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Abstract 

We present theory for electrolysis at electrode surfaces modified by a layer of electroactive enzyme which 

can mediate the reduction of a substrate to a product. In particular, we compare and contrast immobilisation on 

flat surfaces with that on porous surfaces. We identify the conditions under which the adoption of porous 

electrodes facilitates markedly improves turnover rates and develop the analysis on the basis of the porous layer 

conferring a much-increased effective surface coverage. For both types of electrode, the role of the electrode 

potential in controlling the thermodynamics of the binding of the substrate with the reduced layer of immobilised 

enzymes is quantified and the observation of apparent potential dependent Michaelis constants explained. Four 

distinct classes of voltammetric responses are categorised allowing bottom-up process optimisation. 

Keywords: Catalysis, enzyme-mediated electrolysis, adsorbed enzyme, simulation, nanoconfinement, 

nanopores 

1 Introduction 

    Immobilisation offers to improve the performance of enzyme-based catalytic systems notably in terms of 

stability, efficiency and selectivity [1,2] as a result of the enzyme species being attached to a solid supporting 

material, where the catalytic reaction takes place. The two most important improvements the immobilisation 

bring to the overall catalytic performance are, first, the nature of the catalytic processes of the immobilised 

enzyme shifts from homogeneous to heterogeneous, leading to a better separation of the enzyme and the product, 

potentially increasing the reusability of the enzyme system and possibly leading to a higher purity product [3]. 

Second, the enzyme is attached to the supporting surface, which can make the catalytic system more durable 

allowing more repeated use and application for long periods [1]. Immobilising enzymes in nano-scale structures, 

so-called nano-confinement, has been realised in diverse structures including nanopores [4-7], nanochannels [8-

11], etc, to take advantage of the large reaction area to volume ratios offered at the nanoscale.  

    Whilst immobilised enzymes have been rigorously investigated in fundamental electrochemical studies [7, 

12-18] the application to electro-synthesis of using immobilised enzymes to mediate electron transfer may offer 

new possibilities in electrosynthesis combining the advantages of heterogeneous catalysis with the selectivity 

of enzyme chemistry and the intrinsically green nature of electrochemical reaction where oxidising and reducing 

agents are replaced by electricity. In key studies Ania et al. studied the electro-oxidation of glucose using 

enzymes immobilised in carbon nanopores made by sol-gel polymerisation of resorcinol-formaldehyde mixtures 

and claimed promoted heterogeneous electron transfer and stable electrocatalysis of glucose oxidation [6]. 
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Armstrong et al. used catalytic systems where the enzymes are immobilised in nanopores formed by 

electrophoretic deposition of materials such as indium tin oxide (ITO) nanoparticles and reported the cycling of 

nicotinamide adenine dinucleotide phosphate (NADPH) and the enantioselective oxidation of alcohols [7,12,13]. 

They suggested that the high local concentration of NADP(H) enzymes helped increase the efficiency of 

cofactor recycling and realised selective oxidation of organic compounds. From a more fundamental perspective, 

Xia et al. insightfully studied glucose oxidation kinetics in nano-channels and asserted the possible acceleration 

of rate and decrease of the Michaelis-Menten constant [8,9]. 

    A generic feature of electrochemical approaches is the necessity of modelling the electrode processes in terms 

of diffusion, convection, adsorption, electron transfer, chemical reaction so as to permit realistic mechanistic 

analysis via voltammetry and the prediction of synthetic yields in terms of kinetic, thermodynamic and transport 

properties. In this paper we seek to develop a theory accounting for both apparently altered (and potential 

dependent) Michaelis-Menten constants and for nano-confinement effects. This builds on prior models 

developed by Lyons [19-21] and Bartlett [22-24] but is based on bespoke, newly derived kinetic expressions 

which recognise the surface immobilised nature of the redox enzyme and its reaction with a solution-phase 

substrate, S. The full kinetic scheme addressed is shown in Figure 1. Our approach emphasises the importance 

of the active electrode area to the volume of the solution, especially that under nano-confinement. 

 

Figure 1: Illustrations of the electrode kinetics and enzyme mechanism studied in this work. The red arrow shows the electrochemical 

reaction for A to B on the electrode surface, while the blue arrows show the follow up chemical reactions. A and B are the oxidised and 

reduced forms of the enzyme, respectively, S is the substrate in the solution, P is the catalysed product, kEC represents the 

electrochemical kinetics, k1, k-1, and k2 are rate constants as shown in Eqn (2).  

The kinetics of the enzymes in this work is described by a classical, time-invariant Michaelis-Menten-type 

mechanism [25,26] but adapted to recognise the biphasic nature of the reaction between an adsorbed enzyme 

and a solution-phase substrate. A theoretical model is presented in the next section before developing a further 

model of the catalytic reaction in nanopores. Unlike porous electrode model formed with parallel cylindrical 

pores reported by De Levie [27] or slit-like narrow cylindrical pores reported by Kornyshev et al. [28, 29], or 

rough electrode with channel-forming membranes reported by Guidelli et al. [30, 31], the porous electrode 

model in this work adopts an electrode covered with multilayers of spherical nanopores which contain solution 

with substrates and possess immobilised enzyme on their inner walls. Subsequently, in following sections, we 
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then report, interpret and discuss simulated voltammetry and its implications for practical electro-synthesis. 

2 Theory 

    The simulation models are presented in this section with the dimensionless parameters and computational 

methods used. The current responses are calculated for cyclic voltammetry experiments. 

2.1 The ‘Non-Porous Immobilised-Enzyme’ Model 

    The immobilised-enzyme-mediated electrochemical reaction is first modelled at a flat and non-porous planar 

electrode. The enzyme A and its reduced form B are assumed to be immobilised on the electrode throughout 

with a total enzyme coverage Γmax. The bulk concentration of the substrate species S is set to be 𝑐𝑆
∗ and uniform 

before any potential is applied to the electrode. As shown in Figure 1 the reaction scheme is:   

 𝐴(𝑎𝑑𝑠) + 𝑒− ⇌ 𝐵(𝑎𝑑𝑠)      (1) 

 𝐵(𝑎𝑑𝑠) + 𝑆(𝑎𝑞)
  𝑘−1 
←    

  𝑘1   
→    [𝐵𝑆](𝑎𝑑𝑠)

𝑘2
→ 𝐴(𝑎𝑑𝑠) + 𝑃(𝑎𝑞) (2) 

where k1, k-1 and k2 are rate constants. 

   The electrode potential scans in the following way: 

 𝐸(𝑡) = {
𝐸(𝑡0) − 𝜈𝑡                  𝑤ℎ𝑒𝑟𝑒    𝑡 <

𝑡𝑠𝑖𝑚
2

𝐸 (
𝑡𝑠𝑖𝑚
2
) + 𝜈 (𝑡 −

𝑡𝑠𝑖𝑚
2
)     𝑤ℎ𝑒𝑟𝑒    𝑡 ≥

𝑡𝑠𝑖𝑚
2

 (3) 

where E(t) is the potential applied at t time point, E(t0) is the initial potential, tsim is the total simulation time, 

and ν is the scan rate of the potential applied. The simulation time is chosen to correspond to that of a full, single 

cyclic voltammogram with a forward sweep and a reverse one. 

    The velocity of the electro-catalysis, 𝜐𝐶, is:  

 𝜐𝐶 = 𝐷𝑆
𝜕𝑐𝑆

𝜕𝑥
|
𝑥=0

= −𝐷𝑃
𝜕𝑐𝑃

𝜕𝑥
|
𝑥=0

= 𝑘2𝛤𝐵𝑆   (4) 

where DS, DP, cS and cP are the diffusion coefficients and concentrations for species S and P, x is the coordinate 

normal to the electrode surface (x = 0), and ΓBS is the surface coverage of species BS. 

By applying the steady-state approximation to BS, 
𝜕𝛤𝐵𝑆

𝜕𝑡
= 0, we obtain: 

 𝑘1𝛤𝐵𝑐𝑆|𝑥=0 = (𝑘−1 + 𝑘2)𝛤𝐵𝑆 (5) 

which leads to: 

 𝛤𝐵𝑆 =
𝑘1𝑐𝑆|𝑥=0
𝑘−1 + 𝑘2

𝛤𝐵 =
𝑐𝑆|𝑥=0
𝐾𝑚

𝛤𝐵 (6) 

where 𝐾𝑚 is the Michaelis-Menten constant for the catalytic reaction, and 𝐾𝑚 =
𝑘−1+𝑘2

𝑘1
. 

If reaction (1) is fully electrochemically reversible, according to the Nernst equation [32], we have: 

 
𝛤𝐴
𝛤𝐵

= 𝑒𝜃 (7) 

where 𝜃 =
𝐹(𝐸(𝑡)−𝐸𝑓

0)

𝑹𝑻
, and 𝐸𝑓

0 is the formal potential of the redox couple A/B. If we combine Eqns (6) and (7) 

with the conservation of surface coverage: 
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 𝛤𝐴 + 𝛤𝐵 + 𝛤𝐵𝑆 = 𝛤𝑚𝑎𝑥 (8) 

we can obtain an expression for ΓB: 

 
𝛤𝐵 =

𝛤𝑚𝑎𝑥

𝑒𝜃 + 1 +
𝑐𝑆|𝑥=0
𝐾𝑚

 
(9) 

Therefore, we have: 

 𝐷𝑆
𝜕𝑐𝑆
𝜕𝑥

|
𝑥=0

= −𝐷𝑃
𝜕𝑐𝑃
𝜕𝑥

|
𝑥=0

= 𝑘2𝛤𝐵𝑆 =
𝑘2𝛤𝐵𝑐𝑆|𝑥=0

𝐾𝑚
=

𝑘2𝛤𝑚𝑎𝑥𝑐𝑆|𝑥=0
(𝑒𝜃 + 1)𝐾𝑚 + 𝑐𝑆|𝑥=0

 (10) 

The diffusion equations for the species in the solution phase during the simulations are: 

 
𝜕𝑐𝑆

𝜕𝑡
= 𝐷𝑆 (

𝜕2𝑐𝑆

𝜕𝑥2
); 

𝜕𝑐𝑃

𝜕𝑡
= 𝐷𝑃 (

𝜕2𝑐𝑃

𝜕𝑥2
) (11) 

    Before the simulation starts (t = 0), ΓA, ΓB, ΓBS, cS and cP are set as following: 

 
        At 𝑥 = 0: 𝛤𝐴 = 𝛤𝑚𝑎𝑥;  𝛤𝐵 = 0; 𝛤𝐵𝑆 = 0 

For 0 ≤ 𝑥 ≤ 𝑥𝑚: 𝑐𝑆 = 𝑐𝑆
∗;  𝑐𝑃 = 0 

(12) 

where the maximum simulation space xm is chosen to depend on the total simulation time tsim: 

 𝑥𝑚 = 6√𝐷𝑡𝑠𝑖𝑚 (13) 

where xm is large enough so that the simulation is not affected by the far end boundary due to the Brownian 

motion of the solution phase [33, 34]. 

    After the potential is applied (t > 0), at the electrode surface (x = 0): 

 𝛤𝐴 =
𝑒𝜃𝛤𝑚𝑎𝑥

𝑒𝜃+1+
𝑐𝑆|𝑥=0
𝐾𝑚

; 𝛤𝐵 =
𝛤𝑚𝑎𝑥

𝑒𝜃+1+
𝑐𝑆|𝑥=0
𝐾𝑚

; 𝛤𝐵𝑆 =
𝑐𝑆|𝑥=0

𝐾𝑀

𝛤𝑚𝑎𝑥

𝑒𝜃+1+
𝑐𝑆|𝑥=0
𝐾𝑚

 (14) 

 𝐷𝑆
𝜕𝑐𝑆
𝜕𝑥

|
𝑥=0

= −𝐷𝑃
𝜕𝑐𝑃
𝜕𝑥

|
𝑥=0

= 𝑘2𝛤𝐵𝑆 =
𝑘2𝛤𝑚𝑎𝑥𝑐𝑆|𝑥=0

(𝑒𝜃 + 1)𝐾𝑚 + 𝑐𝑆|𝑥=0
 (15) 

and in the bulk of the solution phase (x = xm): 

 
𝜕𝑐𝑆
𝜕𝑥

|
𝑥𝑚

=
𝜕𝑐𝑃
𝜕𝑥

|
𝑥𝑚

= 0 (16) 

    Therefore, we can calculate the catalytic current IC by: 

 𝐼𝐶 = −𝐹𝐴𝑒𝐽𝐶 = −𝐹𝐴𝑒𝐷𝑆
𝜕𝑐𝑆
𝜕𝑥

|
𝑥=0

= −
𝐹𝐴𝑒𝑘2𝛤𝑚𝑎𝑥𝑐𝑆|𝑥=0

(𝑒𝜃 + 1)𝐾𝑚 + 𝑐𝑆|𝑥=0
 (17) 

where JC is the catalytic flux, and Ae is the electrode area. Moreover, the A/B current IA can be calculated by: 

 𝐼𝐴 = 𝐹𝐴𝑒𝐽𝐴 = 𝐹𝐴𝑒
𝜕𝛤𝐴
𝜕𝑡

 (18) 

where JA is the flux for the A/B electrochemical reaction. Therefore, we have the total current IT as: 

 𝐼𝑇 = 𝐼𝐶 + 𝐼𝐴 = −
𝐹𝐴𝑒𝑘2𝛤𝑚𝑎𝑥𝑐𝑆|𝑥=0

(𝑒𝜃 + 1)𝐾𝑚 + 𝑐𝑆|𝑥=0
+ 𝐹𝐴𝑒

𝜕𝛤𝐴
𝜕𝑡

 (19) 

2.1.1 Dimensionless Parameters 

    Dimensionless parameters are introduced to generalise the output of the simulations and to economise on 

simulation times [34]. In the ‘immobilised-enzyme’ model, the conversion from dimensional parameters to their 

dimensionless counterparts are shown in Table 1. 
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Table 1: Transformation of dimensional parameters to dimensionless parameters in the ‘non-porous immobilised-enzyme’ model, 

where R is the Universal Gas Constant, and T is the temperature.  

 Dimensional Parameters Dimensionless Forms Conversions 

Concentration of species j  

𝑐𝑗/(𝑚𝑀) 
𝐶𝑗 𝐶𝑗 =

𝑐𝑗

𝑐𝑆
∗ 

Surface coverage of species j 

𝛤𝑖/(𝑚𝑜𝑙 𝑚
−2) 

𝜉𝑖 𝜉𝑖 =
𝛤𝑖

𝛤𝑚𝑎𝑥

 

Diffusion coefficient of species j 

𝐷𝑗/(𝑚
2 𝑠−1) 

𝑑𝑗 𝑑𝑗 =
𝐷𝑗

𝐷𝑆
 

Distance 

𝑥/(𝑚) 
𝑋 𝑋 =

𝑥

𝑥𝑚
 

Time 

𝑡/(𝑠) 
𝑇 𝑇 =

𝑡

𝑡𝑠𝑖𝑚
 

Scan rates 

𝜈/(𝑉 𝑠−1) 
𝜎 𝜎 =

𝐹𝑡𝑠𝑖𝑚
𝑹𝑻

𝜈 

Potential 

𝐸/(𝑉) 
𝜃 𝜃 =

𝐹

𝑹𝑻
(𝐸 − 𝐸𝑓,𝐴/𝐵

0 ) 

BS decomposition rate constant 

𝑘2/(𝑠
−1) 

𝐾2 𝐾2 =
𝑥𝑚𝛤𝑚𝑎𝑥

𝐷𝑆𝑐𝑠
∗

𝑘2 

Michaelis-Menten Constant 

𝐾𝑚/(𝑚𝑀) 
𝐾𝑚𝑚 𝐾𝑚𝑚 =

𝐾𝑚
𝑐𝑆
∗  

A/B Flux 

𝐽𝐴/(𝑚𝑜𝑙 𝑠
−1 𝑚−2) 

𝑗𝐴 𝑗𝐴 =
𝑡𝑠𝑖𝑚
𝛤𝑚𝑎𝑥

𝐽𝐴 

Catalytic Flux 

𝐽𝐶/(𝑚𝑜𝑙 𝑠
−1 𝑚−2) 

𝑗𝐶 𝑗𝐶 =
𝑥𝑚
𝐷𝑆𝑐𝑠

∗
𝐽𝐶  

    The dimensionless diffusion equations are: 

 
𝜕𝐶𝑆

𝜕𝑇
=

𝑑𝑆

36
(
𝜕2𝐶𝑆

𝜕𝑋2
); 

𝜕𝐶𝑃

𝜕𝑇
=

𝑑𝑃

36
(
𝜕2𝐶𝑃

𝜕𝑋2
) (20) 

and the dimensionless expressions for the boundary conditions before the simulation starts (T = 0) become: 

 
       At 𝑋 = 0: 𝜉𝐴 = 1; 𝜉𝐵 = 0; 𝜉𝐵𝑆 = 0 

For 0 ≤ 𝑋 ≤ 1: 𝐶𝑆 = 1; 𝐶𝑃 = 0 
(21) 

    As the simulation starts (T > 0), at the electrode surface (X = 0): 

 𝜉𝐴 =
𝑒𝜃

𝑒𝜃+1+
𝐶𝑆|𝑋=0
𝐾𝑚𝑚

; 𝜉𝐵 =
1

𝑒𝜃+1+
𝐶𝑆|𝑋=0
𝐾𝑚𝑚

; 𝜉𝐵𝑆 =
𝐶𝑆|𝑋=0

𝐾𝑚𝑚

1

𝑒𝜃+1+
𝐶𝑆|𝑋=0
𝐾𝑚𝑚

 (22) 

 𝑑𝑆
𝜕𝐶𝑆
𝜕𝑋

|
𝑋=0

= −𝑑𝑃
𝜕𝐶𝑃
𝜕𝑋

|
𝑋=0

=
𝐾2𝐶𝑆|𝑋=0

(𝑒𝜃 + 1)𝐾𝑚𝑚 + 𝐶𝑆|𝑋=0
 (23) 

and in bulk solution (X = 1): 

 
𝜕𝐶𝑆
𝜕𝑋

|
𝑋=1

=
𝜕𝐶𝑃
𝜕𝑋

|
𝑋=1

= 0 (24) 

    We can relate the dimensional catalytic current IC to the dimensionless flux jC by: 

 𝐼𝐶 = −
𝐹𝐴𝑒𝐷𝑆𝑐𝑆

∗

𝑥𝑚
𝑗𝐶 = −

𝐹𝐴𝑒𝐷𝑆𝑐𝑆
∗

𝑥𝑚

𝐾2𝐶𝑆|𝑋=0
(𝑒𝜃 + 1)𝐾𝑚𝑚 + 𝐶𝑆|𝑋=0

 (25) 

where 𝑗𝐶 = 𝑑𝑆
𝜕𝐶𝑆

𝜕𝑋
|
𝑋=0

. Similarly, we can relate the dimensional A/B current IA to the dimensionless flux jA by: 
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 𝐼𝐴 =
𝐹𝐴𝑒𝛤𝑚𝑎𝑥

𝑡𝑠𝑖𝑚
𝑗𝐴 =

𝐹𝐴𝑒𝛤𝑚𝑎𝑥

𝑡𝑠𝑖𝑚

𝜕ξ𝐴
𝜕𝑇

 (26) 

where 𝑗𝐴 =
𝜕ξ𝐴

𝜕𝑇
. The dimensional total current IT is: 

 𝐼𝑇 = 𝐼𝐶 + 𝐼𝐴 = −
𝐹𝐴𝑒𝐷𝑆𝑐𝑆

∗

𝑥𝑚

𝐾2𝐶𝑆|𝑋=0
(𝑒𝜃 + 1)𝐾𝑚𝑚 + 𝐶𝑆|𝑋=0

+
𝐹𝐴𝑒𝛤𝑚𝑎𝑥

𝑡𝑠𝑖𝑚

𝜕ξ𝐴
𝜕𝑇

 (27) 

    Eqn (27) is interesting. The first term corresponding to IC indicates the role of the Michaelis constant in 

controlling the rate of turnover of S into P. As in conventional Michaelis-Menten kinetics, the constant Km 

appears in the denominator of the expression. However, in contrast to the kinetics describing purely 

homogeneous enzyme kinetics, the impact of the Michaelis constant is moderated by the factor  (𝑒𝜃 + 1) where 

the exponential term describes the role of the electrode potential. For very negative potentials the factor tends 

to unity corresponding to the case where all the immobilised enzyme on the surface is available for binding to 

the substrate S. At less negative potentials the factor is greater than unity so that the product (𝑒𝜃 + 1) Km > Km 

corresponding to an apparent weaker binding of B and A arising since not all the immobilised enzyme is present 

on the form B. The composite term, (𝑒𝜃 + 1) Km, can be thought of as the effective Michaelis constant and 

explains the potential-dependent apparent Km values observed as discussed above.  

2.2 The ‘Nanopore’ Model  

Next we consider the same enzyme-mediated process where the electrode is covered by a layer of nanopores 

which contain solution and where the reaction of S takes place on the conductive walls of the pores via the 

reactions Eqn (1) and Eqn (2). Again, the applied potential follows Eqn (3), and, before the reactions start, the 

initial surface coverages and concentrations follow Eqn (12). 

Consider a single pore of volume V and internal surface area AS. We assume the electrolysis within the 

nanopore is “thin layer” [32, 35, 36]: 

 √𝑉
3

≪ √𝐷
𝑹𝑻

𝐹𝜈
 (28) 

where 𝜈 is the scan rate (V/s). Then, cS is assumed to be uniform within the cell throughout the voltammetry. 

Note that for a sweep rate of 0.1 V/s and D = 10-5 cm2/s, we have √𝐷
𝑹𝑻

𝐹𝜈
 at about 16 μm which is much greater 

than the radius of  typical “nano” pores.  

    We therefore have: 

 𝜕𝑐𝑆|𝑥=0
𝜕𝑡

= −
𝜕𝑐𝑃|𝑥=0
𝜕𝑡

= −𝑘2𝛤𝐵𝑆 ∙
𝐴𝑆
𝑉
= −

𝑘2𝐴𝑆𝛤𝑚𝑎𝑥
𝑉 ∙ 𝑐𝑆|𝑥=0

(𝑒𝜃 + 1)𝐾𝑚 + 𝑐𝑆|𝑥=0

 (29) 

    Similarly, the total current in this model can be calculated by: 

 𝐼𝑃𝑇 = 𝐼𝑃𝐶 + 𝐼𝑃𝐴 (30) 

where: 

 𝐼𝑃𝐶 = 𝐹𝑁𝑡𝑉𝐽𝑃𝐶 = 𝐹𝑁𝑡𝑉
𝜕𝑐𝑆|𝑥=0
𝜕𝑡

 (31) 
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 𝐼𝑃𝐴 = 𝐹𝑁𝑡𝐴𝑆𝐽𝑃𝐴 = 𝐹𝑁𝑡𝐴𝑆
𝜕𝛤𝐴
𝜕𝑡

 (32) 

where 𝛤𝐴 can be calculated by Eqn (14), 𝑁𝑡 is the total number of nanopores in the nanoporous layer, JPC and 

JPA are the catalytic flux and A/B reaction flux, respectively. Please refer to Section S2 in Supplementary 

Information for the calculations of Nt, AS and V. Note again the appearance of the effective Michaelis constant, 

(𝑒𝜃 + 1) Km, in Eqn (29).  

2.2.1 Dimensionless Parameters 

In this model, the conversion from dimensional parameters to the dimensionless ones are shown in Table 2. 

Table 2: Transformation of dimensional parameters to dimensionless parameters where rr is the radius of the nanopores. Note that the 

dimensionless conversions for cj, Γj, Dj, x, E, and Km are the same as those in Table 1 with xm being replaced by rr for conversion of x.  

Dimensional Parameters Dimensionless Forms Conversions 

Time 

𝑡/(𝑠) 
𝑇 𝑇 =

𝐷𝑆
𝑟𝑟
2
𝑡 

Scan rates 

𝜈/(𝑉 𝑠−1) 
𝜎 𝜎 =

𝑟𝑟
2

𝐷𝑆

𝐹

𝑹𝑻
𝜈 

BS decomposition rate constant 

𝑘2/(𝑠
−1) 

𝐾2
′ 𝐾2

′ =
𝐴𝑆𝛤𝑚𝑎𝑥𝑟𝑟

2

𝑉𝑐𝑠
∗𝐷𝑆

𝑘2 

A/B Flux 

𝐽𝑃𝐴/(𝑚𝑜𝑙 𝑠
−1 𝑚−2) 

𝑗𝑃𝐴 𝑗𝑃𝐴 =
𝑟𝑟
2

𝛤𝑚𝑎𝑥𝐷𝑆
𝐽𝑃𝐴 

Catalytic Flux 

𝐽𝑃𝐶/(𝑚𝑜𝑙 𝑠
−1 𝑚−2) 

𝑗𝑃𝐶  𝑗𝑃𝐶 =
𝑟𝑟
2

𝐷𝑆𝑐𝑠
∗
𝐽𝑃𝐶  

    Before the simulation starts (T = 0), ξA, ξB, ξBS, CS and CP are set as shown in Eqn (21). Note that in this model 

CS and CP are assumed to always be uniform within the nanopores. As the simulation starts (T = 0), at the 

electrode surface (X = 0), ξA, ξB, ξBS follow Eqn (22). CS and CP within the nanopores follow:  

 
𝜕𝐶𝑆|𝑥=0
𝜕𝑇

= −
𝜕𝐶𝑃|𝑥=0
𝜕𝑇

= −
𝐾2
′𝐶𝑆|𝑋=0

(𝑒𝜃 + 1)𝐾𝑚𝑚 + 𝐶𝑆|𝑋=0
 (33) 

    We can relate the dimensional catalytic current IPC to the dimensionless flux jPC by: 

 𝐼𝑃𝐶 =
𝐹𝑁𝑡𝑉𝑐𝑆

∗𝑟𝑟
2

𝐷𝑆
𝑗𝑃𝐶 = −

𝐹𝑁𝑡𝑉𝑐𝑆
∗𝑟𝑟

2

𝐷𝑆

𝐾2
′𝐶𝑆|𝑋=0

(𝑒𝜃 + 1)𝐾𝑚𝑚 + 𝐶𝑆|𝑋=0
 (34) 

where 𝑗𝑃𝐶 =
𝜕𝐶𝑆|𝑋=0

𝜕𝑇
. Similarly, we can relate the dimensional A/B current IPA to the dimensionless flux jPA by: 

 𝐼𝑃𝐴 =
𝐹𝑁𝑡𝐴𝑆𝛤𝑚𝑎𝑥𝑟𝑟

2

𝐷𝑆
𝑗𝑃𝐴 =

𝐹𝑁𝑡𝐴𝑆𝛤𝑚𝑎𝑥𝑟𝑟
2

𝐷𝑆

𝜕ξ𝐴
𝜕𝑇

 (35) 

where 𝑗𝑃𝐴 =
𝜕ξ𝐴

𝜕𝑇
. The dimensional total current IPT is: 

 𝐼𝑃𝑇 = 𝐼𝑃𝐶 + 𝐼𝑃𝐴 = −
𝐹𝑁𝑡𝑉𝑐𝑆

∗𝑟𝑟
2

𝐷𝑆

𝐾2
′𝐶𝑆|𝑋=0

(𝑒𝜃 + 1)𝐾𝑚𝑚 + 𝐶𝑆|𝑋=0
+
𝐹𝑁𝑡𝐴𝑆𝛤𝑚𝑎𝑥𝑟𝑟

2

𝐷𝑆

𝜕ξ𝐴
𝜕𝑇

 (36) 

2.3 Computational Methods 

The simulation of the ‘immobilised-enzyme’ model was developed in C++, and the results were processed 

via Python using the NumPy and matplotlib libraries. The diffusion equations were solved using matrices 

resulting from a finite difference formulation together with the Thomas Algorithm [37–39]. Please refer to the 

textbook [34] for more details.  
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The simulation of the ‘nanopore’ model was developed in Python, and the simulation results were processed 

via Python using the NumPy and matplotlib libraries. 

Testing and validation [40–42] were performed including studies of error of mass conservation and 

convergence, which are shown in the Supplementary Information. 

3 Results and Discussion 

    In this section, we present and interpret the simulation results for the cyclic voltammetric response of both 

models and then evaluate the possible influence of nano-porosity on the electrochemistry of enzyme-mediated 

redox reactions and the implications for practical electrosynthesis. 

    In discussing the various voltammograms, references are made in the following discussions to several limits 

familiar from the voltammetry of flat, non-porous electrodes. First, we note that the maximum steady-state 

current [43] for an electrode modified with A arising from the reduction of S is: 

 𝐼𝑚𝑠𝑠 = 𝐹𝐴𝑒𝑘2𝛤𝑚𝑎𝑥 (37) 

    Second, the case of the A/B system immobilised on a flat electrode with no reaction with S leads, for the case 

of reversible electrode kinetics, to a symmetrical ‘thin-layer’ type cyclic voltammogram for which the forward 

peak current is [44,45]: 

 𝐼𝑡𝑙𝑐 =
𝐹2𝐴𝑒𝜈𝛤𝑚𝑎𝑥

4𝑹𝑻
 (38) 

    Third, if the enzyme reaction is so efficient that the electrolysis of S is under diffusion control, the forward 

peak current can be calculated from the Randle-Sevcik equation for a fully reversible one-dimensional 

macroelectrode system [46, 47]: 

 𝐼𝑅𝑆 = 0.446𝐹𝐴𝑒𝑐𝑆
∗√
𝐹𝐷𝜈

𝑹𝑻
 (39) 

    For a reductive electrochemical reaction, these three limiting cases are illustrated in Figure 2. 

 

Figure 2: Illustration of the currents (a) Imss, (b) Itlc and (c) IRS defined by Eqn (37), Eqn (38) and Eqn (39), respectively and the 

associated voltammetry. In this figure and figures below, the black arrows indicate the direction of scans of the cyclic voltammograms. 

3.1 The ‘Non-Porous Immobilised-Enzyme’ Model 

Simulations were carried out varying k2, Km, cS* and ν to investigate the nature and trends of the voltammetry 

of the immobilised-enzyme-mediated electrochemical reaction at a flat and non-porous planar electrode. 
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Initially various simulations were computed for a series of combinations of k2 and Km to investigate the trends 

of the cyclic voltammograms based on the experimental parameters shown in Table 3, where cS*, Γmax, DS and 

ν were selected based on commonly used experimental conditions [48-50] from which xm and tsim were calculated. 

Currents are reported as current densities Id (A/m2) to ultimately obtain comparable results between models. 

Table 3: The dimensional parameters set used in the ‘non-porous immobilised-enzyme’ model  

Dimensional Parameter Value 

Initial Concentration of S, 𝑐𝑆
∗ 1 𝑚𝑀 

Initial Surface Coverage of A, 𝛤𝑚𝑎𝑥 10−6 𝑚𝑜𝑙 𝑚−2 

Diffusion Coefficient of S, 𝐷𝑆 10−9 𝑚2 𝑠−1 

Scan Rate, 𝜈 2.57 × 10−2 𝑉 𝑠−1 

Simulation Distance, 𝑥𝑚 2.08 × 10−3 𝑚 

Simulation Time, 𝑡𝑠𝑖𝑚 120 𝑠 

In general, the current responses were found to approximate to one of four limiting cases, shown in Figure 3, 

which can be understood with reference to the catalytic mechanism, Eqn (1) and Eqn (2), as follows. 

 

Figure 3: Illustrations of four limiting cases under extreme conditions for the cyclic voltammetry for the ‘Non-Porous Immobilised-

Enzyme’ model.  

    In Case I, the binding of the substrate, S, to the active form of the enzyme B is negligible, corresponding to 

the limit where Km >> cS, and k2 is so small that the voltammogram reflects the equilibrium: 

 𝐴(𝑎𝑑𝑠) + 𝑒− ⇌ 𝐵(𝑎𝑑𝑠)      (40) 

    The voltammetry resembles that in Figure 3, Case I where the charge passed under each of the forward and 

backward peaks is the same and reflects the total coverage Γmax. The peak currents are close to Itlc as shown in 

Eqn (38), and the peak potentials correspond to the formal potential of the A/B couple, 𝐸𝑓,𝐴/𝐵
𝑜 , which is set at 

zero in the simulations reported below. 
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    In Case II, enzyme B binds the substrate S strongly, Km << cS, but the rate constant for decomposition of BS,  

k2, is sufficiently tiny, k2 << νF/RT, that the voltammetry, shown in Figure 3, Case II, reflects the equilibria: 

 𝐴(𝑎𝑑𝑠) + 𝑒− ⇌ 𝐵(𝑎𝑑𝑠)      (41) 

 𝐵(𝑎𝑑𝑠) + 𝑆(𝑎𝑞) ⇌ [𝐵𝑆](𝑎𝑑𝑠) (42) 

In this case, the voltammetry is similar to what is seen in Case I, with nearly symmetrical forward and reverse 

waves but in this limit both peaks are shifted to more positive potentials by an extent reflecting the strength of 

the binding given by Km. The shift, Eshift, in peak potential Epeak which is given by: 

 𝐸𝑠ℎ𝑖𝑓𝑡 = 𝐸𝑝𝑒𝑎𝑘 − 𝐸𝑓,𝐴/𝐵
𝑜  (43) 

reflects the formal potential of A/BS redox couple, 𝐸𝑓,𝐴/𝐵𝑆
𝑜  relative to that of 𝐸𝑓,𝐴/𝐵

𝑜 where in the case that Km << 

cS* corresponding to strong binding of S with B: 

 𝐸𝑝𝑒𝑎𝑘 = 𝐸𝑓,𝐴/𝐵𝑆
𝑜 +

𝑅𝑇

𝐹
ln 𝑐𝑆

∗ (44) 

where 𝐸𝑓,𝐴/𝐵𝑆
𝑜  relates to the half-cell reaction:  

 𝐴(𝑎𝑑𝑠) + 𝑆(𝑎𝑞) + 𝑒− ⇌ 𝐵𝑆(𝑎𝑑𝑠)      (45) 

so that the peak potential, Epeak, varies by ~59 mV (2.303RT/F) per decade of cS* at 25 °C. 

    In Cases III and IV, Km << cS, and k2 is larger than in Case II. The voltammetry resembles the full mechanism 

shown in Eqn (1) and Eqn (2). In Case III, as shown in Figure 3, Case III, but k2 is not large enough to 

significantly deplete S local to the electrode so that the total mechanism is under kinetic control with the 

concentration of S remaining nearly constant; quantitatively, k2Γmax << DS
0.5 cS*(νF/RT)0.5. Therefore, the 

voltammogram shows steady-state behaviour and has a limiting current as shown in Eqn (37). The half-wave 

potential is again shifted anodically relative to 𝐸𝑓,𝐴/𝐵
𝑜 .  

In Case IV, k2 is large enough, where k2 Γmax >> DS
0.5 cS*(νF/RT)0.5, so that there is significant depletion of S 

near the electrode and the voltammetry is under diffusion control and the forward voltammetric scan has a peak 

as shown in Figure 3, Case IV. The forward peak potential is shifted to a more positive potential relative to 

𝐸𝑓,𝐴/𝐵
𝑜  depending on the value of 𝐸𝑓,𝐴/𝐵𝑆

𝑜  or, equivalently, Km. Note that there is no backward peak in this case 

since the formation of P is chemically irreversible. The following sections illustrate the transition between the 

different cases as various parameters are varied 

3.1.1 Varying the rate constant, k2 and the Michaelis constant, Km 

Illustrative voltammograms are presented in Figures 4 and 5 in each plot of which one of either k2 or Km was 

fixed while the other was varied. In Figure 4a, k2 was fixed at 1 s-1, and Km was set at 10-2, 10-1, 100 and 101 mM 

with cS* fixed at 1 mM. The currents are compared to Imss and Itlc. On the forward scans, all four voltammograms 

start from zero current corresponding to potentials which are insufficient to reduce A to B. As the potentials are 

swept negative, currents onset at potentials which are progressively less negative as Km decrease corresponding 

to enhanced binding with S which is set at a concentration of 1 mM throughout at the beginning of simulations. 

Thus, for high values of Km relative to cS*, a simple voltammogram corresponding almost to the reversible 

adsorbed A/B couple is seen (red line in Figure 4a) in terms of the peak potential (corresponding to that of 𝐸𝑓,𝐴/𝐵
𝑜  
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set at 0 V in the simulations). This corresponds to the Case I limit. As Km is decreased, the backward peak is 

reduced in size due to the absence of enzyme in the reduced form B on the reverse sweep and a non-zero steady 

current develops at negative potentials which increases as Km decreases ultimately maximising at a current value 

controlled by k2 and given by Eqn (37) (blue line in Figure 4a). This reflects limiting Case III. 

In Figure 4b, k2 was fixed at 1000 s-1, and Km was set at 10-2, 10-1, 100 and 101 mM with cS* again fixed at 1 

mM. The currents were compared to IRS calculated for ν = 25.7 mV/s. On the forward scans, all four 

voltammograms start from zero current where the potentials are not negative enough to reduce A. The potentials 

are then swept negative where A starts to be reduced, and currents onset at different potentials with relatively 

more positive potentials observed for smaller Km. The substrate S close to the electrode is depleted as potentials 

sweep negative for each voltammogram since the large k2 enables rapid catalytic reaction of S which produces 

a diffusive forward peak in each plot voltammogram and corresponds to the limiting Case IV. For higher values 

of Km relative to cS*, the peak potential is observed to approach 𝐸𝑓,𝐴/𝐵
𝑜  (red line in Figure 4b) whereas for small 

values of Km the peak potential is shifted to more positive potentials due to the stronger binding of S (blue line 

in Figure 4b). The forward currents are increased for a smaller Km and the reach a limiting value at high 

overpotential reflecting the value of k2. The expected value of Imss is 98.5 A/m2
.  On the backward scan, there is 

no peak for any Km value since conversion to P is irreversible. 

 

Figure 4: Voltammograms simulated varying Km for (a) k2 = 1 s-1 and (b) k2 = 1000 s-1 for the ‘Non-Porous Immobilised-Enzyme’ 

model. The simulated current responses are shown in solid lines while the reference equations are shown in dashed lines. The 

calculated value of Imss is 98.5 A/m2 in (b). 

In Figure 5a, Km was fixed at 10-2 mM, and k2 was set at 10-1 to 102 s-1 with ν and cS* again as given in Table 

3. The currents were compared to IRS calculated for ν = 25.7 mV/s, Itlc from Eqn (38) and Imss for the pertinent k2 

values of 0.1, 1 and 10 s-1, respectively. On the forward scans, all four currents start at zero current and onset at 

potentials which are progressively more positive as k2 increases corresponding to a more favourable catalytic 

reaction as the potential sweeps negative. For very small k2 (k2 << νF/RT, the blue line in Figure 5a), the 

voltammogram has almost symmetrical forward and reverse peaks, which are near the size of Itlc, both shifted 

to more positive potentials than 𝐸𝑓,𝐴/𝐵
𝑜  corresponding to limiting Case II with a limiting current close to Imss at 

high overpotentials. As k2 increases [but subject to k2Γmax << DS
0.5 cS*(νF/RT)0.5, orange line in Figure 5a], as 
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discussed above, the voltammogram corresponds to the limiting Case III and a limiting current is observed at 

high overpotential. As k2 increases yet further a diffusive forward peak is formed reflecting the depletion of S 

close to the electrode. At the same time the forward peak potential shifts to more positive potentials. Thus, the 

voltammogram tends to the limiting Case IV as k2 increases, and the forward peak current eventually approaches 

and slightly exceeds IRS limiting when k2Γmax >> DS
0.5 cS*(νF/RT)0.5 (red line in Figure 5a). The increase of 

current over and above that calculated from IRS is characteristic of a so-called ErevC process in which a reversible 

electrode process is followed by a chemical reaction [32, 48, 49]. 

 

Figure 5: Voltammograms simulated varying k2 for (a) Km = 10-2 mM and (b) Km = 10 mM. In (a) for the ‘Non-Porous Immobilised-

Enzyme’ model. The simulated current responses are shown in solid lines, Imss is plotted for k2 = 0.1 (black dashed), 1 (red dashed) and 

10 (purple dashed) s-1, respectively. 

In Figure 5b, Km was fixed at 10 mM, and k2 was set at 100 to 104 s-1 with ν and cS* as given in Table 3. The 

currents were compared to Itlc and IRS with the latter calculated for 25.7 mV/s. On the forward scans, all five 

currents start at zero current and catalytic currents onset at different potentials corresponding to relatively more 

negative potentials for smaller k2 as the potential sweeps negative. For small k2 (k2 << νF/RT, blue line in Figure 

5b), as discussed above, the voltammogram corresponds to the limiting Case I. As k2 increases, the current on 

the forward scan increases but is markedly less than Imss. The backward peak is reduced in size due to the absence 

of B on the reverse scan since it is in the form of BS. A diffusive forward peak is formed as a result of depletion 

of S close to the electrode, which again shifts the forward peak potential more positive. The voltammogram 

tends to resemble the limiting Case IV as k2 increases. However, it requires a higher k2 [k2Γmax >> DS
0.5 

cS*(νF/RT)0.5, purple line in Figure 5b], as compared to the case of the smaller Km in Figure 5a, to exceed IRS 

due to thermodynamically weaker binding of S with B. 

3.1.2 Varying the bulk substrate concentration, cS* 

The bulk concentration of substrate S, cS*, has a significant impact on the current responses depending on its 

magnitude relative to Km. Illustrative voltammograms are presented in Figures 6 and 7 in which cS* was varied 

while k2 and Km were fixed. In Figure 6, cS* was set at 0.1, 1, 10 mM, Km was fixed at 0.1 and 10 mM for Figures 

6a and 6b, respectively, and k2 was fixed at 1 s-1. The currents are compared to Imss and Itlc in both plots. The 

plots span the full range of behaviour from negligible catalysis (Km = 10 mM, cS* = 0.1 mM, blue curve in Figure 
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6b) corresponding to Case I through to Case III with strong catalysis under kinetic control (Km = 0.1 mM, cS* = 

10mM, green curve in Figure 6a).  

In Figure 7, cS* was set at 0.1, 1, 10 mM, and Km was fixed at 0.1 and 10 mM for Figures 7a and 7b, 

respectively, but k2 was fixed at the higher value 1000 s-1 as for the Figures 6. The currents are compared to IRS 

calculated for cS* = 0.1, 1 and 10 mM. In this set of figures, the further transition into Case IV can be followed 

as a consequence of the increased value of k2 in comparison with Figure 6. Thus, the development of diffusional 

peaks is evident in both plots in Figures 7. 

 

Figure 6: Voltammograms simulated at cS* = 0.1, 1, 10 mM for Km = 0.1 and 10 mM at k2 = 1 s-1 for the ‘Non-Porous Immobilised-

Enzyme’ model. The simulated current responses are shown in solid lines while the reference equations are shown in dashed lines. 

 

Figure 7: Voltammograms simulated at cS* = 0.1, 1, 10 mM for Km = 0.1 and 10 mM at k2 = 1000 s-1 for the ‘Non-Porous 

Immobilised-Enzyme’ model. The simulated current responses are shown in solid lines while the reference equations are shown in 

dashed lines. 

Further insights emerge from Table 4, which compares the values of the forward peak currents, Ip, to the 

corresponding IRS value calculated for the pertinent concentration and gives the ratio of these two quantities as 

a function of different Km and cS* values. Note that the values of the peak currents are close to those expected 

for a simple diffusion-controlled process testifying to the diffusional character of the catalysed reaction. The 

deviation of the ratio from unity reflects two factors. First, as identified above, in the case of a reversible electron 

transfer process followed by irreversible chemical reaction the peak currents are expected to rise above those 
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predicted by the Randles-Sevcik equation for a simple one electron transfer. Second, the most effective catalysis 

in terms of a comparison with what is expected for a simple diffusion-controlled electrolysis, is seen for small 

values of Km and low values of cS*, even though the absolute values of the current are higher in the latter case. 

These factors are best seen in the data for Km = 10 mM where the first factor is evident for cS* = 0.1 mM whilst 

for cS* = 10 mM the substrate concentration is comparable to the Km value so that the catalysis is less effective 

and the ratio of currents drops below unity.  

Table 4: Values of Ip, IRS and their ratios at cS* = 0.1, 1, 10 mM for Km = 0.1 and 10 mM at k2 = 1000 s-1. The corresponding 

voltammograms are shown in Figure 7. 

cS* / mM IRS / (A/m2) 
Km = 0.1 mM Km = 10 mM 

Ip / (A/m2) Ip / IRS Ip / (A/m2) Ip / IRS 

0.1 -0.136 -0.152 1.114 -0.152 1.115 

1 -1.361 -1.508 1.108 -1.301 0.956 

10 -13.613 -14.841 1.090 -12.415 0.912 

3.1.3 Varying the scan rate, ν 

The scan rate of the applied potential in the electrochemical processes also influences the current responses 

significantly. Illustrative voltammograms are presented in Figures 8 and 9 in which the scan rate, ν, was varied 

while k2 and Km were fixed. In Figure 8, ν was set at 2.57, 25.7, 257 mV/s, Km was fixed at 0.01 and 10 mM for 

Figures 8a and 8b, respectively, and k2 was fixed at 1 s-1. The currents are compared to Imss and Itlc calculated at 

corresponding scan rates in both plots. Similar to Figure 6, the plots span the full range of behaviour from 

negligible catalysis to Case III with strong catalysis under kinetic control (Km = 0.01 mM, ν = 2.57 mV/s, blue 

curve in Figure 8a). However note that in Figure 8a the negligible catalysis limit (Km = 0.01 mM, ν = 257 mV/s, 

green curve in Figure 8a) corresponds to Case II with shifted peak potentials, but in Figure 8b the negligible 

catalysis limit (Km = 10 mM, ν = 257 mV/s, green curve in Figure 8b) corresponds to Case I. 

 

Figure 8: Voltammograms simulated at ν = 2.57, 25.7, 257 mV/s for Km = 0.01 and 10 mM at k2 = 1 s-1 for the ‘Non-Porous 

Immobilised-Enzyme’ model. The simulated current responses are shown in solid lines while the reference equations are shown in 

dashed lines. 

In Figure 9, ν was set at 2.57, 25.7, 257 mV/s, and Km was fixed at 0.1 and 10 mM for Figures 9a and 9b, 

respectively, but k2 was fixed at the higher value 1000 s-1 as for the Figures 8. The currents are compared to IRS 
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calculated for ν = 2.57, 25.7, and 257 mV/s. In this set of figures the further transition to Case IV is observed 

due to an increased value of k2 in comparison with Figure 8. Therefore, diffusional peaks are well developed in 

both Figures 9, especially at higher scan rates. 

Table 5 compares the values of Ip to the corresponding IRS value calculated for the pertinent scan rate and 

presents the ratio of these two values. Both values increase with scan rate, but the IRS values increases more 

strongly explaining the decrease in the ratio with scan rate. Further, as discussed above, Case IV mechanism 

can lead to a forward peak current exceeding the peak current predicted by the Randles-Sevcik equation for a 

small Km relative to cS* whereas, for a large Km, IRS is lower than IRS. The strongest relative catalysis is seen for 

the lowest scan rates tabulated although of course these correspond to lower absolute currents.  

 

Figure 9: Voltammograms simulated at ν = 2.57, 25.7, 257 mV/s for Km = 0.1 and 10 mM at k2 = 1000 s-1 for the ‘Non-Porous 

Immobilised-Enzyme’ model. The simulated current responses are shown in solid lines while the reference equations are shown in 

dashed lines. 

Table 5: Values of Ip, IRS and their ratios at ν = 2.57, 25.7, 257 mV/s for Km = 0.1 and 10 mM at k2 = 1000 s-1 as shown in Figure 9. 

ν / (mV/s) IRS / (A/m2) 
Km = 0.1 mM Km = 10 mM 

Ip / (A/m2) Ip / IRS Ip / (A/m2) Ip / IRS 

2.57 -0.430 -0.478 1.110 -0.453 1.053 

25.7 -1.361 -1.508 1.108 -1.301 0.956 

257 -4.305 -4.751 1.104 -3.227 0.750 

3.2 The ‘Nanopore’ Model 

Calculations were carried out varying k2, Km, cS* and ν to investigate the features of the voltammetry for the 

electrochemical reaction mediated by an enzyme immobilised in a porous layer on the electrode surface using 

the experimental parameters shown in Table 6, where cS*, Γmax, DS and ν were, unless themselves varied, based 

on the values in Table 3. rr, Nt, AS and V were selected and calculated based on literature [7,12,13] as shown in 

the SI. Note that the current densities Id (A/m2) presented in the figures reported for this model refer to current 

per square meter of electrode area, not per square meter of internal area of pores. 

Table 6: The dimensional parameters set used in the ‘nanopore’ model based in part in data reported in reference [7,12,13]. 

Dimensional Parameter Value 

Pore Radius, 𝑟𝑟  25 × 10−9 𝑚 
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Total Number of Nanopores per Square Meter of Electrode, 𝑁𝑡 1.85 × 1016 𝑚−2 

Internal Area of a Single Pore, 𝐴𝑆 7.85 × 10−15 𝑚2 

Volume of a Single Pore, 𝑉 6.54 × 10−23 𝑚3 

3.2.1 Varying the rate constant, k2 and the Michaelis constant, Km 

In this section, k2 and Km are varied to investigate the shapes and trends of cyclic voltammetry for the 

‘nanopore’ model. We first investigated the voltammograms where the catalytic effect is tiny. Illustrative 

voltammograms are presented in Figures 10a where k2 was fixed at 10-9 s-1 while Km was varied for cS* = 1 mM.  

Figure 10a shows voltammograms simulated for Km = 10-3 to 101 mM at k2 = 10-9 s-1 and cS* = 1 mM and with 

the standard potential for the A/B couple fixed at 0 V. Note the infinitesimally slow rate constant. We observe a 

clear transition from Case I (purple line in Figure 10a) to Case II (blue line in Figure 10a) in the voltammograms 

as Km decreases. Figure 10b, shows that as Km decreases the peak shifts to progressively more positive values 

consistent with the stronger binding of S to B. Furthermore, for sufficiently small Km, Epeak decreases by an 

amount ~59 mV (2.303RT/F) per decade of Km. Conversely, as Km increases Epeak approaches the standard formal 

potential for the A/B redox couple.  

 

Figure 10: Voltammograms (a) and peak potentials (b) simulated for Km = 10-3 to 101 mM at k2 = 10-9 s-1 and cS* = 1 mM for 

the ‘Nanopore’ model. Simulated current responses are shown in solid lines while the reference equations are shown in dashed lines. 

Similarly, voltammograms were simulated, as shown in Figures S7-S9 in SI, varying Km for 10-3 to 102 mM 

at k2 = 1, 103 and 105 s-1 with cS* = 1 mM. For larger k2, introducing a stronger catalytic effect, a pre-peak will 

form in voltammograms before A/B redox peak at 0 V. The pre-peak is formed since the substrate S inside the 

nanopores is rapidly depleted as B forms in the electrochemical process. The peak potentials Epeak for the pre-

peak in the forward scans were extracted and are shown in Figure 11. These can be compared with pre-peak 

potentials for a negligible k2 = 10-9 s-1 (Figure 10b). Note that for k2 = 1 s-1 shown as the orange line in Figure 

11, fewer points can be plotted as the pre-peak is merged with the A/B peak. As shown in Figure 11, the pre-

peaks shift to more positive potentials due to increased catalytic effects for larger k2. For k2 = 1, 103 and 105 s-1, 

the variations of the peak potentials for the pre-peaks follows the expected slope of ~ -59 mV (-2.303RT/F) per 

decade of Km over the range of Km values studied. Note that for k2 = 1 and 103 s-1, for sufficiently large Km, pre-

peak potentials tend to the value expected for a simple A/B peak as the binding becomes increasingly negligible. 
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Figure 11: Peak potentials for the simulated voltammograms varying Km at k2 = 10-9, 1, 103 and 105 s-1 at cS* = 1 mM for the 

‘Nanopore’ model. Simulated current responses are shown in solid lines while the reference equations are shown in dashed lines. 

3.2.2 Varying the bulk substrate concentration, cS* 

    Next, we varied the bulk concentration of substrate S, cS*, at fixed k2 and Km to show its impact on the current 

responses. Figures 12a and 12b show the voltammetry and the variation of the peak potential for the case where 

the value of Km is fixed but the substrate concentration is varied, again in the limit of infinitesimal k2. The value 

of 𝐸𝑓,𝐴/𝐵𝑆
𝑜  is again fixed at 0 V. It can be seen that the simulated peak potential Epeak shifts to more positive 

potentials as cS* increases whereas for smaller cS*, Epeak tends to 0 V. In the limit of high cS*, Epeak increases 

~59 mV (2.303RT/F) per decade of cS*. 

 

Figure 12: Voltammograms (a) and peak potentials (b) simulated for cS* = 10-2 to 102 mM at k2 = 10-9 s-1 and Km = 1 mM for the 

‘Nanopore’ model. Simulated current responses are shown in solid lines while the reference equations are shown in dashed lines. 

Particularly interesting voltammetry is observed as k2 is increased to progressively enhance the catalytic effect, 

so starting the transition to Case III. Figures 13a and 13b show the voltammograms simulated varying cS* for 

10-2 to 102 mM at k2 = 1 and 1000 s-1, respectively, with Km = 1 mM. We see that, compared to Figure 12a, a 
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pre-peak to the main A/B peak is formed as a consequence of the catalytic reaction. For voltammograms in both 

Figure 13a and 13b, as cS* increases, the size of the pre-peak current increases whilst the peak potential Epeak 

for the pre-peak in the forward scans stays near a fixed potential. For Figure 13a, the peak potentials are shifted 

less positively due to the relatively smaller k2. Therefore, the pre-peak is partially merged with the A/B peak, 

especially for a smaller cS* (blue line in Figure 13a) where the peak current for the pre-peak is tiny compared 

to the A/B peak. Furthermore, as discussed in the previous section, a peak showing oxidative currents is formed 

after the pre-peak for a large cS* (purple line in Figure 13a) due to formation of BS in the process as shown in 

Figure S10 in SI. The BS which survives the voltammetric scan through the pre-peak is re-oxidised to A at 

potentials anodic of the formal potential of the A/B couple. For Figure 13b, for a large k2, the pre-peaks are 

shifted to more positive potentials due to the stronger catalytic effect. Such observations hint at the possibility 

of studying the enzyme complexes BS voltammetrically. 

 

Figure 13: Voltammograms simulated for cS* = 10-2 to 102 mM at k2 = 1 and 1000 s-1 and Km = 1 mM for the ‘Nanopore’ model. 

Simulated current responses are shown in solid lines while the reference equations are shown in dashed lines. 

3.2.3 Varying scan rate ν 

Voltammograms were simulated, as shown in Figure S11-S13 in SI, varying ν for 0.257 mV/s to 2.57 V/s at 

k2 = 1, 103 and 105 s-1 with cS* = 1 mM and Km = 1 mM, and the peak potentials for the pre-peaks were extracted 

and plotted in Figure 14 comparing to the peak potentials for k2 = 10-9 s-1 which is at the standard formal potential 

of A/B redox couple (0 V). For k2 = 1 s-1 shown as the orange line in Figure 14, fewer points can be plotted as 

the pre-peak is merged with the A/B peak. Similar to Figure 11, the peak potentials of the pre-peaks shift to 

more positive potentials for increased k2. For k2 = 1, 103 and 105 s-1, the varying rates of the peak potentials for 

the pre-peaks correspond to the expected slope of ~ -59 mV (-2.303RT/F) per decade of ν over the range of ν 

values studied. 
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Figure 14: Peak potentials for the simulated voltammograms varying ν at k2 = 10-9, 1, 103 and 105 s-1 at cS* = 1 mM and Km = 1 mM 

for the ‘Nanopore’ model. Simulated current responses are shown in solid lines while the reference equations are shown in dashed 

lines.  

3.3 A Comparison of Flat and Nano-Porous Electrodes: Appreciating the Role of Nanoporosity 

and Optimising Substrate Conversion to Product 

    In this section we compare the responses of the flat, non-porous electrode and a nano-porous electrode. In the 

first case we examine a typical macroelectrode whereas in the latter case we assume, based on the seminal work 

of Armstrong et al [7,12,13], that the porous layer comprises a dense network of pores of radius 25 nm within 

a 2-micron-thick layer on the electrode surface. We estimate (again see Section S2 in SI) that the layer comprises 

ca 1.85 × 1016 such pores per square metre. Note that in the model developed above the pores are considered 

isolated and not in diffusional communication with either each other or with the bulk solution. Nevertheless, 

the pore content is assumed to be solution of the same composition (concentration of S) as pertains in the bulk 

solution considered for the flat electrode. We return to these assumptions below. 

    In the first instance we compare these responses of the electrodes under conditions in which the enzyme is 

adsorbed at the same coverage on the surface of the flat macro-electrode and on the surface of each of the 

1.85 × 1016 pores per square metre. We then compare the currents flowing through the same geometric area of 

the electrode surface. Thus, each of the pores contributes its own flux to the current density (A/m2) of the porous 

electrode as a whole which is calculated by IPT = Nt As IP (see Eqn 36). where Nt is the total number of pores per 

square metre, As is the internal area of a single pore, and IP is the current response for a single pore. Note that 

the coverage chosen for these simulations approximately corresponds to ca monolayer coverage of a surface 

corresponding to 6.02 × 1013 molecules per square centimetre. 

In Figure 15 we compare the responses for the values of Km of either 0.1 mM or 10 mM and k2 of either 1 s-1 

or 1000 s-1 leading to the four possible cases of (Figure 15a), KM = 10 mM and k2 = 1 s-1 (weak catalysis) through 

Km = 10 mM and k2 = 1000 s-1 (Figure 15b), Km = 0.1 mM and k2 = 1 s-1 (Figure 15c) and Km = 0.1 mM and k2 = 
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1000 s-1 (Figure 15d) corresponding to increasing catalytic activity. Note that pre-peaks which are tiny on the 

scale of the main voltammograms in each figure are shown as amplified on the insets where the scale difference 

of a factor of 100 should be noted in Figures 15a, 15b and 15d. 

In the four figures the transition from Case I to Case IV can be easily discerned for the planar electrode. A 

similar behaviour is seen for the pre-peak of the porous electrode. However, the dominant feature of the latter 

is that the size of the peak associated with the A/B reduction is much greater in size than the pre-peak which 

involves the consumption of S. This in turn arises because for a typical single pore the number of moles on the 

surface is 7.85 × 10−21 moles of A whereas in the volume of the pore there are 6.54 × 10−23 moles of S. Thus, 

the size of the immobilised feature is much greater. 

 

Figure 15: Voltammograms simulated for two models of Km of either 0.1 mM or 10 mM and k2 of either 1 s-1 or 1000 s-1 at cS* = 1 

mM, and ν = 25.7 mV/s. Note that ‘Non-Porous’ Model is short for the ‘Non-Porous Immobilised-Enzyme’ model. ItlcF and ItlcN are Itlc 

calculated for the ‘Non-Porous Immobilised-Enzyme’ model and the ‘Nanopore’ Model, respectively. IRSF and ImssF are the Randle-

Sevcik Equation and Imss calculated for the ‘Non-Porous Immobilised-Enzyme’ model. Initial surface coverages for enzyme A for both 

models are set to 10-6 mol/m2. 

    In the second instance we compare the responses of flat electrodes either modified as for Figure 15 or else 

with a coverage corresponding to the total enzymes per geometric square metre of a porous electrode. Thus, we 

consider the case of an electrode with an effective loading of NtAsΓA where ΓA is the loading as used above. Note 

that this is a hypothetical case since the resulting enzyme loading is then multilayer and much greater than 
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monolayer. However we argue that an optimal form of porous electrode will be one in which the pores are in 

full or at least substantial diffusional communication with the bulk solution and hence the amount of substrate 

that can be converted to product is that within the diffusion layer of the electrode and not limited to the content 

of the pores. This offers a substantial enhancement because of the greater extent of the diffusion layer of the 

accessible surface in comparison with the 2-micron thickness of the porous layer. A flat electrode under 

conditions of semi-infinite diffusion has a diffusion layer of the size of tens or hundreds of microns depending 

on scan rate allowing a significant fraction of the substrate S within the layer to be converted into P.  

 

Figure 16: Voltammograms simulated for the ‘Non-Porous Immobilised-Enzyme’ model for ΓA = 10-6 and 1.45 × 10−4 mol/m2 at k2 

= 10 s-1, Km = 1 mM, cS* = 1 mM, and ν = 25.7 mV/s. The simulated current responses are shown in solid lines while the reference 

equations are shown in dashed lines. 

 

Figure 17: Voltammograms simulated including IC, IA and IT from Eqns (25) – (27) for the ‘Non-Porous Immobilised-Enzyme’ model 

for (a) ΓA = 10-6 mol/m2 and (b) ΓA = 1.45 × 10−4 mol/m2 at k2 = 10 s-1, Km = 1 mM, cS* = 1 mM, and ν = 25.7 mV/s. Simulated current 

responses are shown in solid lines while the reference equations are shown in dashed lines. In (b), IRS is calculated to be 1.36 A/m2. 

From a diffusional perspective a fully accessible thin layer of pores can be realistically modelled as a flat 

electrode with an increased coverage overall average coverage to reflect the total amount of enzyme 
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immobilised over the geometric area of the electrode. With this is mind we consider the equations developed 

above for voltammetric response to identify those conditions under which the use of porosity to create an 

effective high surface coverage might be useful. Eqn (27) in particular shows first that for effective conversion 

of S to P (current IC) it is essential that, in dimensional terms, Km << [S] corresponding to the effective binding 

of S with B to create BS. In the event that the enzyme used has a relatively large Km value then the deployment 

of an increased coverage ΓA can compensate. This is illustrated by Figure 16 in which Km = 1 mM and cS* = 1 

mM. and the voltammetric response for the two coverages 10-6 and 1.45 × 10−4 mol/m2 are compared. Figures 

17a and 17b show the two responses dissected into the contributions IC and IA. This is important since the signal 

from the immobilised enzyme electrochemistry (IA) obscures the response from the substrate conversion (IC). 

Importantly for the low coverage the substrate conversion is much below that expected for the diffusional 

discharge of S as estimated by the Randles-Sevcik equation for the (electrochemically reversible) discharge of 

S at a flat electrode. In contrast IC in Figure 17b calculated for the porous electrode mimic (that is the flat 

electrode with a higher coverage), a near diffusional response is seen. This is because although not all the 

reduced enzyme, B, is in the form BS because of the high value of Km, increasing the coverage increased the 

amount of BS present and hence the overall turnover of S to P.  

    Second, returning to Eqn (23), and assuming the Km << cS*, it is evident that if k2, the rate constant for the 

decomposition of BS, is sluggish then again improved catalysis can be realised via the porous electrode strategy 

and the creation of an effective very high coverage. This is illustrated in Figure 18 where Km = 0.1 mM and cS* 

= 1 mM meeting the first criterion, but it is assumed that k2 = 0.3 s-1. Again, the responses for the high and low 

coverages of 10-6 and 1.45 × 10−4  mol/m2 are plotted and decomposed in Figures 19a and 19b into the 

components IA and IC. It is apparent that IC reaches the diffusional limit for the discharge of S with the high 

coverage but is substantially less for the lower coverage. 

 

Figure 18: Voltammograms simulated for the ‘Non-Porous Immobilised-Enzyme’ model for ΓA = 10-6 and 1.45 × 10−4 mol/m2 at k2 

= 0.3 s-1, Km = 0.1 mM, cS* = 1 mM, and ν = 25.7 mV/s. The simulated current responses are shown in solid lines while the reference 

equations are shown in dashed lines. 
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Figure 19: Voltammograms simulated including IC, IA and IT from Eqns (25) – (27) for the ‘Non-Porous Immobilised-Enzyme’ model 

for (a) ΓA = 10-6 mol/m2 and (b) ΓA = 1.45 × 10−4 mol/m2 at k2 = 0.3 s-1, Km = 0.1 mM, cS* = 1 mM, and ν = 25.7 mV/s. Simulated 

currents are shown in solid lines while the reference equations are shown in dashed lines. In (b), IRS is calculated to be 1.36 A/m2. 

    The above comparisons confirm the enormous potential for the use of surface porosity in creating an effective 

ultrahigh surface loading of enzyme which can offset limitations arising from both the thermodynamic 

parameters Km and the kinetic constant k2. However, in order for the porous layer to be effective we stress the 

essential need for the porous layer to have diffusional communication with the bulk solution so as to turn 

usefully large amount of S into P. Thus, for effective catalysis the nano-porosity needs to create surface 

roughness as opposed to ‘nano-confinement’ at least in the diffusional sense. That said, roughness at the 

nanoscale is especially effective in creating the increased area need for enhanced enzyme adsorption. It is worth 

noting that besides the enhanced enzyme surface coverage and the different diffusion pattern in nanopores 

comparing to the bulk solution, the advantages of nano-confinement might originated from other effects, which 

could be further investigated via theoretical and experimental studies. 

4. Conclusions 

This work has utilised modelling and simulation tools to predict the cyclic voltammetry with immobilised-

enzyme-mediated electrochemical processes on a flat electrode and on a porous electrode. The simulations were 

based on Fickian diffusion and Michaelis-Menten enzyme kinetics. For the model with flat electrodes, four 

limiting cases were identified and reflected first feeble binding between the enzyme and the substrate and 

negligible catalysis (Case I), second strong binding and tiny catalysis (Case II), third strong binding and 

significant but slow turnover (Case III), and fourth, in Case IV, strong binding and fast formation of the products. 

The latter case, corresponding to efficient electrochemical enzyme catalysis and leads to marked depletion of 

the substrate local to the electrode and hence voltammetric signals of a diffusional character which fingerprints 

the sought high turnover of S. The kinetic equations developed explain reported apparent potential dependence 

of the Michaelis constant in controlling the catalytic currents 

Comparison of the flat and porous electrodes suggests that the latter best operate when in diffusional 

communication with the bulk solution and serve to create an effective high surface coverage of enzyme on the 
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electrode surface. The conditions under which this is beneficial shown to be either where the Michaelis constant 

shows less than strong binding to the substrate or when the rate constant for the decomposition of BS is slow. 
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