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A B S T R A C T

Enzyme electrodes with two-dimensional three-phase interfaces (2D3PI) have been invented to enhance enzy
matic and electrochemical cascade reactions. However, for such interface architecture, the electrode perfor
mance is still limited by the intrinsic contradiction between the supply of oxygen (for enzymatic reaction) and 
the utilization of H2O2 (for electrochemical reaction). Herein, we engineered and modelled an electrode 
featuring a three-dimensional three-phase interface (3D3PI) composed of hollow nanotube arrays with porous 
walls penetrated into the enzyme layer. This special design allows a drastic increase of the interfacial area for 
oxygen supply. At the same time, it enhances both H2O2 production and utilization, enabling simultaneous 
intensification of cascade reactions. Results show that optimizing the structure of 3D3PI can improve current 
generation over 672 times compared to a conventional two-phase interface under investigated conditions.

1. Introduction

Enzyme electrodes based on enzymatic and electrochemical cascade 
reactions offer advantages like mild reaction conditions, high selectivity, 
and high reaction efficiency, making them widely used to detect various 
biomarkers (e.g., glucose (Teymourian et al., 2020), lactate (He et al., 
2019), uric acid (Yang et al., 2020), etc.) in the medical field.

Traditionally, the enzyme electrode is constructed at the solid
− liquid two-phase interface (2PI for short, Fig. S1a). Oxygen required 
for the enzymatic reaction can only be supplied from the liquid phase. 
The low concentration and slow diffusion rate of oxygen in the liquid 
phase limit the enzyme kinetics, which in turn restricts the linear 
detection upper limit of the enzyme-based electrochemical sensor. (Lei 
et al., 2016) To overcome this limitation, we have developed a novel 
enzyme electrode featuring a solid− liquid− gas three-phase interface 
(Fig. S1b) (Lei et al., 2016; Mi et al., 2017; Song et al., 2018). This 
innovative design incorporates a porous hydrophobic substrate that can 
offer gas transport channels. This enables a rapid supply of high- 
concentration oxygen from the gas phase directly to the enzyme- 
matrix (E-matrix), greatly enhancing enzyme kinetics and electrode 
performance.

However, previous studies have employed E-matrix deposited as flat 

layers on various substrates, including carbon paper (Lei et al., 2016; 
Song et al., 2018), nanowire arrays (Guan et al., 2019), nanopore arrays 
(Mi et al., 2017), porous polymer matrices (Wang et al., 2021), and so 
on. This approach creates a two-dimensional three-phase interface 
(2D3PI for short, Fig. S1b), limiting both the surface area for oxygen 
supply and electrochemical reaction. Our previous study (Zou et al., 
2023) confirmed that only enzymes near the three-phase interface can 
get sufficient oxygen, while those further away from the three-phase 
interface are still in a relatively oxygen-deficient state. This limitation 
arises from the long diffusion distance of oxygen within the E-matrix and 
the limited supply area of oxygen. Consequently, oxygen supply and the 
enzyme kinetics remain limited. Furthermore, our previous study (Zou 
et al., 2024) has found that only part of the H2O2 produced by the 
enzymatic reaction can be consumed by the electrochemical reaction, 
and the rest escapes into the analyte. This observation implies that even 
if the enzymatic reaction (or H2O2 production) is maximized, it does not 
necessarily mean that the electrochemical reaction (or H2O2 utilization) 
is also maximized. Consequently, achieving a simultaneous optimization 
of cascade reactions is crucial.

To address these problems, we propose a potential strategy to up
grade the current 2D3PI system to a system with a three-dimensional 
three-phase interface (3D3PI for short). The 3D3PI penetrates deep 
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into the E-matrix (Fig. 1a), significantly expanding the interfacial area 
available for both oxygen supply and electrochemical reaction. This 
enlarged interfacial area becomes a critical prerequisite for achieving 
efficient cascade reactions and is expected to enhance both the pro
duction and utilization of H2O2. Here, we propose a novel 3D3PI con
structed using hollow nanotubes with porous walls (Fig. 1a). These 
porous nanotubes function as gas transport channels, penetrating deep 
into the E-matrix and offering a substantially larger interfacial area 
compared to the 2D3PI. The connection between nanotubes and the 
surrounding air environment ensures a steady and continuous oxygen 
supply deep into the E-matrix layer. Fig. 1b presents an enlarged view of 
the three-phase interface, highlighting the efficient oxygen transport 
and cascade reactions of this design. Oxygen in the air can rapidly 
diffuse through the pores in the nanotube wall into the E-matrix, 
providing sufficient oxygen for the enzymatic reaction. The reactant (R), 
oxygen in the bulk liquid, and oxygen in the bulk gas are diffused into 
the E-matrix and react with glucose oxidase (GOx) to produce H2O2 and 
other products (P) in situ. One part of the H2O2 is consumed on the 
electrode surface, and the rest escapes into the analyte. The electrons 
required for the electrochemical reaction are supplied to the electro
catalyst through the nanotube wall. It should be noted that the interfa
cial structure plays a critical role in governing both mass transfer and 
cascade reactions within the electrode. Optimizing this interfacial 
structure to achieve efficient synergies between mass transfer and 
cascade reactions is the key to developing high-performance electrodes.

Chemical engineering principles, such as theories on fluid me
chanics, mass transfer, and reaction engineering, play an important role 
in the design and optimization of medical devices (e.g., artificial organs 
(Langer, 2019), bio-membranes (Langer and Peppas, 2024; Peppas and 
Langer, 2004), and drug delivery systems (Parker et al., 1999; Peppas 
and Narasimhan, 2014)). These principles have also long been used to 
understand mass transfer and reaction kinetics within the electrodes in 
the biomedical field (e.g., glutamate electrodes (Clay and Monbou
quette, 2018), cholesterol electrodes (Goyal et al., 2020), and glucose 
electrodes (Baronas et al., 2021; Bartlett and Pratt, 1993; Gao et al., 
2018; Gao and Orazem, 2021; Mell and Maloy, 1975; Parker and 
Schwartz, 1987)) and other fields (e.g., CO2 electrodes (Bui et al., 2022; 
Lees et al., 2024)), for ultimately guiding their design. Here, from the 
perspective of chemical engineering, we present a novel model to cap
ture transport and reaction phenomena for the enzyme electrode 
featuring a 3D3PI. This innovative design enables significant expansion 
of the interfacial surface area for both oxygen supply and effective 
surface area for heterogeneous electrochemical reaction, thereby 
enhancing the cascade reactions within the electrode. Our model con
siders both intra-phase and inter-phase mass transport, coupled with the 

enzymatic and electrochemical cascade reactions. This comprehensive 
method allows us to explore the effect of the interfacial structure on the 
electrode performance and reveal the underlying mechanisms. 
Furthermore, the model facilitates the identification of optimal inter
facial structures for maximizing electrode performance. By leveraging 
these fundamental chemical engineering principles, this work paves the 
way for the design of next-generation high-performance enzyme 
electrodes.

2. Model development

2.1. System description and model assumptions

As shown in Fig. 1, the enzyme electrode consists of hollow nano
tubes with porous walls, electrocatalyst layers, and an E-matrix. The top 
part of the outer surface of the nanotube is hydrophilic, and the rest of 
the nanotube is hydrophobic. The E-matrix and electrocatalyst are 
immobilized on the hydrophilic surface. The E-matrix is composed of 
chitosan gel and GOx. The hydrophobic surface of the nanotube forms a 
gas transport channel. Meanwhile, the nanotube has a hollow bottom 
surface and a porous sidewall. This structure enables continuous oxygen 
transfer from the air to the E-matrix. When the electrode is immersed in 
the analyte, the E-matrix becomes fully wetted by the liquid phase, 
forming a two-phase layer containing both solid and liquid phases. 
However, the hydrophobic part of the nanotube remains unwetted, 
creating internal gas transport channels. Consequently, the solid phase 
(E-matrix), liquid phase (analyte within the E-matrix), and gas phase (air 
within the nanotubes) coexist, forming a three-phase interface (Fig. 1a).

This study addresses the challenge of modeling the complex multi- 
scale pore structure of the nanotube, which includes both the nano
tubes themselves and the numerous pores on their sidewalls. To over
come this, we make the following assumptions.

(1) The system is isothermal and at a steady state. The system is 
modeled at the continuum scale with a two-dimensional computational 
domain.

(2) We assume that transport phenomena within each nanotube are 
identical. This allows us to model a representative sample of nanotubes 
rather than the entire nanotube population, significantly reducing 
computational complexity.

(3) While each nanotube wall contains numerous pores, our previous 
work (Zou et al., 2023) has demonstrated that optimizing the porous 
structure can minimize its obstruction to the mass transfer of oxygen 
from the gas phase to the E-matrix. If the nanotube is properly selected, 
the efficiency of the oxygen supply through its sidewall can even be 
comparable to the efficiency when the gas and liquid phases are in 

Fig. 1. Schematic diagram of the three-dimensional three-phase interface (3D3PI) for efficient enzymatic and electrochemical cascade reaction. (a) Components of 
the three-phase interface, in which do, di, D, and H represent the outer diameter and inner diameter of the hollow nanotube, the distance between two adjacent 
nanotubes, and the penetration depth of the nanotube into the enzyme-matrix (E-matrix), respectively. (b) Enlarged view of the three-phase interface, showing the 
species transport and enzymatic and electrochemical cascade reactions.
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complete contact. Therefore, instead of explicitly modeling the oxygen 
diffusion through individual pores on the nanotube sidewall, we employ 
specific boundary conditions (see the section “Boundary and initial 
conditions”) to account for the overall mass transfer through pores. This 
simplifies the model without significantly compromising accuracy.

In this study, we developed a model that comprehensively describes 
the transport phenomena and cascade reactions within the enzyme 
electrode with a 3D3PI. The electrode is modeled at the continuum scale 
under the steady-state condition. As shown in Fig. 2a, the computational 
domain is divided into four sub-domains: the liquid diffusion layer 
formed by the analyte (LDL, ΩLDL), the E-matrix layer (EL, ΩEL), the 
hollow nanotube substrate (S, ΩS), and the gas diffusion layer formed by 
the air (GDL, ΩGDL). Classified according to the phase states of the spe
cies in the computational domain, it can also be divided into two sub- 
domains: the liquid domain (Ωl = ΩLDL ∪ ΩEL), and the gas domain 
(Ωg = ΩS ∪ ΩGDL). The mass transfer of H2O2 and glucose occurs in the 
liquid domain (Ωl), and the mass transfer of oxygen occurs in both liquid 
and gas domains (Ωl ∪ Ωg). Transfer phenomena outside these regions 
are considered to have a negligible impact on the system and are not 
considered. The model incorporates intra-phase and inter-phase mass 
transfer, homogeneous enzymatic, and heterogeneous electrochemical 
reactions. The mass transport is described by Fick’s law (Bird et al., 
2006). The oxygen dissolution from the gas phase to the liquid phase is 
described by Henry’s law (Sander, 2015). The enzymatic reaction is 
modeled by the ping-pong mechanism (Tao et al., 2009). The current 
generation is calculated based on Faraday’s and Fick’s laws (Bard et al., 
2022; Baronas et al., 2021).

2.2. Governing equations

In the ΩGDL, since only oxygen participates in the enzymatic reaction, 
the mass transfer of other species in the gas phase is not considered. The 
governing equation can be written as, 

− DGDL,O2∇
2[O2]g = 0 (1) 

where DGDL,O2 is the effective diffusion coefficient of oxygen in the GDL, 
m2 s− 1; [O2]g is the concentration of oxygen in the gas phase, mol m− 3.

Inside the ΩS, like the ΩGDL, only the mass transfer of oxygen is 
considered. The governing equation can be written as, 

− DS,O2∇
2[O2]g = 0 (2) 

where DS,O2 is the effective diffusion coefficient of oxygen in the nano
tube, m2 s− 1.

To simulate the mass transfer of oxygen in the gas transport channel 
with characteristic lengths that are smaller than the mean free path of 

oxygen, the Knudsen diffusion (Bird et al., 2006) must be considered in 
the model. The effective diffusion coefficient of oxygen (DGDL,O2 or DS,O2 ) 
is calculated via the Wilke-Bosanquet model (Chen et al., 2013), 

1
DGDL,O2

or
1

DS,O2

=
1

DO2

+
1

DKn,O2

(3) 

where DO2 is the molecular diffusion coefficient of oxygen in a free 
environment, m2 s− 1, which is calculated by an empirical correlation 
(Poling et al., 2001); DKn,O2 is the Knudsen diffusion coefficient of oxy
gen in the gas channel, m2 s− 1, which can be calculated based on the 
kinetics theory (Poling et al., 2001), 

DKn,O2 =
L
3

̅̅̅̅̅̅̅̅̅̅̅
8RT
πMO2

√

(4) 

where L is the characteristic length of the gas channel, m, L = di in the S, 
L = D in the GDL; R is the ideal gas constant, 8.314 J mol− 1 K− 1; T is 
system temperature, K; MO2 is the molecular weight of oxygen, 
0.032 kg mol− 1.

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

− DEL,i∇
2[i]l = Ri (5) 

where DEL,i is the diffusion coefficient of species i in the EL, m2 s− 1; [i]l is 
the concentration of species i in the liquid phase, mol m− 3; Ri is the 
homogeneous enzymatic reaction rate of species i, mol m− 3 s− 1. The 
symbol i denotes three species, i.e., glucose, oxygen, and H2O2. The 
enzymatic kinetics is modeled as the ping-pong mechanism (Tao et al., 
2009), which consists of two sequential reaction steps, 

EO +G →
k1 ERP →

k2 ER +P (6) 

ER +O2 →
k3 EO(H2O2)→

k4 EO +H2O2 (7) 

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(H2O2)

are two enzyme-product complexes; k1, k2, k3, and k4 are kinetics con
stants. It is assumed that the enzymatic reaction reaches a steady state 
rapidly. The reaction rate of species i can be expressed as (Parker and 
Schwartz, 1987), 

Ri = ±
α[ET]

βG
[G]l

+
βO2
[O2 ]l

+ 1
(8) 

where α = k2k4
k2+k4

; βG = k2k4
k1(k2+k4)

; βO2
= k2k4

k3(k2+k4)
; [ET] is the total concen

tration of the active enzyme, mol m− 3; [G]l is the concentration of 

Fig. 2. Schematic diagram of the computational domain and mesh distribution for the 3D3PI enzyme electrode. (a) Computational domain configuration. (b) The 
mesh distribution. Note that only the local mesh is shown due to significant scale differences between sub-domains, particularly the substantially greater height of 
ΩLDL relative to other domains.
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glucose in the liquid phase; [O2]l is the concentration of oxygen in the 
liquid phase. It is assumed that all glucose oxidases are active and uni
formly distributed in the EL. The positive value of the Ri represents the 
production rate of H2O2, and the negative value represents the con
sumption rate of glucose or oxygen.

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

− DLDL,i∇
2[i]l = 0 (9) 

where DLDL,i is the diffusion coefficient of species i in the LDL, m2 s− 1; 
The symbol i also denotes three species, i.e., glucose, oxygen, and H2O2.

All model parameters are listed in Table S1 (see Supporting 
Information).

2.3. Boundary and initial conditions

The boundary indicators are also displayed in the Fig. 2a, where ΓLB 
is the interface between the LDL and the bulk liquid, ΓEL is the interface 
between the EL and LDL, ΓEG is the interface between the EL and the 
GDL, ΓGB is the interface between the GDL and the bulk gas, ΓSB is the 
interface between the hollow nanotube substrate and the bulk gas, ΓES is 
the interface between the EL and the substrate, ΓGS is the interface be
tween the GDL and the hollow nanotube substrate.

At the ΓLB, the concentration of every species is almost equal to the 
concentration of the corresponding species in the bulk solution. 
(Baronas et al., 2021) The fixed-value boundary conditions are applied, 
⎧
⎪⎪⎨

⎪⎪⎩

[G]l = [G]l,b
[O2]l = [O2]l,b = Hcp

O2
PO2

[H2O2]l = [H2O2]l,b = 0
(10) 

where [G]l,b, [H2O2]l,b, and [O2]l,b are the concentration of glucose, H2O2, 
and oxygen in liquid bulk, respectively, they are assumed to remain 
constant. The glucose concentration in the liquid bulk is 1000 mM in the 
current study. The H2O2 concentration in the liquid bulk is set as 0 
because its production is very low, and initially there is no H2O2 in the 
bulk solution. The oxygen concentration in the liquid bulk is equal to the 
dissolved oxygen concentration in an aqueous solution. It is calculated 
by Henry’s law, where Hcp

O2 
is Henry’s law solubility constant of oxygen 

in the air–water system, which is defined via equilibrium concentration 
in the liquid phase and the equilibrium pressure in the gas phase, 
mol m− 3 Pa− 1; PO2 is the partial pressure of oxygen in the air at 20◦C, 
which can be calculated by Dalton’s law of partial pressures, 

PO2 = PenvXO2 (11) 

where Penv is the environment pressure, which is set as 101.3 kPa; XO2 is 
the molar volume of oxygen in the air, which is set as 21%.

At ΓEL, the flux of each species through the interface is set to be equal 
to the outgoing one. The matching condition is applied, 

− DEL,i∇[i]l = − DLDL,i∇[i]l (12) 

where [i]l is the concentration of species i in the liquid domain.
At ΓEG, the oxygen must be transported through the three-phase 

interface and dissolved in the liquid before the enzymatic reactions 
take place. It has continuity of the mass flux across the boundary, but the 
concentration profile on both sides is discontinuous. (Geankopolis, 
1993) Henry’s law (Sander, 2015) is used to describe the dissolution 
equilibrium between the gas phase and the liquid phase. The dissolved 
oxygen concentration in the liquid phase is calculated by, 

[O2]l = Hcp
O2

pO2 (13) 

where pO2 is the partial pressure of oxygen in the air, Pa, it is related to 
the local oxygen concentration and temperature.

The air is assumed to obey the ideal gas law. Hence, the oxygen 

concentration in the gas phase can be calculated based on the partial 
pressure of oxygen and the gas temperature, 

[O2]g =
pO2

RT
(14) 

where R is the ideal gas constant, 8.314 J mol− 1 K− 1; T is temperature, K.
Combining equations (13) and (14), it can be found that the oxygen 

concentration in the gas phase and the dissolved oxygen concentration 
in the liquid phase are subject to an equilibrium relationship (see 
equation (15). This relationship is also known as the partition condition. 
(Geankopolis, 1993) The KO2 = Hcp

O2
RT is the partition coefficient be

tween two phases. In the air–water system, KO2 ≪1, it implies the 
[O2]l≪[O2]g. The partition condition is written as, 

[O2]l
[O2]g

= Hcp
O2

RT (15) 

The dissolved flux of oxygen through the GDL is equal to the corre
sponding absorbed flux entering the EL. The matching condition is 
applied, 

− DGDL,O2∇[O2]g = − DEL,O2∇[O2]l (16) 

The boundary conditions in equations (15) and (16) enforce the 
concentration discontinuity condition and maintain flux continuity at 
the interface between GDL and EL.

At ΓEG, there is no mass transfer for glucose and H2O2. The zero-flux 
boundary conditions are applied, 
{

− n⋅
(
− DEL,G∇[G]l

)
= 0

− n⋅
(
− DEL,H2O2∇[H2O2]l

)
= 0 (17) 

where n denotes the outward pointing normal of the boundary.
At ΓGS, the oxygen flux exchanged between the ΩS and ΩGDL is equal. 

The matching condition is applied, 

− DGDL,O2∇[O2]g = − DS,O2∇[O2]g (18) 

At ΓGB and ΓSB, the oxygen concentration is equal to the oxygen 
concentration in the bulk gas. The fixed value boundary condition is 
applied, 

[O2]g = [O2]g,b (19) 

where [O2]g,b is the oxygen concentration in gas bulk, which is assumed 
to remain constant.

At ΓES, for oxygen, it is assumed that the oxygen supply efficiency of 
the pores on the nanotube wall is comparable to the efficiency when the 
gas and liquid phases are in complete contact. Therefore, the boundary 
conditions here are the same as those at ΓEG, 

[O2]l
[O2]g

= Hcp
O2

RT (20) 

− DS,O2∇[O2]g = − DEL,O2∇[O2]l (21) 

At ΓES, there is no mass transfer for glucose. The zero-flux boundary 
condition is applied, 

− n⋅
(
− DEL,G∇[G]l

)
= 0 (22) 

At ΓES, the H2O2 produced by the enzymatic reaction is reduced by 
the action of the electrocatalyst, and the reduction current is generated 
at the same time. The mechanism of electrochemical reduction of H2O2 
is, 

H2O2 +2e− +2H+→2H2O (23) 

where e− is transported by the nanotube wall (Fig. 1b); H+ is provided 
by the analyte.

When electrochemical reactions are considered, the H2O2 will be 
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consumed under the electrochemical reaction. The electrode surface is 
imposed with specific boundary conditions to simulate the heteroge
neous electrochemical reaction. In the experiment, the electrochemical 
reaction rate can reach a peak value by adjusting the experimental pa
rameters (e.g., the overpotential, the amount of electrocatalyst). Hence, 
for a diffusion-controlled process, the H2O2 concentration on the elec
trode surface is assumed to be zero. The fixed-value boundary condition 
is applied, 

[H2O2]l = 0 (24) 

where [H2O2]l is the concentration of H2O2 in the liquid phase close to 
the electrode surface, mol m− 3.

The current density on the electrode surface depends upon the 
normal H2O2 flux across the electrode surface, 

j = nF⋅(n⋅JH2O2 ) (25) 

where j is the current density, A m− 2; n is the stoichiometric number of 
electrons for an electrochemical reaction, n = 2; F is the Faraday con
stant, 96485 C mol− 1; n⋅JH2O2 is the H2O2 normal flux caused by the 
electrochemical reaction on the electrode surface, mol m− 2 s− 1.

The current generation is related to the mean current density and the 
apparent area of the electrode, 

i = jAe (26) 

where i is the current generation, A; j is the mean current density, A m− 2, 
its definition can be found in the Supporting Information; Ae is the 
apparent area of the electrode, m2. In the current study, Ae = 0.2 cm2.

At ΓES, when electrochemical reactions are not considered, there is 
no mass transfer for H2O2. The zero-flux boundary condition is applied, 

− n⋅
(
− DEL,H2O2∇[H2O2]l

)
= 0 (27) 

All other boundaries are applied with zero-flux boundary conditions 
for each species, which means no mass transfer across these boundaries, 

− n⋅( − Di∇[i]) = 0 (28) 

where Di and [i] are the diffusion coefficient and concentration of each 
species, respectively.

At the initial state, the glucose concentration in the liquid phase 
([G]l,0) is equal to the glucose concentration in the bulk solution. The 
oxygen concentration in the liquid phase ([O2]l,0) is equal to the initial 
dissolved oxygen concentration in the bulk solution. The H2O2 con
centration in the liquid phase ([H2O2]l,0) is equal to 0, which represents 
no H2O2 in the system in the initial condition. The oxygen concentration 
in the gas phase ([O2]g,0) is equal to the oxygen concentration in the bulk 
gas. 
⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

[G]l,0 = [G]l,b
[O2]l,0 = [O2]l,b = Hcp

O2
PO2

[H2O2]l,0 = 0

[O2]g,0 = [O2]g,b =
PO2

RT

(29) 

2.4. Numerical implementation

All governing equations were solved at steady state using COMSOL 
Multiphysics. These numerical procedures were realized using the finite 
element method. The relative tolerance of the solver was set as 0.001. 
The free triangular meshes are applied to the whole computational 
domain. Fine meshes are applied inside ΩEL and on ΓEG and ΓES to 
capture sharp gradients of physical quantities caused by enzymatic and 
electrochemical reactions. A typical mesh is shown in Fig. 2b.

After solving the governing equations, the species concentration, 
reaction rate, species flux, and other information can be obtained and 
analyzed. Quantificational analysis methods are provided in the Sup
porting Information.

Fig. 3. Effect of the inner diameter (di) and outer diameter (do) of the hollow nanotube, and the penetration depth (H) of the nanotube into the E-matrix on 
enzymatic reaction in the electrode with 3D3PI, where the distance between two adjacent nanotubes is D = 1000 nm. (a) shows the production rate of H2O2 (JH2O2 ) 
under different H and di, where do = 0.05 μm. (b) shows JH2O2 under different H and do. (c) and (d) show the oxygen concentration ([O2]l) and the glucose con

centration ([G]l) within the E-matrix, respectively, where i illustrates 2D3PI, ii and iii are for 3D3PI. (e) shows maximum production rate of H2O2 (J
*
H2O2

) and 

maximum supply rate of oxygen (J*
O2

) as a function of do. (f) shows enzyme amount (V*
E) and the supply area of oxygen (A*

O2
) as a function of do when JH2O2 

reaches maximum.
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3. Results and discussion

3.1. Enhanced enzymatic reaction with 3D3PI

In this study, a matrix of nanotubes with porous walls was used as 
oxygen transport channels. When oxygen diffusion occurs inside the 
nanotube, the diffusion flux of oxygen is possibly reduced by the colli
sions between oxygen molecules and the walls. Therefore, the inner 
diameter of the nanotube significantly affects the oxygen diffusion in
side it. If the inner diameter is significantly smaller than the mean free 
path of oxygen molecules, molecule-wall collisions will occur more 
frequently than molecule-molecule collisions. This diffusion mechanism 
is known as the Knudsen diffusion. As the inner diameter increases, the 
probability of molecule-molecule collisions and molecule-wall collisions 
are comparable. The diffusion mechanism is dominated by both Knud
sen diffusion and molecular diffusion. The molecular collisions domi
nate until the inner diameter is large enough. The diffusion mechanism 
becomes free molecular diffusion. Since a large variation in the inner 
diameter can cause the diffusion mechanism to shift from free diffusion 
to Knudsen diffusion, ultimately reducing the oxygen supply, it is 
necessary to explore the effect of the inner diameter of hollow nanotubes 
on the enzymatic reaction first.

To investigate the status of the enzymatic reaction, we evaluated the 
production rate of H2O2. Fig. 3a shows the relationship between the 
production rate of H2O2 and the penetration depth of the nanotube into 
the E-matrix and compares the production rate of H2O2 under different 
inner diameters of nanotubes. Here, the outer diameter of the nanotube 
(do) is fixed at 0.05 μm. The inner diameter of the nanotube (di) is varied 
but remains less than or equal to the outer diameter. Notably, the case of 
di = do represents an ideal situation where the nanotube wall is absent 
and the gas phase is in direct contact with the E-matrix. The results 
reveal a general downward trend in the production rate as the inner 
diameter decreases. This can be primarily attributed to the reduced 
diffusivity of oxygen within the smaller inner diameter (see Fig. S2), 
which hinders the oxygen supply and finally limits the enzymatic 
reaction.

Beyond the inner diameter, the penetration depth of the nanotube 
into the E-matrix also plays a crucial role in the oxygen supply. As can be 
seen from Fig. 3a, increasing the penetration depth significantly in
creases the production rate of H2O2. This can be attributed to the 
enhanced oxygen supply facilitated by the larger interfacial area at the 
3D3PI. However, as the penetration depth increases, the diffusion dis
tance of oxygen from the bulk gas deep into the E-matrix grows. When 
the penetration depth reaches a critical value (i.e., about 30 μm in 
Fig. 3a), this may lead to reduced oxygen availability within the nano
tube, particularly in regions far from the bulk gas. However, the influ
ence of penetration depth on gas transport depends on the inner 
diameter of the nanotubes. When the inner diameter is large (e.g., di =

0.02 μm), the diffusivity of oxygen remains sufficiently large (Fig. S2). 
Consequently, even with increasing penetration depth, oxygen can still 
be effectively supplied throughout the nanotube from bulk gas. There
fore, there is no significant drop in the production rate of H2O2 (Fig. 3a) 
with further increasing penetration depth. In contrast, once the inner 
diameter is restricted (e.g., di = 0.002 μm), the diffusivity of oxygen 
becomes significantly limited (Fig. S2). This leads to a severe shortage of 
oxygen supply throughout the nanotube, especially in the part of the 
nanotube far from the bulk gas. As a result, the production rate of H2O2 
shows a significant decrease (Fig. 3a) with a further increase in the 
penetration depth. This phenomenon becomes more pronounced with 
even deeper penetration depth.

Our analysis reveals that both the inner diameter and the penetration 
depth are crucial for the oxygen supply within the 3D3PI, ultimately 
influencing H2O2 production. To achieve optimal performance for the 
enzymatic reaction, the inner diameter should be made as large as 
possible to minimize the oxygen diffusion limitation. In other words, 
thinner nanotube walls are preferable. Moreover, there exists an optimal 

penetration depth beyond which the oxygen supply becomes limited. 
We will identify its optimal value in the following content.

Given the significant oxygen supply limitation imposed by small 
inner diameters, they need not be considered in maximizing enzymatic 
reactions. To this end, we make the following assumptions in the 
following contents. Firstly, we assume that the thickness of the nanotube 
wall can be neglected. In this case, the inner diameter equals the outer 
diameter, and they change together. Secondly, we only study the case of 
large outer diameter (do ≥ 0.05 μm), which ensures that the oxygen 
supply is no longer limited by the nanotube diameter. Based on the 
above assumptions, the influence of the outer diameter of the nanotube 
is discussed next. As shown in Fig. 3b, regardless of the outer diameter, 
the production rate of H2O2 continues to increase with the increase of 
penetration depth until a critical depth is reached. At shallow penetra
tion depths (e.g., H < 30 μm), the production rate exhibits an almost 
linear relationship with the penetration depth. This is mainly because 
increasing the penetration depth can expand the supply area of oxygen, 
thereby enhancing the oxygen supply. Overall, these results highlight 
the significant advantage of 3D3PI in enhancing enzymatic reactions. 
Nevertheless, it is important to note that endlessly increasing the 
penetration depth does not translate to a limitless increase in H2O2 
production. When the penetration depth is beyond a certain value, the 
production rate of H2O2 reaches a plateau. We will examine the un
derlying causes of the above phenomenon in the following contents.

The previous study (Zou et al., 2023) confirms that the H2O2 pro
duction is primarily determined by the oxygen supply. We first plotted 
the oxygen concentration in the E-matrix to visualize the mass transfer 
of oxygen in the E-matrix (Fig. 3c). In the 2D3PI (Fig. 3c-i), the E-matrix 
far from the three-phase interface exhibits a significant lack of oxygen. 
This contrasts sharply with the 3D3PI (Fig. 3c-ii and iii), where most of 
the E-matrix maintains high oxygen concentration. This is the core 
reason for the increased H2O2 production as the penetration depth in
creases. Nevertheless, the enzyme kinetics (equation (8) depends on the 
concentrations of two enzymatic substrates (oxygen and glucose). 
Therefore, the glucose supply also plays an important role in deter
mining H2O2 production. It should be noted that the glucose supply 
completely overdosed in the previous study (Zou et al., 2023; Zou et al., 
2024). The oxygen supply at the 2D3PI is also insufficient to completely 
consume the supplied glucose. Compared with the 2D3PI, the 3D3PI 
offers a much larger supply area of oxygen. The oxygen supply in the 
3D3PI is improved by several orders of magnitude (Fig. S3), and the 
glucose supply becomes a factor that must be considered. To explore the 
reasons behind the eventual plateauing of H2O2 production, we next 
analyzed the mass transfer of glucose in the E-matrix (Fig. 3d). As the 
penetration depth increases (Fig. 3d-ii and iii), both the mean diffusion 
distance and time required for glucose to diffuse from bulk liquid into 
the E-matrix also increase, which impedes the mass transfer of glucose 
deep into the E-matrix. This can be demonstrated in Fig. 3d-ii and iii, as 
the nanotubes penetrate deeper, the glucose concentration in the E- 
matrix away from the bulk liquid progressively decreases. This implies 
that the glucose supply within the E-matrix becomes insufficient as the 
penetration depth increases, thereby limiting enzyme kinetics and H2O2 
production. In other words, a deep penetration depth of the nanotube 
into the E-matrix facilitates the mass transfer of oxygen but impedes the 
mass transfer of glucose. The interplay between these two factors leads 
to the H2O2 production to initially rise with increasing nanotube height 
and then eventually stabilize.

Fig. 3e shows the maximum production rate of H2O2 as a function of 
the outer diameter of the nanotube. When the outer diameter is small (e. 
g., do ≤ 0.05 μm), the maximum production rate exhibits an increasing 
trend as the diameter increases. A small outer diameter necessarily leads 
to a small inner diameter, thus limiting the diffusivity of oxygen (Fig. S2) 
inside the nanotube and the oxygen supply (Fig. 3e). Given the previous 
assumptions, increasing the outer diameter can also increase the inner 
diameter, and alleviate the oxygen diffusion limitations (Fig. 3e), ulti
mately increasing the H2O2 production. However, when the outer 
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diameter is large (e.g., do > 0.05 μm), the maximum production rate of 
H2O2 shows a continuous decreasing trend when the outer diameter is 
increased. This can be explained from two perspectives. On the one 
hand, the enzyme amount between nanotubes decreases with the in
crease of outer diameter (Fig. 3f). On the other hand, when the distance 
between two adjacent nanotubes remains unchanged, increasing the 
outer diameter reduces the number density of nanotubes within the E- 
matrix, thereby reducing the supply area of oxygen (Fig. 3f) and the 
supply rate of oxygen (Fig. 3e). Consequently, the combined effect of 
these factors leads to a continuous decrease in the maximum production 
rate of H2O2.

Our findings demonstrate a significant improvement in H2O2 pro
duction when employing a 3D3PI compared to the 2D3PI. Taking do =

0.05 μm as an example, the 3D3PI achieves a maximum H2O2 produc
tion that is approximately 30 times higher than the 2D3PI. This 
enhancement is even higher under conditions of sufficient supply of 
enzymatic substrates (oxygen and glucose). These results prove that the 
3D3PI offers a superior strategy for enhancing enzymatic reactions 
compared to the traditional 2D3PI.

In addition to the inner diameter and outer diameter of the hollow 
nanotube and the penetration depth of the nanotube into the E-matrix, 
the distance between two adjacent nanotubes is also an important 
parameter affecting the interfacial structure. To identify the optimal 
structure for the enzymatic reaction, we further evaluated the effect of 
the distance on the enzymatic reaction.

As shown in Fig. 4a, unlike the effect of nanotube diameter, the effect 
of the distance between two adjacent nanotubes on the H2O2 production 
is more complex. It can be found that when the distance is too wide (e.g., 
D = 3 μm) or too narrow (e.g., D = 0.02 μm), the maximum H2O2 
production is limited. The H2O2 production can only reach a relatively 
high level when the distance is at a medium value (e.g., D = 1 μm). 

Fig. 4b provides a clear visualization of how the H2O2 production 
changes with the distance. The maximum production rate of H2O2 ex
hibits a non-monotonic trend, initially increasing and then decreasing 
with the distance. Notably, Fig. 4b suggests that the oxygen supply 
directly determines this trend. This is consistent with the conclusion of 
our previous study (Zou et al., 2023).

The distance affects the enzyme amount on the one hand and the 
supply area of oxygen on the other hand. When nanotubes are densely 
arranged (e.g., D ≤ 1 μm), even if the supply area of oxygen is quite 
abundant (Fig. 4c), there is insufficient enzyme between nanotubes 
(Fig. 4c). This limits the capacity of the E-matrix to consume oxygen. As 
shown in Fig. 4d-i, the oxygen accumulates within the E-matrix and 
maintains a high concentration level. In this case, the gradient of oxygen 
concentration is too small to maintain the supply rate of oxygen at a high 
level.

As the distance increases (Fig. 4c), the amount of enzyme between 
nanotubes grows, enhancing the capacity of the E-matrix to consume 
oxygen. This results in an increase in the gradient of oxygen concen
tration, driving an increase in the supply rate of oxygen (Fig. 4b, the 
supply rate of oxygen is greatly increased when D increases from 0.01 to 
1 μm).

When the distance between two adjacent nanotubes reaches the 
point at which they are sparsely arranged (e.g., D = 10 μm), the number 
density of nanotubes decreases dramatically. This greatly reduces the 
supply area of oxygen (Fig. 4c). On the other hand, it significantly in
creases the mean diffusion distance and time of oxygen within the E- 
matrix, impeding the mass transfer of oxygen. The low oxygen con
centration in the E-matrix confirms this limitation (Fig. 4d-ii). Conse
quently, the supply rate of oxygen decreases.

In summary, only when nanotubes are arranged at a moderate dis
tance (e.g., D = 1 μm), the balance between sufficient enzyme amount 

Fig. 4. Effect of the distance between two adjacent nanotubes (D) and H on the enzymatic reaction in the electrode with 3D3PI, where do = 0.05 μm. (a) shows 

the JH2O2 under different H and D. (b) shows the J*
H2O2 

and J*
O2 

as a function of D. (c) shows V*
E and A*

O2 
as a function of D when JH2O2 reaches maximum. (d) shows 

[O2]l within the E-matrix.
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and sufficient supply area of oxygen can be achieved. The oxygen supply 
and the H2O2 production are thus maximized. The interfacial structures 
have a considerable influence on the performance. Optimizing the 
interfacial structures is crucial for achieving the most efficient enzy
matic reaction. We will discuss the optimization in subsequent sections.

3.2. Enhanced electrochemical reaction with 3D3PI

Note that part of the H2O2 produced by the enzymatic reaction es
capes from the E-matrix rather than participating in the subsequent 
electrochemical reaction. In previous studies (Zou et al., 2024), we 
demonstrated that the H2O2 escape has a very serious impact on the 
current generation. Therefore, maximizing H2O2 utilization alongside 
efficient H2O2 production is critical for enhancing the current genera
tion. To visualize the H2O2 escape, we plot the production rate and the 
reaction rate of H2O2 together (Fig. 5). The schematic diagram in each 
sub-figure shows the structural parameters of the electrode. The differ
ence in trend between them provides a visual representation of the H2O2 
escape. Large differences imply more H2O2 loss and less efficient H2O2 
utilization. The yellow shadow highlights the region with the maximal 
H2O2 production and utilization. In addition, the reaction rate of H2O2 is 
proportional to the current generation, and the trends of the two are 
completely consistent.

In the 2D3PI (Fig. 5a), the substrate is a solid nanowire array, and gas 
cannot be transported into the E-matrix through the nanowires. To 
facilitate comparison with 3D3PI, the outer diameter of the nanowire 
and the distance between nanowires are also denoted as do and D (see 
the schematic diagram in Fig. 5a). Regardless of the outer diameter, as 
the distance increases, the production rate of H2O2 (dashed line in 
Fig. 5a) gradually increases and finally reaches a plateau. Based on the 
conclusions of our previous study (Zou et al., 2023; Zou et al., 2024), this 
is mainly because a wider distance can bring a larger supply area of 
oxygen, consequently enhancing the oxygen supply. However, previous 
research (Zou et al., 2024) also told us that wider distance promotes the 
H2O2 escape, thereby impeding the H2O2 utilization and ultimately 
reducing the current generation. When the distance is narrow (e.g., 
D ≤ 1 μm), increasing the distance significantly boosts the H2O2 pro
duction. While the distance increase also facilitates the H2O2 escape, the 
effect is not too significant. Fig. S4a shows that the escape ratio of H2O2 
is less than 5%. At this time, the evolution trend of the reaction rate of 
H2O2 is almost consistent with the production rate of H2O2, and the 
difference between them is insignificant. Nevertheless, when the 

distance becomes wider (e.g., D > 10 μm), the H2O2 escape becomes 
more significant, leading to a growing difference between the reaction 
rate and the production rate of H2O2. Fig. S4a shows that the escape 
ratio of H2O2 generally exceeds 20% and can finally reach up to 86%. 
When the production rate of H2O2 reaches a peak, the reaction rate of 
H2O2 is at its lowest. These results highlight a critical defect of the 
2D3PI, i.e., the inability to simultaneously maximize both H2O2 pro
duction and H2O2 utilization. In other words, a trade-off between the 
enhancement of enzymatic reaction and electrochemical reaction must 
be rigorously taken into account to maximize the electrode performance.

As shown in Fig. 5b, the results for the 3D3PI are in sharp contrast to 
those for the 2D3PI. It can be observed that regardless of the outer 
diameter of the nanotube, as the distance between two adjacent nano
tubes becomes wider, the changing trends of the production rate and the 
reaction rate of H2O2 are almost identical, and the difference between 
the two is also negligible (the dashed line and the solid line almost 
coincide). It implies that the H2O2 escape in the 3D3PI is not significant. 
Fig. S4b shows that even though the distance between two adjacent 
nanotubes varies greatly, the escape ratio of H2O2 is generally less than 
7%. This is mainly because the 3D3PI provides a larger surface area for 
electrochemical reaction and also changes the diffusion distance of 
H2O2, thereby improving the H2O2 utilization. These results indicate 
that the 3D3PI can ensure that enzymatic and electrochemical reactions 
are simultaneously optimal. In addition to significant enhancement of 
H2O2 production, efficient H2O2 utilization is another huge advantage of 
the 3D3PI compared to the 2D3PI.

Fig. 5c compares the evolution of the current generation between 
2D3PI and 3D3PI when do = 50 nm. It can be found that regardless of 
the distance between two adjacent substrates, the current generation of 
3D3PI is always several orders of magnitude higher than that of 2D3PI. 
At the optimal distance (about 1 μm), the difference is as high as 32 
times. This intuitively demonstrates the important role of 3D3PI in 
improving the current generation.

3.3. Optimized interfacial structure design for 3D3PI

While previous sections predict the existence of optimal structures 
for the 3D3PI, identifying these structures intuitively remains a chal
lenging task. We systematically designed comprehensive in silico ex
periments to quantify the optimal ranges for each design parameter. 
When any one of these parameters is given, we can identify the optimal 
range for the remaining parameters. Notably, the penetration depth of 

Fig. 5. (a) and (b) Comparison of the production rate of H2O2 (dashed line) and reaction rate of H2O2 (solid line). (a) The results of the 2D3PI, where there are no 
nanotubes in the E-matrix, i.e., H = 0. (b) The results of the 3D3PI, where H = 30 μm. (c) Comparison of the current generation (i) between the 2D3PI and the 3D3PI, 
where do = 50 nm.
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the nanotube into the E-matrix (i.e., the most readily adjustable 
parameter in electrode fabrication) is of particular interest. Here, we 
focus on the design of the penetration depth and two other key pa
rameters, as depicted in the contour plots of Fig. 6a and b. These plots 
enable straightforward determination of the optimal range for the 
remaining parameter when the value of either the outer diameter of the 
nanotube or the distance between two adjacent nanotubes is given. It 
can be seen clearly that slender (e.g., do = 0.05 μm) nanotubes arranged 
at moderate distances (e.g., D = 1 μm) and deeply penetrated (e.g., H =

30 μm) into the E-matrix can offer maximum current generation. This 
quantitative information provides valuable guidance for the design of 
next-generation high-performance enzyme electrodes with the 3D3PI.

Fig. 6c compares the maximum current generation in the conven
tional 2PI and 2D3PI. Under the conditions we tested, the 2D3PI 
demonstrated a significant enhancement in the current generation, 
achieving up to a 21-fold increase compared to the 2PI. This emphasizes 
the advantage of three-phase interfaces over two-phase interfaces. 
Furthermore, Fig. 6d compares the maximum current generation in the 
2D3PI and 3D3PI. The 3D3PI achieved a remarkable up to 32-fold 
enhancement in the current generation relative to the 2D3PI, indi
cating the advantage of 3D interfaces over 2D interfaces. By integrating 
the advantages of both three-phase interfaces and 3D interfaces in the 
new 3D3PI, a staggering 672-fold enhancement in current generation 
compared to 2PI was realized ultimately.

4. Conclusions

In this study, we developed a comprehensive mathematical model for 
the enzyme electrode with a 3D3PI, enabling detailed analysis of 
coupled transport phenomena and cascade reactions taken place in the 
electrode. We systematically evaluated the effect of the key structural 
parameters of the electrode, which include the inner diameter and the 
outer diameter of the nanotube, the penetration depth of the nanotube 
into the E-matrix, and the distance between two adjacent nanotubes, on 
its performance and revealed the underlying mechanisms. Moreover, we 
identified the optimal parameter ranges through a series of numerical 
experiments. The model reveals that both H2O2 production and H2O2 
utilization determine the current generation. Our key findings are 
summarized below, 

1. The 3D3PI significantly expands the interfacial area available for 
both oxygen supply and the electrochemical reaction compared with 
the 2D3PI. This leads to a substantial enhancement in both enzy
matic reaction (for H2O2 production) and electrochemical reaction 
(for H2O2 utilization).

2. When enhancing H2O2 production (or enzymatic reaction) by regu
lating interfacial structures, the 2D3PI electrodes inevitably reduce 
H2O2 utilization (or electrochemical reaction), leading to a trade-off 
between maximizing enzymatic and electrochemical reactions. In 

contrast, our 3D3PI can simultaneously enhance both H2O2 pro
duction and utilization, thus maximizing cascade reactions without 
any trade-offs.

3. An optimal 3D3PI structure should be built with slender (about 
0.05 μm) hollow nanotubes arranged at moderate distances (about 
1 μm) and deeply penetrated (e.g., H = 30 μm) into the E-matrix. 
This configuration can not only effectively expand the area available 
for oxygen supply and electrochemical reaction, but also ensure a 
sufficient enzyme amount. This balance is essential for pushing up 
the kinetics limit of the enzymatic and electrochemical cascade re
actions, ultimately achieving a maximal current generation.

In summary, this study offers theoretical insights into the transport 
phenomena in the 3D3PI enzyme electrode and presents efficient design 
strategies for the next-generation high-performance enzyme electrode. 
By resorting to mathematical modeling, the trial-and-error costs on the 
experiments can be significantly reduced. We are confident that exper
imental implementation of the 3D3PI in enzyme electrodes can be 
realized in the near future.
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Fig. 6. Identification of optimal interfacial structures for the electrode with 3D3PI. (a) shows the effect of do and H on i, where D = 1 μm. (b) shows the effect of D 
and H on i, where do = 0.05 μm. (c) Comparison of maximum current generation in electrodes with 2PI and 2D3PI. (d) Comparison of maximum current generation 
in electrodes with 2D3PI and 3D3PI.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ces.2025.122189.
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The numerical data from Figures 3-6 and S2-S4 are tabulated in the 
Supporting Information.
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