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Abstract

The enzyme electrode based on enzymatic and electrochemical cascade reactions is a

golden approach for detecting various biomarkers. How the interfacial architectures

of a promising three-phase interface enzyme electrode can influence the cascade

reactions and electrode performance, however, remains unclear. In this study, a

mathematical model has been developed to describe intraphase and interphase mass

transfer, coupled with cascade reactions. The results reveal that the interfacial archi-

tectures determine the mass transfer of oxygen (substrate of oxidase) and H2O2

(enzymatic product) in the cascade reactions, hence affecting the electrode current.

Generally, thinner pore walls facilitate the mass transfer of oxygen, thereby enhanc-

ing the enzymatic kinetics and H2O2 production. Meanwhile, smaller pore sizes

shorten the diffusion pathway of H2O2 to the electrode surface, thereby increasing

the electrocatalytic reaction rate. This work provides an efficient in silico tool for the

design of high-performance three-phase enzyme electrodes.
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1 | INTRODUCTION

The accurate detection of biomarkers (e.g., glucose, lactate, uric acid,

protein, etc.) is essential for the diagnosis and treatment of many

diseases.1–7 The development of fast and accurate biomarker detec-

tion techniques has long been a focus of research in areas such as bio-

medicine. Electrochemical enzyme electrodes8 have the advantages of

mild reaction conditions, high selectivity, and high reaction efficiency,

and they are widely used in biomarker detection applications.

In oxidase-based enzyme electrodes, oxidases consume oxygen

and substrate (analyte) to produce H2O2. Subsequently, the H2O2

undergoes electrocatalysis on the electrode surface to generate a

response current. The enzymatic and succeeding electrochemical reac-

tions form a cascade reaction. Sufficient oxygen supply is a crucial pre-

requisite for enhancing the enzymatic kinetics. Conventionally, the

enzymatic reaction occurs in the solid–liquid two-phase interface,

where the required oxygen can only be supplied from the analyte solu-

tion. The low oxygen concentration and slow oxygen diffusion rate in

the liquid limit the enzyme kinetics and the performance of the two-

phase electrode. In our previous experimental work,9–15 this limitation

has been addressed by designing enzyme electrodes with a solid–liq-

uid–gas three-phase interface.16–19 In the three-phase enzyme elec-

trode, the oxygen can be directly and rapidly supplied from the gas

phase, which successfully enhances and stabilizes the enzyme kinetics.

Very recently, a novel model was also developed for the three-

phase enzymatic system based on glucose oxidase (GOx).20 It described

the interphase (oxygen dissolution) and intraphase (species diffusion)

mass transfer, and the homogeneous enzymatic reaction within the sys-

tem. The quantitative relationship between the interfacial architectures

and enzyme kinetics was revealed. It also enabled us to understand the

underlying mechanisms that control enzyme kinetics and identify effec-

tive design strategies that can boost enzyme kinetics.
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The parameters of the interfacial architectures (the structural

parameters of the porous substrate and the enzyme-matrix (E-matrix)

parameters) affect both enzymatic and electrochemical reactions. The

enzymatic reaction occurs throughout the whole E-matrix, but

the electrochemical reaction only takes place at the electrode surface.

It should be noted that the H2O2 generated by the enzymatic reaction

must diffuse to the electrode surface for the electrochemical reaction.

Only part of the H2O2 can diffuse to the electrode surface and

undergo an electrochemical reaction, while the rest escapes into the

solution. The electrode interfacial architectures affect the mass trans-

fer of oxygen in the electrode and the production rate of H2O2, as

well as the diffusion distance of H2O2 to the electrode surface and

the reaction rate of H2O2, which finally determines the current gener-

ation. It is not possible to directly extrapolate from the effect of the

interfacial architectures on enzyme kinetics to its influence on the cas-

cade reactions. Therefore, an in-depth study of the transport phenom-

ena and reaction kinetics within the three-phase enzyme electrode is

required to quantitatively correlate the interfacial architectures and

the cascade reactions.

In this work, the electrochemical reaction model is incorporated

into the previous model to capture the cascade reaction in the three-

phase enzyme electrode. Systematic analysis and understanding of

the mass transport phenomena and reaction kinetics within this elec-

trode have been performed. This work aims to better understand the

effect of the interfacial architectures on the cascade reactions and

provide strategies for achieving efficient cascade reactions. The devel-

oped model is expected to be an efficient tool for the design of high-

performance three-phase enzyme electrodes.

2 | MODEL DEVELOPMENT

2.1 | System description and model assumptions

As shown in Figure 1, the three-phase enzyme electrode consists of a

porous substrate, an electrocatalyst layer, and an E-matrix. The pore

size of the substrate is dpore and the pore wall thickness of the sub-

strate is δwall. The porosity of the substrate in the 2D model is defined

as ϵ¼ dpore= dporeþδwallð Þ. It should be noted that the E-matrix is also a

porous media composed of chitosan gel and GOx. The top surface of

the substrate is hydrophilic, the rest is hydrophobic. The E-matrix and

electrocatalyst are immobilized on the hydrophilic surface of the sub-

strate. When the enzyme electrode is immersed in the electrolyte, the

E-matrix can be completely wetted by the liquid phase and becomes a

two-phase layer. However, the hydrophobic part of the substrate can-

not be wetted and hence forms gas transport channels inside.

The solid phase (the E-matrix covered on the substrate), liquid phase

(the electrolyte in the E-matrix), and gas phase (the air in the pores

of the substrate) hence coexist and form the three-phase interface.

The high-concentration oxygen in the gas phase could be rapidly

transported to the E-matrix through the three-phase interface.

As shown in Figure 1, the oxygen dissolution occurs at the three-

phase interface, and the homogeneous enzymatic reaction occurs

within the complete E-matrix. The oxygen (O2) in the bulk gas is dif-

fused through the porous substrate and dissolved into the liquid

phase of the E-matrix. The glucose (G) and oxygen in the bulk liquid

are diffused into the E-matrix. In the E-matrix, the oxygen and glucose

react with enzyme (E) to produce H2O2 and by-product (P) in situ. The

interface between the pore wall in the porous substrate and

the E-matrix is the electrode surface coated with electrocatalysts,

while the interface between the pore in the porous substrate and the

E-matrix is the non-electrode surface. The heterogeneous electro-

chemical reaction only occurs on the electrode surface. The part of

H2O2 produced by the enzymatic reaction is consumed on the elec-

trode surface, and the rest is diffused into the electrolyte. The enzy-

matic and electrochemical reactions form a cascade reaction. Only

three species are considered in the model, that is, glucose, oxygen,

and H2O2.

The three-phase enzyme electrode is modeled at the continuum

scale under the steady-state condition. The transport phenomena are

only considered in the x and y directions and a 2D model is used

(Figure 1). Based on our previous study,20 the model geometry con-

sists of three layers, including the gas diffusion layer (GDL) formed by

the porous substrate, the E-matrix layer (EL), and the liquid diffusion

layer (LDL) formed by the electrolyte. Special boundary conditions are

specified to couple different layers. The intraphase and interphase

mass transfer, the homogeneous enzymatic reaction, and the hetero-

geneous electrochemical reaction are implemented in the model. The

mass transport phenomena in the three layers are described by Fick's

law.21 The oxygen dissolution from the gas phase to the liquid phase

is described by Henry's law.22 Parker23 found that the Michaelis–

Menten approximation works well only with excess oxygen. The

enzymatic reaction is hence modeled by ping-pong mechanisms.24 The

current is calculated based on Faraday's and Fick's laws.25,26 The model

implementation details can be found in the Supporting Information.

F IGURE 1 Schematic diagram of the three-phase enzyme
electrode based on the GOx showing enzymatic and electrochemical
cascade reactions. The electrode consists of three layers, including the
liquid diffusion layer (LDL), the enzyme-matrix layer (EL), and the gas
diffusion layer (GDL).
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2.2 | Mass transport and homogeneous enzymatic
reaction

In the GDL, the governing equation can be written as,

�DGDL,ir2 i½ �g ¼0, ð1Þ

where DGDL,i is the effective diffusion coefficient of species i in the

GDL, m2 s�1; i½ �g is the concentration of species i in the gas phase,

molm�3. The symbol i in the GDL only denotes oxygen since only oxy-

gen in the gas phase participates in the enzymatic reaction. To simulate

the mass transfer of oxygen in the porous substrate with pore sizes that

are smaller than the mean free path of oxygen, the Knudsen diffusion20

must be considered in the model. The effective diffusion coefficient of

oxygen (DGDL,O2
) is calculated via the Wilke-Bosanquet model,27

1
DGDL,O2

¼ 1
DO2

þ 1
DKn,O2

, ð2Þ

where DO2 is the molecular diffusion coefficient of oxygen in the free

environment, m2 s�1, which is calculated by an empirical correlation28;

DKn,O2
is the Knudsen diffusion coefficient of oxygen in the pore,

m2 s�1, which can be calculated based on the kinetics theory,28

DKn,O2
¼ dpore

3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8RT
πMO2

,

s
ð3Þ

where dpore is the pore size, m; R is the ideal gas constant,

8:314Jmol�1 K�1; T is system temperature, K; MO2
is the molecular

weight of oxygen, 0:032kgmol�1.

In the EL, the homogeneous enzymatic reaction is implemented

using the source term in the governing equation. The heterogeneous

electrochemical reaction is implemented using specific boundary con-

ditions applied on the electrode surface. The governing equation can

be written as,

�DEL,ir2 i½ �l ¼Ri , ð4Þ

where DEL,i is the diffusion coefficient of species i in the EL, m2 s�1; i½ �l
is the concentration of species i in the liquid phase, molm�3; Ri is the

source term of the homogeneous enzymatic reaction, molm�3 s�1; The

symbol i in the EL denotes three species, that is, glucose, oxygen,

and H2O2.

The enzymatic kinetics is modeled as the ping-pong

mechanism,29,30 which consists of two sequential reaction steps,

EOþG!k1 ERP!k2 ERþP, ð5Þ

ERþO2 !k3 EO H2O2ð Þ!k4 EOþH2O2, ð6Þ

where EO is the oxidized form of GOx; ER is the reduced form of

GOx; G is the glucose; P is the by-product glucono-δ-lactone; ERP and

EO H2O2ð Þ are two enzyme-product complexes; k1, k2, k3, and k4 are

kinetics constants.

It is assumed that the enzymatic reaction reaches a steady state

rapidly. The reaction source term can be expressed as,23

Ri ¼� α ET½ �
βG
G½ �l þ

βO2
O2½ �l þ1

, ð7Þ

where α¼ k2k4= k2þk4ð Þ; βG ¼ k2k4= k1 k2þk4ð Þð Þ; βO2
¼ k2k4ð Þ=

k3 k2þk4ð Þð Þ; ET½ � is the total concentration of the active enzyme,

molm�3; G½ �l is the glucose concentration in the liquid phase; O2½ �l is
the oxygen concentration in the liquid phase. It is assumed that

all glucose oxidases are active and uniformly distributed in the

EL. Hence, ET½ � remains constant.31 The kinetics constants provided

by Atkinson and Lester29,30 are used. The positive value of the Ri rep-

resents the production rate of H2O2, and the negative value repre-

sents the consumption rate of glucose or oxygen.

In the LDL, the governing equation can be written as,

�DLDL,ir2 i½ �l ¼0, ð8Þ

where DLDL,i is the diffusion coefficient of species i in the LDL, m2 s�1;

The symbol i in LDL also denotes three species, that is, glucose, oxy-

gen, and H2O2.

2.3 | Heterogeneous electrochemical reaction

The H2O2 is reduced on the electrode surface by the action of

the electrocatalyst, and the reduction current is generated at the

same time. The mechanism of electrochemical reduction of

H2O2 is,

H2O2þ2e�þ2Hþ !2H2O, ð9Þ

where e� is transported by the porous substrate (see Figure 1); Hþ is

provided by the electrolyte.

The electrode surface is imposed with specific boundary condi-

tions to simulate the heterogeneous electrochemical reaction. On the

electrode surface, glucose and oxygen do not participate in the

electrochemical reaction. Hence, zero-flux boundary conditions

are applied to them. However, the H2O2 will be consumed under

the electrochemical reaction. In the experiment, the electrochemi-

cal reaction rate can reach a peak value by adjusting the experi-

mental parameters (e.g., the overpotential, the amount of

electrocatalyst). Hence, for a diffusion-controlled process, the

H2O2 concentration on the electrode surface is assumed to be

zero. The heterogeneous electrochemical reaction is implemented

by following boundary conditions,

�n � �DEL,Gr G½ �l
� �¼0

�n � �DEL,O2
r O2½ �l

� �¼0,

H2O2½ �l ¼0

8><
>: ð10Þ
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where DEL,G is the diffusion coefficient of glucose in the EL, m2 s�1;

DEL,O2
is the diffusion coefficient of oxygen in the EL, m2 s�1; H2O2½ �l

is the H2O2 concentration in the liquid phase, molm�3.

The current density on the electrode surface depends upon the

H2O2 flux across the electrode surface. The current density is calcu-

lated by,

j¼ nFJH2O2 , ð11Þ

where j is the current density, Am�2; n is the stoichiometric number

of electrons for an electrochemical reaction,25 n¼2; F is the Faraday

constant, 96485Cmol�1; JH2O2
is the H2O2 flux caused by the electro-

chemical reaction on the electrode surface, molm�2 s�1.

The current is related to the mean current density and the elec-

trochemical reaction area,

i¼ j �Ae, ð12Þ

where i is the current, A; j is the mean current density, Am�2; Ae is

the electrochemical reaction area, m2, which is related to the porosity,

Ae ¼ 1�ϵð ÞAtotal, ð13Þ

where Atotal is the total area between the porous substrate and the

EL. In this study, Atotal ¼0:2cm2.

All model parameters are listed in Table S1. The boundary condi-

tions and initial conditions can be found in the Supporting Information.

3 | RESULTS AND DISCUSSION

In a three-phase enzyme electrode, the current generation can be

influenced by multiple factors. As mentioned earlier, the enzymatic

reaction generates H2O2, and then part of H2O2 diffuses to the elec-

trode surface to be consumed by the electrochemical reaction, while

the rest escapes into the solution. Therefore, both the production rate

and escape rate of H2O2 determine the reaction rate of H2O2, which

consequently affects the current generation.

Among the parameters of the interfacial architectures, both the

structural parameters of the porous substrate (porosity ϵ and pore size

dpore) and the E-matrix parameters (EL thickness δEL and enzyme con-

centration ET½ �) can affect enzymatic and electrochemical cascade

reactions. The effect of each parameter on the current generation will

be discussed separately.

3.1 | Effect of the porosity of the substrate

Figure 2 shows the effect of the porosity on the three-phase enzyme

electrode. The porosities range from 0:05 to 0:95, whose influences

on current generation are investigated under the conditions of two-

pore wall thicknesses, specifically δwall ¼10 and 1000nm. The other

parameters are δEL ¼1μm, and ET½ � ¼1molm�3.

Figure 2A shows the results for the cases with δwall ¼10nm. It

can be observed in Figure 2A1 that the current decreases with

increasing porosity, yet remains substantially high. It should be noted

F IGURE 2 Effect of the porosity on the three-phase enzyme electrode. (A) The results for the case of δwall ¼10nm. (B) The results for the
case of δwall ¼1000nm. (A1) and (B1) show the current (i) and the supply rate of oxygen (JO2 ) under different porosities. (A2) and (B2) show the
rates of production, reaction, and escape (QH2O2

) of H2O2 under different porosities. (A3) and (B3) show the H2O2 concentration ( H2O2½ �l )
distribution in the EL, where porosities are ϵ¼0:2, 0:6, and 0:8, respectively. The dimensions of (A3) and (B3) are not to scale.
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that the current is directly determined by the reaction rate of H2O2.

To better explain this trend in current, the production rate, reaction

rate, and escape rate of H2O2 within the electrode were plotted and

analyzed, where the production rate of H2O2 equals the sum of the

reaction rate and escape rate of H2O2.

As shown in Figure 2A2, the production rate of H2O2 remains

high regardless of the porosity. Since the previous study20 confirmed

that the supply rate of oxygen dominantly determines the production

rate of H2O2, this high production rate can be attributed to the fact

that the supply rate of oxygen is sufficiently large (see Figure 2A1).

Furthermore, the supply rate of oxygen is related to the structure of

the porous substrate. As shown in Figure 3A1, the EL coated on the

porous substrate can be divided into two types of regions. The differ-

ent types of regions have been separated by gray dashed lines. Specif-

ically, one type of region is adjacent to the pore (e.g., region A), while

the other type of region is adjacent to the pore wall (e.g., region B). It

can be observed that region A is closer to the pore than region

B. Therefore, region B has greater difficulty in obtaining oxygen from the

pore than region A. In other words, compared to the enzymatic reaction

in region A, the enzymatic reaction in region B is more prone to be limited

by the mass transfer of oxygen. As the pore wall thickness decreases (see

Figure 3A2), the mean diffusion distance and time of oxygen to diffuse

from the pore to region B also decrease. This facilitates the mass transfer

of oxygen in the EL, thus increasing the supply rate of oxygen. Conse-

quently, the production rate of H2O2 increases with decreasing pore wall

thickness. In this case, since the pore wall is thin enough (δwall ¼10nm),

both the supply rate of oxygen and the production rate of H2O2 stay

at a high level regardless of the porosity.

As shown in Figure 2A2, regardless of the porosity, nearly all

H2O2 is consumed and only a negligible amount escapes from the

EL. This is related to the mass transfer process of the H2O2 at differ-

ent regions within the EL. It should be noted that the H2O2 can only

be consumed at the electrode surface on the pore wall. As shown in

Figure 3B1, the H2O2 generated at region A needs to travel a longer

distance to reach the electrode surface than that generated at region

B. Therefore, the electrochemical reaction is prone to be limited by

the mass transfer of H2O2. As the pore size gets smaller (see

Figure 3B2), the mean diffusion distance and time of H2O2 to diffuse

from region A to the electrode surface also decrease. This facilitates

the mass transfer of the H2O2 from region A to the electrode surface,

thus more H2O2 can be consumed and less H2O2 can escape from the

EL. In other words, the reaction rate of H2O2 increases, and

the escape rate of H2O2 decreases as the pore size gets smaller. In the

case of δwall ¼10nm, the pore size ranges from dpore ¼0:526 to

190nm as porosity changes from ϵ¼0:05 to 0:95. These pore sizes

are small enough, therefore the reaction rate of H2O2 and current stay

high, while the escape rate of H2O2 stays low. To visualize the H2O2

concentration distributions in the EL, Figure 2A3 was plotted. It can

be observed that the H2O2 concentration in the EL stays low regard-

less of the porosity. This further confirms that most H2O2 is con-

sumed, thus the escape rate of H2O2 is negligible. Consequently, the

reaction rate of H2O2 remains at a large value, leading to a consis-

tently high current.

Figure 2B shows the results for the case of δwall ¼1000nm.

Unlike the case of δwall ¼10nm, Figure 2B1 shows that the current

first increases and then decreases with increasing porosity. The peak

F IGURE 3 Diagram of diffusion pathway of the oxygen and H2O2 at different regions within the EL. Region A is adjacent to the pore. Region
B is adjacent to the pore wall. (A) Compared with region A, region B is more difficult to obtain oxygen from the gas phase. As the pore wall
thickness decreases, the mean diffusion distance and time of oxygen to diffuse from the gas phase to region B also decrease. This facilitates the
mass transfer of oxygen in the EL. (B) Compared with the H2O2 generated at region B, the H2O2 generated at region A is more difficult to be
consumed by the electrochemical reaction. As the pore size decreases, the mean diffusion distance and time of H2O2 to diffuse from region A to
the electrocatalyst surface also decrease. This facilitates the mass transfer of the H2O2 from region A to the electrode surface.
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value of the current can be observed at around ϵ¼0:7. The current is

smaller compared to the case of δwall ¼10nm regardless of porosity.

As shown in Figure 2B2, the production rate of H2O2 continuously

increases with increasing porosity. This is because the pore wall is too

thick (δwall ¼1000nm), impeding the mass transfer of oxygen. In addi-

tion, in the case of low porosity, the hypoxic region (i.e., region B)

is large (see the case of ϵ¼0:2 in Figure 2B3). However, this region

gradually decreases with the porosity (see the case of ϵ¼0:8 in

Figure 2B3), resulting in the more efficient mass transfer of oxygen

in the EL. This finally leads to a continuous increase in the supply rate

of oxygen (see Figure 2B1) as porosity increases, which finally leads

to a continuous increase in the production rate of H2O2. This phe-

nomenon has been confirmed in the previous study.20 In addition,

the escape rate of H2O2 also increases with increasing porosity.

This is because the pore size increases with increasing porosity

when the pore wall thickness is fixed. As shown in Figure 2B2,

the reaction rate of H2O2 is lower than the case of δwall ¼10nm

regardless of porosity, thus the current is lower than that case. It can

also be found that the reaction rate of H2O2 stays at a low level for

both too-low and too-high porosity. This is related to the variation of

the production rate and escape rate of H2O2. When the porosity is

small (e.g., ϵ¼0:2), the supply rate of oxygen (see Figure 2B1) is lim-

ited, thereby limiting the production rate of H2O2 (see Figure 2B2). In

addition, in that case, the pore size is small (dpore ¼250nm), most

H2O2 is consumed (see the case of ϵ¼0:2 in Figure 2B3) and the

escape rate of H2O2 is negligible. However, there is insufficient H2O2

production. This finally leads to a small reaction rate of H2O2 and a

low current. When the porosity is large (e.g., ϵ¼0:8), the supply rate

of oxygen is large (see Figure 2B1), therefore enabling a large produc-

tion rate of H2O2. However, the pore size becomes excessively large

in such a case (dpore ¼4000nm), which limits the reaction rate of

H2O2 (see the case of ϵ¼0:8 in Figure 2B3) and enhances the

escape rate of H2O2. This also finally leads to a small reaction rate

of H2O2 and a low current. When the porosity is between the

above two values (e.g., ϵ¼0:6), the production rate of H2O2 is rela-

tively large and the escape rate of H2O2 is relatively small, hence the

reaction rate of H2O2 and the current can be maintained at a relatively

high level. In addition, when the porosity is 0:9, the pore size is 9μm,

and the escape rate of H2O2 accounts for about 24:9% of the produc-

tion rate of H2O2. The previous experiment32 confirmed that, for

the pore size of around 10μm, the escape rate accounts for about

20% of the production rate. The escape rates in the experimental and

simulation systems are similar, which justifies the accuracy of the

model.

3.2 | Effect of the pore size of the substrate

Figure 4 shows the effect of the pore size on the three-phase enzyme

electrode. The pore sizes range from 2 to 10,000nm. The other

parameters are ϵ¼0:5, δEL ¼1μm, and ET½ � ¼1molm�3.

As shown in Figure 4A, the current first increases and eventually

reaches a plateau as the pore size decreases. Similar trends can also

be observed for the production rate of H2O2 from Figure 4B. In the

case of constant porosity, the pore wall thickness decreases with

decreasing the pore size (in the case of dpore ¼10,000, 1000, and

10nm, δwall ¼10,000, 1000, and 10nm), thus the supply rate of oxy-

gen increases (see Figure 4A). Consequently, the production rate of

H2O2 increases. However, a sufficiently thin pore wall significantly

reduces the mean diffusion distance and time of oxygen from the pore

to region B (see Figure 3A). This also results in a significant decrease

in the difference in the mass transfer of oxygen between regions A

and B. Consequently, the EL is no longer hypoxic. This implies that the

supply rate of oxygen and the production rate of H2O2 gradually

reach a maximal limit as the pore size decreases. As shown in

Figure 4B, the escape rate of H2O2 decreases with decreasing the

pore size. This phenomenon is consistent with the mechanism men-

tioned in Figure 3B. Figure 4C shows the mean H2O2 concentration

inside the EL decreases with decreasing the pore size. This further

confirms that as the pore size decreases, more H2O2 is consumed and

less H2O2 can escape. Therefore, the reaction rate of H2O2 and the

current increase with decreasing the pore size. In other words,

decreasing the pore size when the porosity is fixed facilitates both the

mass transfer of oxygen and H2O2 in the cascade reactions.

F IGURE 4 Effect of pore size on the three-phase enzyme electrode. (A) i and JO2
under different pore sizes. (B) QH2O2

under different pore
sizes. (C) H2O2½ �l distribution in the EL, where pore sizes are dpore ¼10nm, 1000nm, and 10,000nm, respectively. It should be noted that the
dimensions of pores are not to scale.
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This increases the production rate of H2O2 and decreases the escape

rate of H2O2, hence increasing the current.

3.3 | Effect of the enzyme-matrix layer thickness

Figure 5A, B shows the effect of the EL thickness on the three-phase

enzyme electrode. The EL thicknesses range from 0:1 to 5μm. The

other parameters are fixed at ϵ¼0:5, dpore ¼100nm, and

ET½ � ¼1molm�3. As shown in Figure 5A, when the EL is thin (e.g.,

δEL ≤ 1:5μm), the current increases rapidly with increasing the EL

thickness. However, when the EL is thick (e.g., 1:5μm≤ δEL ≤5μm), the

current barely changes even if the EL thickness is further increased.

As shown in Figure 5B, the production rate of H2O2 increases

rapidly when the EL is thin (e.g., δEL ≤1:5μm). As confirmed in

the previous study, this is because there is sufficient oxygen within

the EL. Increasing the EL thickness allows more oxygen to participate

in the enzymatic reaction (see Figure 5A), thus increasing the produc-

tion rate of H2O2. However, an excessively thick EL (e.g.,

1:5μm≤ δEL ≤5μm) increases the mean diffusion distance and time of

oxygen to diffuse into the EL, leading to hypoxia in the EL far from

the three-phase interface (see Figure S1b). Consequently, the produc-

tion rate of H2O2 scarcely increases further. This implies that a thicker

EL promotes oxygen utilization but impedes the mass transfer of oxy-

gen, which eventually limits the production rate of H2O2. Further-

more, the escape rate of H2O2 is always small since the pore size is

small and constant (dpore ¼100nm). Therefore, the reaction rate of

H2O2 and the current are almost determined by the production rate

of H2O2.

3.4 | Effect of the enzyme concentration

Figure 5C, D shows the effect of the enzyme concentration on the

three-phase enzyme electrode. The enzyme concentrations range

from 0:001 to 1000molm�3. The other parameters are fixed at

ϵ¼0:5, dpore ¼100nm, and δEL ¼1μm. As shown in Figure 5C, similar

to the effect of the EL thickness, the current increases rapidly with

increasing the enzyme concentration when the enzyme concentration

is low (e.g., ET½ �≤150molm�3). However, at high enzyme concentra-

tions (e.g., 150molm�3 ≤ ET½ �≤ 1000molm�3), the current hardly

changes even if the enzyme concentration is further increased.

As shown in Figure 5D, the production rate of H2O2 increases

rapidly at low enzyme concentrations (e.g., ET½ �≤150molm�3). As

confirmed in the previous study, this is because there is sufficient oxy-

gen within the EL (see Figure S1c). Increasing the enzyme concentration

allows more oxygen to participate in the enzymatic reaction (see

Figure 5C), thus increasing the production rate of H2O2. However,

increasing the enzyme concentration also increases the reaction rate of

oxygen (see Equation (7)). This eventually causes hypoxia in the EL

away from the three-phase interface (see Figure S1c) at high enzyme

concentrations (e.g., 150molm�3 ≤ ET½ �≤1000molm�3). Consequently,

the production rate of H2O2 barely increases further. This implies that

at high enzyme concentrations, the reaction rate of oxygen increases,

but the mass transfer of oxygen remains relatively stable, which even-

tually limits the supply rate of oxygen and the production rate of

H2O2. Similar to the effect of EL thickness, the escape rate of H2O2

stays at a low level since the pore size is small and constant

(dpore ¼100nm). Therefore, the reaction rate of H2O2 and the current

are almost determined by the production rate of H2O2.

F IGURE 5 Effect of EL thickness and
enzyme concentration on the three-phase
enzyme electrode. (A) i and JO2

under
different EL thicknesses. (B) QH2O2

under
different EL thicknesses. (C) i and JO2

under different enzyme concentrations.
(D) QH2O2

under different enzyme
concentrations.
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3.5 | Effect of multiple parameters

After analyzing the effect of individual parameters, the joint effect of

multiple parameters is analyzed further. Figure 6A shows the effect

of pore size and porosity on the current for a fixed EL thickness and

enzyme concentration. The pore sizes range from 2 to 10,000nm. The

porosities range from 0:05 to 0:95. It can be observed that in the case

of the same pore size, electrodes with higher porosities (e.g., ϵ≥0:7)

tend to generate relatively higher currents. This is because when the

pore size is constant, the pore wall thickness decreases with increas-

ing porosity. This enhances the production rate of H2O2 but hardly

affects the escape rate of H2O2. In the case of the same porosity,

electrodes with smaller pore sizes always generate relatively higher

currents. As discussed earlier, this is because decreasing the pore size

at the same porosity also decreases the pore wall thickness, which

simultaneously increases the production rate of H2O2 and decreases

the escape rate of H2O2. Consequently, the reaction rate of H2O2 and

the current increase.

In certain special cases (e.g., when the porous substrate possesses

a mesh structure or a wire structure), however, the pore wall thickness

may be more readily measured than the pore size. Consequently, the

effect of pore wall thickness and porosity on current was also explored

for a fixed EL thickness and enzyme concentration, as shown in

Figure 6B. The pore wall thicknesses range from 2 to 10,000nm. The

porosities range from 0:05 to 0:95. It can be observed that for thin

pore walls, electrodes with any porosity (0:05≤ ϵ≤0:95) can obtain a

relatively high current. However, for thick pore walls, electrodes with

high porosity (e.g., 0:6≤ ϵ≤0:8) should be prepared to obtain a maxi-

mum current. The reasons for this complex phenomenon are twofold.

On the one hand, both the pore wall thickness and the pore size range

widely (2nm≤ δwall ≤10,000nm and 0:105nm≤ dpore ≤190,000nm) in

this case, which leads to substantial fluctuation in both the production

rate and escape rate of H2O2. On the other hand, the escape and

reaction of H2O2 compete with each other. This finally results in a

complex pattern of variations in the current. Additionally, in the case

of the same porosity, electrodes with thinner pore walls always gener-

ate relatively higher currents. This is because decreasing the pore wall

thickness at the same porosity also decreases the pore size, which

simultaneously increases the production rate of H2O2 and decreases

the escape rate of H2O2. Consequently, the reaction rate of H2O2 and

the current increase.

Figure 6C shows the effect of EL thickness and enzyme concen-

tration on current for a fixed porosity and pore size. The EL thick-

nesses range from 0:01 to 2μm. The enzyme concentrations range

from 0:001 to 20molm�3. The other parameters are fixed at ϵ¼0:5

and dpore ¼100nm. It can be found that if the enzyme concentration

and the EL thickness reach a certain value (e.g., ET½ �≥5molm�3 and

δEL ≥0:5μm), the current scarcely varies with increasing the EL thick-

ness but increases rapidly with increasing enzyme concentration.

Since the EL parameters have little effect on the escape rate of H2O2

in this case, the current is almost determined by the production rate

of H2O2. In other words, the effects of the EL thickness and enzyme

concentration on the current are almost consistent with their effects

on the production rate of H2O2 (see the previous study20).

In summary, the optimal structural parameters of the porous

substrate and the EL parameters for maximizing the current can be

identified from Figure 6.

4 | CONCLUSIONS

In summary, this work developed a mathematical model for capturing

cascade reaction kinetics at the three-phase interface enzyme elec-

trode. Numerical simulation was conducted to investigate the effect

of the interfacial architectures on the performance of cascade reac-

tions in the three-phase enzyme electrode. Four structural parameters

of the electrode were investigated, including the porosity, the pore

wall thickness, the EL thickness, and the enzyme concentration. Key

findings are summarized below.

1. Beyond the efficiency of the enzymatic reaction, the efficiency of

the electrochemical reaction also plays an important role in

enhancing the current generation.

2. The key factors influencing the electrode performance are the

mass transfer of oxygen and H2O2. Efficient mass transfer is bene-

ficial to the cascade reactions, which can increase the production

F IGURE 6 Effect of multiple parameters on the three-phase enzyme electrode. (A) Effect of dpore and ϵ on the current when δEL ¼1μm and
ET½ � ¼1molm�3. (B) Effect of δwall and ϵ on the current when δEL ¼1μm and ET½ � ¼1molm�3. (C) Effect of δEL and ET½ � on the current when
dpore ¼100nm and ϵ¼0:5.
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rate of H2O2 and decrease the escape rate of H2O2, hence enhanc-

ing the current generation.

3. Decreasing the pore wall thickness facilitates the mass transfer of

oxygen, which is beneficial to the enzymatic reaction. Conse-

quently, the supply rate of oxygen and the production rate of

H2O2 increase. However, the supply rate of oxygen and the pro-

duction rate of H2O2 can reach a plateau in cases with excessively

thin pore walls.

4. Decreasing the pore size facilitates the mass transfer of H2O2,

which is beneficial to the electrochemical reaction. Consequently,

the reaction rate of H2O2 increases and the escape rate of H2O2

decreases.

5. Increasing the porosity facilitates the mass transfer of oxygen,

hence increasing the supply rate of oxygen and the production rate

of H2O2.

6. Increasing the EL thickness and enzyme concentration increases

the production rate of H2O2. However, an excessively thick EL

impedes the mass transfer of oxygen in the EL, and an excessively

high enzyme concentration enhances the reaction rate of oxygen.

Consequently, the supply rate of oxygen and the production rate

of H2O2 are finally limited and reach a plateau.

7. For a specific substrate structure, the EL thickness and the enzyme

concentration have less effect on the escape rate of H2O2, and the

current generation is mainly controlled by the production rate

of H2O2.

By resorting to the new model, we have gained an in-depth

understanding of how the three-phase interfacial architecture can

influence both enzymatic and succeeding electrochemical reactions,

which lays a theoretical foundation for achieving an efficient cascade

reaction. This model should be an effective and promising tool for the

design of high-performance three-phase enzyme electrodes that can

potentially be used in disease diagnosis and health monitoring.
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