorbed

(CO)2
- intermediate [26, 27]. We now explicitly take into

account the rate of reaction 2b, k1b, for reasons that will

become apparent below. For this model, Eq. 8 changes to:

½A��ss ¼ 1 þ k�2

k2½A�
þ k1½Hþ� þ k1b

k2½A�

� ��1

ð11Þ

Equations 9 and 10 become:

j ¼ � F k110�pH þ k1b½ �

1 þ
k0
�2

exp
FðESHE�E0

2
Þ

RT

� �
k0

2
½A� þ

ðk110�pHþk1bÞ exp
aFðESHE�E0

2
RT

� �
k0

2
½A�

ð12Þ

j ¼ � F k110�pH þ k1b½ �

1 þ
k0
�2

10�pH exp
FðERHE�E0

2
Þ

RT

� �
k0

2
½A� þ

k110�pHþk1b½ � 10�pHð Þaexp
aFðERHE�E0

2
RT

� �
k0

2
½A�

ð13Þ

Fig. 3 a Typical plot of Eq. 8; Fk1 = 1, k-2
0 /k2

0[A] = 1, k1/

k2
0[A] = 104. Solid line k1b = 0; dashed line k1b = 10-5. b Typical

plot of Eq. 9; a = 0.5, other parameter choices as in a. E - E0 = 0

in both figures
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Figure 4 plots the j versus pH curves predicted by

Eqs. 12 and 13; the latter curve for various values of k1b.

The most interesting observation is that, depending on the

(relative) value of k1b, the current vs. pH plot using the RHE

scale develops a maximum. For k1b ? 0, this happens for:

pH ¼ 1

1 þ a
log

ak1 exp
aFðERHE�E0

2

RT

� �
k0

2½A�

0
@

1
A ð14Þ

Since the acid–base reaction is considered out-of-equi-

librium, its pKa plays no role in the maximum activity, at

least not in this simple kinetic model. The pH of maximum

activity now depends on the relative rates of formation and

protonation of the A- intermediate (Eq. 14). The reason for

the maximum lies in the fact in this version of the model,

there is saturation in the concentration of the intermediate.

When this saturation is reached, higher values of the pH

slow down the overall reaction rate on the RHE scale.

Whether the maximum actually develops depends on the

rate of reaction 2b, as can be seen from Fig. 4b. If this

reaction is fast, this alternative protonation pathway will

dominate and the rate will become constant at high pH due

to the pH independent rate of this reaction.

3 Conclusion

This paper has considered pH dependent reactivity maps

for electrochemical PCET reactions in which sequential

proton-electron transfer takes place. The simple kinetic

modeling theory presented here builds on previous

Hamiltonian modeling [28] and thermodynamic consider-

ations [10]. The modeling confirms the role of pH in

optimizing the reactivity of electrocatalytic reactions,

leading to volcano-type activity relations if acid–base

equilibria are involved in the reaction mechanism. The

importance of considering the potential reference scale (i.e.

SHE and RHE) has also been illustrated, which should be

helpful in avoiding future confusion about the interpreta-

tion of ‘‘pH dependence’’ of PCET reactions.
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