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Abstract 

A typical Tafel-Volmer electrode reaction, embracing a preceding chemisorption step and a 

following electron transfer, is explored by simulation. Two different electron transfer 

formalisms, Butler-Volmer and a Marcus-Hush like approach, are utilised in interpreting the 

potential-dependent kinetics of the electrochemical process. Under non-reversible electron 

transfer conditions, the steady-state voltammetric response at a microdisk electrode is 

sensitive to the underlying electron transfer kinetics, such that with weak adsorption 

conditions, the discrepancies between the two electron-transfer models are more pronounced. 

At high overpotentials, a non-diffusion limited current may either arise from slow adsorption 

or be a result of Marcus-Hush type kinetics.  

 

Keywords: Tafel-Volmer mechanism; Marcus-Hush model; Butler-Volmer model; Steady-

state voltammetry; Hydrogen oxidation reaction.  
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1. Introduction 

The Butler-Volmer (BV) equation, although phenomenological in its description of electron 

transfer, has historically been and continues to be successful in describing a wide variety of 

electrochemical data
1
. However, significant work has been focused upon both providing a 

more physically correct description of the interfacial electron transfer process
2-3

 and 

determining experimental conditions under which the Butler-Volmer equation is found to be 

inadequate in describing the electron transfer process.
4-6

 

It was with the publication of Chidsey’s work in 1991 that the first direct evidence for the 

limitations of the Butler-Volmer equation was obtained, highlighting how at high 

overpotentials the rate of electron transfer is significantly below that predicted by the BV 

equation
5
. This work utilised a surface bound ferrocene group as the electroactive species. 

Importantly, it is the use of the such a ‘diffusionless’ system that facilitated the interrogation 

of the electron transfer kinetics at potentials significantly away from the formal potential for 

the redox couple, evidencing the validity of the Marcus-Hush (MH) description of electron 

transfer kinetics. For an outer-sphere diffusional (solution phase) electrochemical system, 

evidencing distinctions between models of electron transfer becomes inherently challenging 

in part due to the rate of electrochemical reaction commonly being under mass-transport 

(diffusion) control at high overpotentials. Recent advancements in the theory of interfacial 

electron transfer have demonstrated how, for outer-sphere diffusional redox processes, 

deviations from Butler-Volmer electron transfer kinetics are predicted to be observable under 

conditions of extremely high mass-transport.
7
 Such conditions may be achievable with the 

use of an electrode with nanoscopic dimensions, however under most experimental 

conditions the electrochemical response is found to be relatively insensitive to the mechanism 

of electron transfer (BV vs MH)
8
. 
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Between the limits of the two above cases (surface bound and outer-sphere diffusional) exists 

a third class of interfacial electrochemical reactions, inner-sphere heterogeneous electrode 

reactions.
9
 Here for inner-sphere reactions, the electroactive species is present in the solution 

phase however, electron transfer proceeds via one or more surface adsorbed intermediates. 

This class of reactions encompasses a diverse range of systems including some of the most 

technological and industrially relevant
10

. Hence, the question arises: are ‘inner-sphere’ 

heterogeneous reactions sensitive to the electron transfer mechanism (for example BV vs 

MH) and under what conditions can discrepancies between the different models of electron 

transfer be observed? Addressing these questions presents two significant difficulties, first an 

appropriate electrochemical mechanism needs to be selected and second the form of the 

kinetic formalism requires consideration. In terms of the overall operative electrochemical 

mechanism, a host of possible reaction routes may be considered, however within this work 

the Tafel-Volmer reaction mechanism
11

 is taken as a paradigmatic example of an inner-

sphere heterogeneous electrochemical process.  This reaction path is one route by which 

hydrogen may be oxidised on some electrodes
12-13

 and so is both a ‘simple’ example of an 

inner-sphere heterogeneous reaction and is of further academic interest. The question as to 

the ‘appropriate’ form of Marcus-Hush electron transfer model is a far more challenging 

problem. Specifically, the majority of derivations assume that the distance between the 

electrode and the redox species is significantly larger than ionic radius of the analyte and 

does not change during the course of the electron transfer event.
14-15

 However, for an ion 

transfer process this approximation does not hold, consequently, inclusion of the 

molecule/interface distance into the model results in a potential energy surface over which 

the reaction must proceed.
16

 Calculation of the potential energy surface at a single voltage has 

been previously achieved, such results usefully gain from a theoretical stand-point insight 

into the relative catalytic properties of different materials.
17

 However, consideration of the 
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reaction pathway as a function of potential is more challenging due partially to the influence 

of the distribution of the electrostatic potential in the double layer.  

On returning to the question of whether the electrochemical response of an inner-sphere 

heterogeneous reaction is more or less sensitive to the electron transfer mechanism, within 

this work the Marcus-Hush model of electron transfer is applied, such that the deviation from 

the Butler-Volmer equation is suitably described by the model. While being aware of the 

higher complexity of the theoretical description of electro-adsorption/desorption processes
10

, 

in this paper we aim to examine the impact of the electron transfer kinetics on the 

voltammetric response in view of the non-diffusion limited currents recently reported for the 

hydrogen oxidation reaction (HOR) at high overpotentials.
11

 As a first approach, an MH-like 

model will be employed. A potential energy curve method with a single reaction coordinate 

and a (symmetric) Marcusian description of the energy profile; that is, a quadratic variation 

of the energy with the reaction coordinate that results in a quadratic relationship between the 

activation energy and the applied potential. This quadratic relationship is in contrast with the 

linear dependence predicted by the semiempirical BV model. However, strict physical 

interpretation of the potential energy curve utilised in this work would require inclusion of an 

understanding of the influence of the inter analyte/electrode distance upon the reaction 

coordinate. Therefore, application of the Marcus-Hush model within the Tafel-Volmer 

electrochemical mechanism provides an objective route by which the sensitivity of this 

paradigmatic ‘inner-sphere’ reaction pathway towards the electron transfer mechanism can be 

assessed. From this work it is demonstrated that although the Tafel-Volmer reaction is 

sensitive to the electron transfer model, i.e. differences between the MH and BV processes 

are clearly demonstrated, the influence of the electron transfer kinetics on the electrochemical 

response is not unique and may arise from other kinetic limitations of the reaction.   
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2. Theory and Simulation 

In this study, the electrode reaction which includes a preceding adsorption step and a 

following electron transfer step is taken into consideration. The hydrogen oxidation reaction 

is utilised as an example to explore this type of inner-sphere electrode reaction. Two electron 

transfer models, the Butler-Volmer and a Marcus-Hush like approach, are applied in the 

description of the kinetics of the electron transfer process. 

2.1. The Tafel-Volmer Mechanism 

As demonstrated in previous works
11-13

, the hydrogen oxidation reaction (Eq.(1)) on Pt 

electrodes can be regarded as the combination of a chemical adsorption step (the Tafel 

reaction, Eq.(2)) and an electron transfer step (the Volmer reaction, Eq.(3)): 

2H 2H 2e             (1) 

 a

d
2H +2M 2H ads

k

k

          (2) 

  ox

red

+H ads H +e +M
k

k

          (3) 

where  H ads  is an adsorbed hydrogen atom, M is an available adsorption site on the 

electrode surface, ak ( m s
-1

) and dk  (mol m
-2

 s
-1

) are the adsorption and desorption rate 

constants for the Tafel reaction (Eq.(2)), oxk  (mol m
-2

 s
-1

) and redk  (m s
-1

) are the oxidative 

and reductive electron transfer rate constants for the Volmer reaction (Eq.(3)).  

The values of oxk  and redk  are dependent on the applied electrode potential E  and the formal 

potential of the electron transfer step +f, H /H(ads)
E , which is not identical with the formal 
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potential of the whole reaction +
2f, H /H

E . From the Gibbs energy balance, +f, H /H(ads)
E can be 

expressed in terms of +
2f, H /H

E  and the adsorption equilibrium constant adsK  (unitless): 

 + +
2

adsf, H /H(ads) f, H /H
ln

2

RT
E E K

F
          (4) 

a
ads

d

ok c
K

k
            (5) 

where the standard concentration -31 mol dmoc  . 

 

 

Figure 1 Illustration of the microdisk electrode considered in the simulation. The 

microdisk electrode (black) is surrounded by an insulating sheath (white).   is the 

radius of the electrode. z and r are the cylindrical coordinates. 

  

According to Eqs.(1), (2) and (3), the fluxes of the electroactive species on the electrode 

surface can be described as: 

 
2 2

2 2

H(ads)M
H a H d

max max

Γ ( , )Γ ( , )
, 0, ( , 0, )

Γ Γ

r tr t
j r z t k c r z t k

   
       

   
    (6) 
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 
 

   

   
 

2

+

22

H(ads) H(ads)M

a H d

max max

H(ads) M

ox red H
max max

Γ , Γ ,Γ ,
2 , 0, 2

Γ Γ

Γ , Γ ,
, 0,

Γ Γ

r t r tr t
k c r z t k

t

r t r t
k k c r z t

   
     

    

   
     

  

   (7)  

 
 

 
 

+ +

H(ads) M

ox redH H
max max

Γ , Γ ,
, 0, , 0,

Γ Γ

r t r t
j r z t k k c r z t

   
      

  
    (8) 

iΓ ( , )r t  is the surface coverage (mol m
-2

) and i maxΓ ( , ) Γr t is the fractional surface coverage 

(unitless). maxΓ  is the maximum surface coverage at the electrode surface and 

   max H(ads) MΓ Γ , Γ ,r t r t  . More details about the differences between applying iΓ ( , )r t  or 

i maxΓ ( , ) Γr t  in the rate equations can be found in Supporting Information I. The parameters 

r, z are the cylindrical coordinates used to model a microdisk electrode as shown in Figure 1, 

and t is the time of applying the electrical perturbation. For linear sweep voltammetry, t and 

the applied electrode potential E follows: 

switch ini

switch switch switch

,

, ( )

t t E E vt

t t E E v t t

  

   
       (9) 

where Eini and Eswitch are the initial potential and the switching potential, tswitch is the time at 

which the direction of sweep is switched, and v is the scan rate.  

The fluxes in Eqs. (6) and (8) follow the Fick’s first law: 

 
 

2

2 2

H

H H

, ,
, ,

c r z t
j r z t D

z


 


       (10) 

 
 

H

H H

, ,
, ,

c r z t
j r z t D

z



 


 


       (11) 
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Adsorption is considered to follow a Langmuir isotherm. Thus, the initial surface coverage 

fractions ( i maxΓ ( , 0) Γr t  ) for H(ads) and M are: 

 
2

2

*

H a dH(ads)

*
max H a d

/Γ , 0

Γ 1 /

c k kr t

c k k





       (12) 

 

2

M

*
max H a d

Γ , 0 1

Γ 1 /

r t

c k k





       (13) 

where 
2

*

Hc  is the bulk concentration of the hydrogen molecule. 

In addition to the reaction on the electrode surface, the diffusion process of the reactant H2 

and the product H
+
 are also considered in the simulation. Given the electrode geometry 

shown in Figure 1, the diffusion equations for solution species can be described as: 

       
2 2 2 2

2

2 2

H H H H

H 2 2

, , , , , , , ,1c r z t c r z t c r z t c r z t
D

t r r r z

    
        

    (14) 

       2 2

H H H

2 2H

, , , , , , , ,1
H

c r z t c r z t c r z t c r z t
D

t r r r z

   



    
        

   (15) 

 

2.2. Electron Transfer Theories 

In the Butler-Volmer model, ,ox redk k  are dependent on the standard heterogeneous rate 

constant 0k  , the transfer coefficient  or   ( 1   )
18-19

,  and the applied potential E: 

 +

BV

ox 0 f, H /H(ads)
expo F

k k c E E
RT

 
  

 
        (16) 
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 +

BV

red 0 f, H /H(ads)
exp

F
k k E E

RT

 
   

 
         (17) 

+f, H /H(ads)
E  is the formal potential associated with the Volmer reaction (Eq.(3)). +f, H /H(ads)

E E  

is the overpotential of the electron transfer step, which is different from the overpotential for 

the whole reaction +
2f, H /H

E E . Here notice that Eq. (16) is not the common expression for 

the oxidative electron transfer rate, which reflects the stoichiometry of the reaction and the 

different standard states defined for solution species and adsorbates on the left and right sides 

of the electron transfer reaction (Eq. (3)). More details about the derivation can be found in 

the Supporting Information II. 

In the Marcus-Hush model, for an electrochemical reaction 
ox

red

R P
k

k
e  , the expression 

for a rate constant k  is derived from a transition state theory approach: 
2, 20-21

 

*
MH ox/red
ox/red

B

exp
G

k A
k T

 
  

 
         (18) 

 +

2

f, H /H(ads)*

ox/red 1
4

e E E
G






  
 
 
 

       (19) 

where A  is the pre-exponential term, which is assumed to be independent on E and ε. *

ox/redG

(eV) is the activation energy for the oxidative (-) or the reductive (+) process of the 

electrochemical reaction.  (eV) is the energy level of the metal electrode.   (eV) is the 

reorganization energy. It is worth noting that, within the present context, the “reorganization 

energy” λ has a parametric character, its value being related to the curvature/shape of the 

energy profile with the reaction coordinate. Thus, in this case the physical meaning of λ is 

likely not only associated with the reorganization of the configuration of the electroactive 
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species and the solvation shell (as for outer-sphere processes), but also with interactions with 

the electrode, (partial) desolvation and coulombic forces that the molecule undergoes along 

the reaction pathway.
10

 

For the electron transfer between a reactant and a metal electrode, as there is not a single 

energy level but an energy band for the metal electrode, the overall rate constant should be 

the sum of all energy levels, that is  k k   . Since there are only small intervals Bk T  

among these energy levels, the probability of this transfer varies very little over two nearby 

different energy levels in the metal electrode. Therefore, the rate constant expression can be 

written as
5
: 

 
 

 +

2
*

*
*

f, H /H(ads)MH *

ox **

1
exp 1

4 21 exp

E E
k A d










     
       

  

    (20) 

 
 +

2
*

*
*

f, H /H(ads)MH *

red **

1
exp 1

4 21 exp

E E
k A d










     
        

  

   (21) 

where  
 

*

ox/red *

1

1 exp
f 




 
 is the Fermi-Dirac distribution for the electron occupancy 

(+) or the vacancy (-). For convenience, the dimensionless parameters are applied in Eqs. (18)

and (19): 

 * /F RT            (22) 

 * /F RT            (23) 

     + +

*

f, H /H(ads) f, H /H(ads)
/E E E E F RT           (24) 
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Considering 
0k  is the standard rate constant at the formal potential, for the Volmer reaction, 

the MH rate constants can be expressed in a more general way
7
: 

 
 

 

+

2
*

*
*

f, H /H(ads) *

*

MH

ox 0 2
* *

*

*

1
exp 1

4 21 exp

1
exp 1

4 21 exp

o

E E
d

k k c

d






 












     
      

  
  
       





  (25) 

 
 

 

+

2
*

*
*

f, H /H(ads) *

*

MH

red 0 2
* *

*

*

1
exp 1

4 21 exp

1
exp 1

4 21 exp

E E
d

k k

d






 












     
       

  
  
        





   (26) 

Similar to BV

oxk , 0k has been replaced by 0

0k c  in the expression of MH

oxk  .  

 

2.3. Numerical simulation 

Dimensionless parameters are applied in the simulation, as listed in Table 1. Under the 

dimensionless format, the diffusion equations for the reactive species in the solution can be 

described as: 

       
2 2 2 2

2

2 2

H H H H

H 2 2

1C R,Z ,T C R,Z ,T C R,Z ,T C R,Z ,T
d

T R R R Z

    
        

  (27) 

       
+

2 2

H H H H

2 2H

1C R,Z ,T C R,Z ,T C R,Z ,T C R,Z ,T
d

T R R R Z

       
        

  (28) 

The dimensionless boundary conditions for solving diffusion equations can be expressed as: 
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2 2H H H H

0
 1 0

0

* *
T , R,Z

C C , C C
T ,R,Z

 

  
   

 
  (29)  

a d

H(ads)

a d

0 0 0 1: 
1

K / K
T , Z , R

K / K
     


  (30)  

0 0 0 1: T , Z , R       

 2

2 2

2H 2

H d H (ads) a H (ads) H

0

1  

Z

C
d K K C

Z


 
     

 
  (31) 

 +

H
ox H (ads) red H (ads)H H

0

d 1
Z

C
K K C

Z







 
     

 
  (32) 

 

 

2

2H (ads) 2

a H (ads) H d H (ads)

red H (ads) ox H (ads)H

2 1 2

                 1         

K C K
T

K C K

 
     

 

    

  (33)  

0 0 1: T , Z , R      

2H H

00

0 ; 0

ZZ

C C

Z Z





    
    

   
   (34) 

0 0: T , Z , R     

2H H

00

0 ; 0

RR

C C

R R





    
    

   
   (35)  

where the parameter γ is generated from the dimensionless process, equal to 2

*

H

max

c 


 . From 

Table 1, it is found that γ is the only constant parameter that contains max  ( i i max/     

works as a variable not a constant parameter during the simulation). Under steady state 

conditions, as H (ads) 0/ T   , parameter   cancels out in Eq. (33) such that the response of 

the system is independent of its value. It also indicates that for transient voltammetry where 

H (ads) 0/ T   , the value of γ cannot be cancelled out from Eq. (33) and consequently the 

voltammogram will be influenced by the magnitude of max .  
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The resulting problem was solved numerically by means of the Newton-Raphson method and 

according to the alternating direction implicit (ADI) method, the details of which can be 

found in the textbook
22

. The simulation was written in C++ with OpenMP for multithreading 

and simulations were performed using an Intel(R) Xeon(R) 3.60G CPU and the runtime was 

approximately 10 minutes per voltammogram. 
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Table 1 Dimensionless parameters employed in the simulations 

 

 

  

SI unit parameters Dimensionless parameters 

jc  
2

*

j j H/C c c  

i max/   i i max/     

jD  
2j j H/d D D  

r  /R r   

z  /Z z   

t  
2

2

H /T D t   

E  +
2f, H /H

( / )( )F RT E E    

+f, H /H(ads)
E   + + +

2f, H /H(ads) f, H /H(ads) f, H /H
( / )( )F RT E E    

v  
2

2

H( / )( / )D F RT v   

I  
2 2

*

H H/ (2 )J I FD c  

ak  
2a a H/K k D   

dk   
2 2

*
d d H H/K k D c  

ads a d/oK k c k    
2

*

ads a d H/oK K c K c  

0k   
20 0 H/K k D   

oxk   
2 2

*
ox ox H H/K k D c  

redk  
2red red H/K k D   

*    /F RT   

*    /F RT  

 
2

*

H max/c     
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3. Results and Discussion 

In this section, the empirical Butler-Volmer model of the electron transfer is compared with 

the Marcus-Hush like model in respect of their effects on the Tafel-Volmer mechanism and 

associated voltammetry. The steady-state voltammetric responses at microdisk electrodes of 

the two electron transfer models are examined under different electron transfer kinetics and 

adsorption behaviours. 

3.1. Influence of the Electron Transfer Reversibility 

Figure 2 shows the variation of the steady-state voltammograms with a series of standard 

dimensionless heterogeneous rate constants 0K . The electron transfer models used in Figure 

2a and 2b are described by the BV and the MH formulas, respectively. The value of the 

adsorption equilibrium constant Kads is always set to unity such that the formal potential of 

the electron transfer reaction 
 +f, H /H ads

  coincides with the formal potential of the whole 

hydrogen oxidation reaction +
2f, H /H

  (Eq.(4)). Also, the adsorption and desorption rate 

constants aK , dK  are considered to be so fast as not to be the limiting factor of the overall 

reaction. The value of 0K  varies from 10
8
 to 10

-3
, covering the transition from 

electrochemical reversibility to slow (“non-reversible”) electron transfer. As expected, the 

electrochemically reversible reactions (i.e. 0K = 10
8
 and 0K = 10

3
), the voltammograms 

obtained with the two kinetic models coincide because they both follow the Nernst equation 

that along with the diffusive mass transport define the voltammograms. On the other hand, 

important differences between the BV and MH models are found for electrochemically non-

reversible processes. Thus, under the same diffusion conditions, slow electrode kinetics 



17 

 

affects the steady-state voltammogram by increasing the overpotential required to drive the 

current. Also, a decrease of the limiting current is predicted by the MH formalism.  

 

 

Figure 2 Effects of the dimensionless standard heterogeneous rate constants 0K on 

the voltammmograms obtained with: a) The Butler-Volmer model; b) The Marcus-

Hush model; c) The comparison of the electron transfer constants between the two 

kinetic models. The dimensionless current is normalized by the diffusion limited 

current diffJ . Simulation parameters for the adsorption step are: Ka = Kd =108. In the 

BV model, α = β = 0.5; in the MH model, λ* = 20. θ is the dimensionless overpotential 

for the overall reaction. 
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In the BV model (Figure 2a), for the reaction with small 
0K  values, the voltammograms shift 

to higher overpotentials while the limiting current is the same as the reversible value, which 

is the diffusion limited current Jdiff. This is because the electrooxidation rate BV

oxK  increases 

ad infinitum with overpotential (Figure 2c). Therefore by increasing the overpotential, it is 

always possible to achieve electron transfer kinetics that is not rate limiting and only a 

potential shift is observed in the voltammograms. Compared with the BV voltammograms in 

Figure 2a, the decrease of 0K  in the MH model in Figure 2b leads to much more apparent 

changes. The overall reaction rates under the MH model are obviously slower than those 

under the BV models as shown in Figure 2c, reflected both in the decline of the limiting 

current and the increase of the overpotential. This can be explained as a consequence of a 

limiting electron transfer rate constant at high overpotentials predicted by the MH model. As 

shown in Figure 2c, these two models predict similar electron transfer rate constants only at 

the overpotentials near +f, H /H(ads)
 , which is equal to +

2f, H /H
  in this case. BV

ox/redK varies 

exponentially with the overpotential while MH

ox/redK tends to reach a limiting value at high 

overpotentials, which kinetically controls the maximum rate of the whole reaction. This trend 

for the Tafel-Volmer type of reaction is consistent with that reported for a simple outer-

sphere one-electron-transfer reaction. 
7, 23

 

In the MH kinetics, the parameter 
*  plays a key role as well. Figure 3 shows the 

voltammetric responses of a Tafel-Volmer reaction for different 
*  values. As shown in 

Figure 3a, the decrease of 
*  leads to the decline in the limiting current. Figure 3b provides 

details about the electron transfer rates varying with different 
* . It is found that the 

maximum rate constant for the electron transfer step falls with decreasing 
* , which explains 

the voltammograms in Figure 3a. 
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Figure 3 Effects of the “reorganization energy”
*  on: a) Steady-state 

voltammograms; b) Oxidative and reductive electron transfer rates. Dashed lines 

correspond to results obtained from the MH model and solid lines are from the BV 

model. K0 = 10-2 and Ka = Kd =108. θ is the dimensionless overpotential for the 

overall reaction. 

 

3.2. Influence of Adsorption on Reversible Electron Transfer 

In this subsection, the influence of adsorption is studied under reversible electron transfer 

conditions (K0  1). adsK  is not constrained to being unity and Ka, Kd changes over a large 

range. When the electron transfer step is regarded as fast (reversible, K0  1), the surface 

concentrations of the reactive species should follow the Nernst equation and hence the BV 

and MH formulas lead to identical voltammetric responses. The main features of a steady-

state voltammogram (that is, the limiting current limJ  and the half-wave overpotential 1/2 ) 

are controlled by either the diffusion or the adsorption/desorption rates
11-13, 24

. Figure 4 shows 

the voltammograms of an electrochemically reversible Tafel-Volmer reaction for different 

adsorption/desorption rate constants. In Figure 4a, the decrease of dK  shifts the wave to 
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higher overpotentials. When 
aK varies from 10

3
 (shown by the solid lines) to 10

7
 (shown by 

the open circles), changes in 
aK (and so adsK ) have no influence on the position of the 

voltammograms. Similarly, in Figure 4b, for 
dK  equal to 10

7
 (solid lines) and 10

-1
 (open 

circles), the normalized limiting current is only dependent on the value of 
aK . Under the 

electrochemically reversible case, the limiting current can be written as a function of the 

adsorption rate constant Ka (see Appendix III for the derivation and validation check): 

a
lim

diff
a

4

1
4

K
J

J K








          (36) 

 

 

Figure 4 Voltammograms of the electrochemically reversible HOR under different 

adsorption conditions. a) Half-wave potential shift with decreasing Kd (solid lines: Ka 

= 103, open circles: Ka = 107); b) Normalized limiting current decline with decreasing 

Ka (solid lines: Kd = 107, open circles: Kd = 10-1). 8

0 10K  . θ is the dimensionless 

overpotential for the overall reaction. 
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Figure 5 provides a general view on the change of the normalized limiting current Jlim/Jdiff 

and the half-wave overpotential θ1/2 under various adsorption/desorption rate constants. From 

Eq. (36) and Figures 4, 5, it can be seen that for the electrochemically reversible Tafel-

Volmer reaction, the normalized limiting current Jlim/Jdiff is only dependent on the value of 

Ka. Figure 5b shows the half-wave overpotential varying with different Ka and Kd. In general, 

based on the thermodynamic arguments, the half-wave overpotential should not be smaller 

than the reversible value. However, considering that small adsorption rate constants can cause 

a decrease in the limiting current, this leads to an artificial shift of the half-wave potential. 

Except for this interference from slow adsorption rate constants, the half-wave potential is 

mainly determined by the value of Kd rather than Kads, indicating that changing the 

thermodynamics of the preceding adsorption step will not cause any significant differences 

on the voltammogram for an electrochemically reversible Tafel-Volmer reaction. 

 

    

Figure 5 Voltammetric features, a) The normalized limiting current; b) The half-wave 

overpotential, under different adsorption conditions for reversible electron transfer. 

The heterogeneous standard rate constant K0 = 108. θ is the dimensionless 

overpotential for the overall reaction. 
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3.3. Influence of Adsorption on Non-reversible Electron Transfer 

For the electrochemically non-reversible case (small K0), apart from the effects from slow 

adsorption/desorption kinetics (Ka, Kd), the whole reaction is expected to be sensitive to the 

adsorption thermodynamics ( adsK ) as well. Although the formal potential of the electron 

transfer step +f, H /H(ads)
  is always dependent on adsK , only when K0 is small, is the change of 

formal potential (and hence the overpotential) expected to have an apparent influence on the 

overall reaction rate. 

Figure 6 shows the effects of the adsorption thermodynamics ( adsK ) on the voltammograms 

simulated in the BV model (Figure 6a) and the MH model (Figure 6b). In order to distinguish 

this case from the electrochemically reversible reactions discussed above, the standard 

heterogeneous constant 0K  is selected as 10
-2

 and *  used in the MH model is 20. As shown 

in Figure 6a, in the BV model, the normalized limiting current is always unity (diffusion 

controlled) but the overpotential changes with adsK . Both strong (large adsK ) and weak (small 

adsK ) chemical adsorptions make the overpotential shift positively. In the MH model, strong 

adsorption leads to a similar overpotential shift while weak adsorption significantly decreases 

the limiting current, which is visibly different from that predicted by the BV model (Figure 

6a). Here to avoid any additional effect from slow adsorption/desorption, the values of the 

applied aK  and dK  for Figure 6 are relatively fast, as listed in Supporting Information IV 

(Table S2). Compared with Figure 5, it is found that these Ka, Kd applied in Figure 6 should 

not lead to any extra potential shift. Therefore, the changes of the waveshape in Figure 6 are 

only attributed to the value of adsK .  
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Figure 6 Voltammograms of electrochemically non-reversible Tafel-Volmer reaction 

with different adsorption conditions. a) Butler-Volmer electron transfer model ( 0K = 

10-2 and 0.5   ); b) Marcus-Hush electron transfer model ( 0K = 10-2 and * = 

20). The parameters of the adsorption step used in the simulation are listed in Table 

S2. θ is the dimensionless overpotential for the overall reaction. 

 

Figure 7 provides a general view on the effect of the Tafel step under electrochemically non-

reversible conditions, covering the adsorption and desorption rate constants from 10
-2

 to 10
8
. 

The results are calculated from the BV model ( 0K = 10
-2

 and α = β = 0.5) and the MH model 

( 0K = 10
-2

 and  *
 = 20). Unlike in Figure 6, the additional effect of slow adsorption and 

desorption is also taken into consideration in Figure 7 where the variation of the normalized 

limiting current Jlim/Jdiff and the overpotential corresponding to 0.01Jdiff (
diff0.01J ) are studied 

as the characteristic magnitudes of the voltammetric responses. The reason for the use of 

diff0.01J rather than θ1/2 in Figure 7 (and also Figure 8) is that when the adsorption 

thermodynamics effect (Kads) on the electron transfer kinetics is explored, the comparison of 

the overpotential at the same current corresponding to the foot of the wave can clearly reveal 
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the change of the formal potential of the electron transfer step, without the interference of the 

adsorption/desorption kinetics discussed in Figure 5. On the other hand, in Figure 5 (and 

Figure 9 as well), the kinetics of the adsorption step (Ka, Kd) is explored and its effect on the 

whole voltammogram, such that the half-wave overpotential is chosen as the measurement of 

the wave position. From Figure 7a and 7b simulated in the BV model, it can be seen that the 

limiting current of the BV model is only related to the value of Ka, similarly to that observed 

for reversible electron transfers in Figure 5a. On the other hand, the overpotential shift is not 

solely determined by Kd but instead mainly dependent on the value of Ka/Kd (Kads). Figure 7c 

and 7d are simulated under the MH model. In contrast to the BV model, the limiting current 

of the MH model is determined by both Ka and Kd and higher overpotential is needed to 

obtain the same current in the MH model.  
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Figure 7 Voltammetric features under different adsorption conditions and electron 

transfer models for non-reversible electron transfer. a) Normalized limiting current 

under the BV model; b) The overpotential when J = 0.01Jdiff under the BV model; c) 

Normalized limiting current under the MH model; d) The overpotential when J = 

0.01Jdiff under the MH model. For the BV model, 0K = 10-2 and α = β = 0.5; for the 

MH model, 0K = 10-2 and λ* = 20. θ is the dimensionless overpotential for the overall 

reaction. 

 

In both the BV and MH models, when the electron transfer step is not reversible, the value of 

diff0.01J  changes parabolically with adsK  (see Figure 7b and 7d), which implies that both 

strong and weak adsorption can impede the reaction. According to the Sabatier principle
25

, 

optimal electrocatalysis happens when the adsorption is neither strong nor weak. In the Tafel-

Volmer mechanism, strong adsorption makes the formal potential for the electron transfer 

step +f, H /H(ads)
  move positively and hence the overpotential has to increase in order to drive 

the electrochemical reaction. Therefore, the voltammetric wave shifts to higher potentials 

when the interaction between the hydrogen and the electrode is stronger. For weak adsorption, 

although the electron transfer reaction is more favourable thermodynamically, the 
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voltammogram also shift to higher overpotentials as a result of the low availability of 

adsorbed hydrogen on the electrode surface. Moreover, compared with the BV model, in the 

MH model, the limiting current decreases and higher overpotential is required to obtain the 

same current, especially under weak adsorption conditions (small 
a d/K K ). This can be 

explained as follows: the amount of adsorbed hydrogen becomes insufficient for the Volmer 

reaction and the lack of H(ads) accentuates the limitation by the electron transfer rate 

constants MH

oxK . Interestingly, the BV and MH models give almost the same voltammetric 

responses when the adsorption is strong (large a d/K K ), indicating that the discrepancies 

between the two kinetic models can be more clearly observed under weak adsorption 

conditions whereas strong adsorption can partially compensate the loss of the reaction rate 

caused by slow electron transfer rate at high overpotentials. Thus, the maximum reaction rate 

for a Tafel-Volmer reaction is directly linked with the electron transfer rate, given by 

ox H(ads)K   at high overpotentials. For the Tafel-Volmer reaction with a slow MH electron 

transfer kinetics, although oxK  reaches a limiting value, there are more adsorbed hydrogen 

atoms on the electrode surface under strong adsorption conditions rather than weak 

adsorption, as the initial amount of adsorbed hydrogen is determined by Kads (Eq. (30)). 

Figure 8 shows the variation of the limiting current and the overpotential corresponding to 

0.01Jdiff with the value of adsK  for 
*  = 10, 20, 30, 40. In Figure 8a, as the applied Ka and Kd 

are the same as in Figure 6, it is clear that under any adsorption conditions, the values of the 

limiting current simulated from the BV model are equal to the diffusion limited current. For 

the MH model, as discussed in Figure 3, the values of the limiting currents calculated from 

small reorganization energies are much lower than the diffusion limited value. It is also 

shown in Figure 8a that the decrease of Jlim caused by non-reversible electron transfer can be 

partially compensated by a strong adsorption step. Here the adsorption equilibrium constant 
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adsK  at which the electron transfer limitation of the MH model starts to be detectable is 

dependent on the reversibility of the electron transfer step. When the electron transfer 

becomes more irreversible (e.g. small 
0K and/or small * ), for the MH model, the deviation 

from the diffusion limited current can be observed for stronger adsorption. 

 

 

Figure 8 Voltammetric features of electrochemically non-reversible HOR with 

different adsorption conditions. a) Normalized limiting current; b) Overpotential where 

J = 0.01Jdiff. Ka, Kd are the same as listed in Table S2. θ is the dimensionless 

overpotential for the overall reaction. 

 

3.4. Influence of Diffusion on Different Limiting Factors 

In the BV model, the slow adsorption rate constant (small aK ) can determine the maximum 

current of the whole reaction, while in the MH model, even with fast adsorption (large aK ), 

the reorganization energy has similar effects as shown in Figure 6. Therefore, for the Tafel-

Volmer type of reaction, if the limiting current of a steady-state voltammogram is less than 

the diffusion controlled value, it can be limited by either a slow preceding adsorption or a 
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sluggish electron transfer step that follows a MH type kinetics. In order to examine if these 

two limiting factors can be experimentally distinguished, voltammograms for the two 

situations are simulated under different diffusion conditions. In experiments this corresponds 

to the use of electrodes of different sizes. In Figure 9, an adsorption limited reaction in the 

BV model with 2

0 10K   and a 60K   and an electron transfer limited reaction in the MH 

model with 2

0 10K   and * 20   are taken as examples, the variations of lim diff/J J  and 

1/2  with the radius of the electrode being explored. Note that to clearly show the results, the 

real radius with units of µm is considered. Other parameters are still dimensionless to remain 

consistent with other figures. At “large” microdisk electrodes (i.e., ρ = 50.0 µm), due to the 

relatively slow diffusion, the reaction rate is controlled by mass transport and the two limiting 

factors above mentioned have little discrepancies in the voltammetric features. With the 

decrease of the electrode size, diffusion becomes more efficient and the limiting factors have 

different behaviours: The limiting current decreases faster in the MH model (electron transfer 

controlled) than in the BV model (adsorption controlled) and the half-wave overpotential 

shifts more positively for the MH model as well. However, the general trends of their 

responses to the diffusion change are the same for limitations associated with both adsorption 

and electron transfer kinetics. Thus, when the reaction is not electrochemically reversible, it 

is difficult to determine if the decrease of the limiting current is caused by a slow adsorption 

step or a sluggish MH electron transfer step.  
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Figure 9 Diffusion effects of the adsorption and the electron transfer limited 

reactions. a) Normalized limiting current; b) Half-wave potential. The adsorption 

limited reaction is simulated in the BV model with 2

0 10K  , a 60K   and 1adsK  . 

The electron transfer limited reaction is simulated in the MH model with 0K  = 10-2, 

* 20  , and 1adsK   ( a d 1K K ). The radii of the electrode change from 50.0 µm 

to 0.1 µm. θ is the dimensionless overpotential for the overall reaction. 
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 Conclusions 

The effects of surface adsorption on Butler-Volmer and Marcus-Hush electron transfer 

theories have been explored in the context of the Tafel-Volmer mechanism. The 

voltammetric responses to the change of various kinetic and thermodynamic parameters (K0, 

λ, Ka, Kd, Kads) were examined for both BV and MH electron transfer models. When the 

preceding adsorption step is fast (Ka, Kd  1), a slow electron transfer step (small K0 and/or 

small λ
*
) changes the voltammogram of the Tafel-Volmer reaction consistently as it does for 

a simple unity-stoichiometry, one-electron-transfer reaction.  

When the preceding adsorption is taken into consideration as a limiting factor of the overall 

reaction, different electron transfer kinetics show distinct voltammetric responses, depending 

on the reversibility of the electron transfer step and kinetic models used to describe the 

electron transfer step. For an electrochemically reversible Tafel-Volmer reaction (K0 1), the 

limiting current can be expressed as a function of the adsorption rate constant Ka while it is 

independent of the thermodynamics of the adsorption step (Kads).  

For a non-reversible electron transfer step (relatively small K0), if the electron transfer step is 

described in terms of the BV model, the limiting current is only dependent on diffusion and 

the value of Ka. But for the MH model, the limiting current is determined by both Ka and Kads, 

especially under weak adsorption conditions (small Kads). Therefore, when analysing the 

voltammograms of a Tafel-Volmer reaction with a weak preceding adsorption step, it is 

important to consider the kinetic description of the electron transfer in order to correctly 

understand the mechanism. It is also found that for non-reversible electron transfer, the 

overpotential changes parabolically with the adsorption equilibrium constant, indicating that 

both strong and weak adsorption can cause a decrease on the overall reaction rate for the 

Tafel-Volmer reaction. 
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This work has also concluded out that the non-diffusion control of the limiting current of 

steady-state voltammograms is consistent, not only with slow adsorption kinetics, but also 

with the deviation of the potential variation of the rate constants from the BV formalism. 

Indeed, the variation of the rate constants with the applied potential predicted by the MH 

model leads to non-diffusion controlled limiting currents for slow electron transfer kinetics 

and/or very small electrodes. Such evidence calls for further theoretical and experimental 

assessment of the kinetics of the Volmer reaction as a possible determining factor of the HOR 

voltammetry and other similar Tafel-Volmer processes. 
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Supporting Information Available 

SI section I shows the differences between using surface coverages and fractional surface 

coverages in the rate equations. SI section II provides the derivation of Eq. (16). SI section III 

is the derivation of Eq. (36). SI section IV gives the simulation parameters used in Figure 6. 
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