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There is a growing demand for biocompatible 
metal surfaces in various research fields such as in 
electrochemistry1–3, biosensors4–6, catalysis7–9 and wear-
able technology10–12 (Fig. 1a). A hybrid bilayer mem-
brane (HBM) is an inorganic–organic electrochemical 
platform in which a lipid layer is appended on top of a 
self-​assembled monolayer (SAM) covalently attached to 
a substrate13,14, which has diverse functions and broad 
applications in the fields of biomimicry and catalysis. 
The basic HBM system consists of three parts — the lipid 
layer, the SAM and the substrate15,16 (Fig. 1b). ‘Hybrid’ 
refers to the combination of artificial (inorganic sub-
strates and metal ions) and natural (lipids and receptors) 
components. ‘Bilayer’ indicates that two dissimilar layers 
are covering the surface. In HBMs, the lipid (membrane) 
layer is typically a phospholipid and is affixed to the 
surface via van der Waals interactions between the lipid 
tails and the terminal functionalities of the SAMs17,18. 
The modularity of each HBM component allows them 
to be tuneable. For example, the HBM platform can 
be used to immobilize biological materials on surfaces 
and is typically stable for at least a few weeks19. By con-
structing HBMs on conductive metal surfaces, HBM 
platforms can be explored using techniques that have 
not previously been possible with traditional biological 

membranes20,21. Also, not being bound by biological 
systems allows the membrane attributes of HBMs to be 
controlled more easily than a pure biological membrane. 
The ability to tune membrane components endows 
HBMs with the biocompatibility needed for functional 
transmembrane studies. The opportunity to regulate the 
proton and electron transfer steps independently has 
led to unprecedented insights into the molecular details 
that govern activity and selectivity of multistep redox  
catalysts central to renewable energy schemes13,18,22,23.

Types of HBM
There are various kinds of model membrane that have 
been used in biomimetic research (Box 1). These mem-
branes can be produced in different forms, such as 
lipid vesicles24, bilayer lipid membranes25, Langmuir–
Blodgett layers26, black lipid membranes27, and tethered 
and nontethered supported planar bilayers28. The main 
components of model membranes are amphiphilic phos-
pholipids, which consist of hydrophobic alkane chains 
and polar phosphate head groups.

In HBMs, the SAM can be a simple redox inactive sys-
tem like alkanethiols on Au (refs.13,16), or they can attach 
a redox-​active molecule like ferrocene on alkanethiols21, 
or they can contain a larger catalyst unit such as a 
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coordination compound or an enzyme mimic29–31. The 
lipid layers in HBMs can be lipid monolayers or bilayers, 
both of which can be constructed using self-​assembly 
techniques16,32. In HBMs with lipid monolayers, hydro-
phobic SAMs (usually methyl- or aryl-​terminated) 
associate with the hydrophobic tails of the lipid layer. In 
contrast, in HBMs with lipid bilayers, hydrophilic SAMs 
(carboxylate-​terminated) associate with the hydrophilic 
phosphate head groups on one leaflet of the lipid bilayer. 
Compared to the HBMs with lipid monolayers, bilayer 
structures are more dynamic and fluxional33,34. Thus, 
HBMs with lipid bilayers can provide a better model sys-
tem for biological processes. However, if stability is cru-
cial, HBMs with lipid monolayers are preferred, which is 
why these have been investigated much more for energy 
catalysis applications than those with lipid bilayers. 
Furthermore, for many aspects of biomimicry, the lipid 
monolayer–SAM interface serves as a sufficient model of 
biological lipid bilayers22,35,36. Nonetheless, it is important 
for researchers to be aware of possible spontaneous lipid 
bilayer formation while working with HBMs. The dif-
ferentiation between monolayer and bilayer structures 
can easily be determined with ellipsometry, which can 
be used to calculate the distance between the inorganic 
electrode and the electrolyte−HBM interface. In short, 
functional mimics for bio-​inspired catalysis probably 
use monolayers, while bilayers serve as valid structural 
mimics of authentic biological systems.

The most frequently used substrate to construct 
HBMs is Au (refs.13,16), but other substrates (such as 
carbon37, Ag (ref.25), Si (ref.24), Hg (refs.33,38) and Al 
(ref.39)) have also been exploited. In principle, any 
conductive substrate can be used for electrochem-
ical applications40–44. Au is often preferred because 
of its inertness, its well defined surface morphology, 
its ability to form robust Au–S bonds for thiol-​based 
SAMs, and its reflectivity, which makes it useful for 
surface-​characterization techniques such as ellipsom-
etry and polarization modulation-​infrared reflection– 
absorption spectroscopy (PM-​IRRAS)45,46. On Au, alkan-
ethiols usually form tightly packed and well ordered 
monolayers with a fairly wide electrochemical window. 
This potential window can vary depending upon the 
thiol of choice, but typically ranges from +0.8 V to –0.5 V 
versus Ag/AgCl.

The utility of HBM platforms
HBMs were initially developed as bioinspired platforms 
on an electrode support to study cell membrane activity 
and associated processes47,48. Over the past three decades, 
HBM and tethered bilayer lipid membranes on solid sup-
ports have attracted much attention as a means of stud-
ying a broad range of fundamental and applied fields49. 
This increase in popularity is due to their ability to mimic 
cell membranes, which is similar to that of Langmuir–
Blodgett films and black bilayer lipid membranes, but 
they have a number of added advantages including 
simpler and reproducible preparation, increased sta-
bility and improved precision in controlling their com-
position and architecture50. Their formation on a solid 
and/or conductive support also allows a wider range of 
analytical techniques to be employed that were not pre-
viously accessible51–53. The continual evolution of HBMs 
has expanded their applications to include the investiga-
tion of molecular recognition in cell membranes54,55, ion 
permeability56, enzymatic activity57,58, cell adhesion50,59, 
electrocatalysis18,22, photoelectric effects60,61, function-
alization of beads62, biosensors63,64 and reversed-​phase 
chromatography for separation65.

Predominantly, HBMs have been developed as 
platforms that can mimic native membranes in order 
to gain unique insights into membrane functions and 
proteins13. Many of these proteins are either redox 
enzymes that are involved in biological energy conver-
sion processes, such as metabolism, which operates in 
the mitochondrial membranes, photosynthesis, which 
operates in the chloroplast membranes, or they are chan-
nels and voltage-​gated transporters, regulating cellular 
functions29. These redox proteins can also mediate elec-
tron transport and catalyse other important reactions 
in both biological and industrial applications66,67. Most 
importantly, dysfunction in enzymatic activity and aber-
rant channels can lead to physiological disorders68,69.  
As a result, it is essential to develop a fundamental 
understanding of their biological functions, and HBMs 
can aid in relevant mechanistic studies59,70.

At a molecular level, the active site of redox pro-
teins is embedded in the hydrophobic matrix created 
by the protein, where the transport of charged species, 
such as electrons and protons, is tightly regulated71,72.  
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Fig. 1 | hBm platforms at a glance. a | An overview of hybrid bilayer membrane (HBM) 
topics discussed throughout this Review. b | Overall structure of HBM, highlighting its 
functional components. SAM, self-​assembled monolayer. Part b adapted with permission 
from ref.36, ACS.
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The convergent preparation of HBMs allows for inde-
pendent control over the composition and dispersion of 
species of interest within each leaflet. This feature has 
made it possible to evaluate redox processes with atomic 
precision in a hydrophobic environment and to construct 
analogues of proteins that were not previously accessible.

HBMs embedded with a molecular catalyst have ena-
bled the in-​depth analysis of proton-​coupled electron 
transfer (PCET) reactions, which are central to many 
biological and artificial energy conversion processes13,73. 
In particular, HBMs allow for precise control over the 
thermodynamics and kinetics of proton and electron 
transfer steps in PCET processes22,23. These electro-
chemical platforms have led to a deeper understanding 
of the parameters influencing the efficiency of catalytic 
processes36,74.

Recently, HBMs have proved to be a powerful tool 
with which to examine photoelectrochemical prop-
erties in an environment that closely mimics natural 
photosystems75. Inspired by the antenna system of chlo-
rophyll situated in biological membranes, dye molecules 
tailored for visible light absorption can be installed at 
the phospholipid–alkanethiol interface of HBMs to 
construct new dye-​sensitized solar cells for natural solar 
absorption and efficient charge separation60,61. Compared 
to earlier lipid models, HBM nano-​assembly displays the 
robustness required owing to the stability provided by 
the electrode support. The independently controllable 
HBM leaflets allow designer electron donor/acceptor 
pairs including fullerenes, [Ru(bpy)3]2+ and porphy-
rins to be incorporated modularly at specific locations 
in HBMs. This modularity results in directed vectorial 
charge transfer across the two dissimilar layers in HBMs 
and efficient light energy harvesting76. In addition to 
enabling the study and evaluation of many combinations 
of donor–acceptor systems, this unique design of HBMs 
achieves high photoconversion efficiency. The lipid 

matrix acts as an effective barrier, suppressing undesired 
charge recombination, leading to efficient initial photo
induced electron transfer and subsequently notable 
enhancement in photoconversion75. The photocurrents 
generated by HBMs can be further modulated through 
quantitative addition of molecular photosensitizing 
agents into the lipid matrix to regulate light-​induced 
cross-​membrane electron-​transfer processes60. This dis-
tinctive construction of photosystem-​mimicking HBM 
systems has provided insights into and understand-
ing of photo-​induced charge transfer and separation, 
which are crucial to the development of more advanced  
photovoltaic devices77.

Beyond a fundamental understanding of biological 
and molecular processes, HBMs have also been consid-
ered for a number of commercial applications. These 
platforms have increased the diversity of transduction 
methods (optical, electrochemical, and quartz crystal or 
surface acoustic wave oscillators) available as a result of 
their intrinsic properties76,78,79. This feature, combined 
with their biocompatibility and their ability to anchor 
biological capture agents without chemical transforma-
tion or covalent modification, has opened up the devel-
opment of a novel class of bioanalytics that could lead to 
higher sensitivity, enhanced specificity and lower cost80–83.

The self-​assembled hydrophobic environments 
in HBMs have led to optimization of reverse-​phase 
columns for more efficient separation of species of 
interest65. HBMs have also been considered as a tool 
with which to tune the dielectric properties of Au-​coated 
polymer microspheres, which can be used as labels,  
carriers and solid supports for the separation and analysis  
of chemical, biochemical and biological analytes84,85.

Biomimicry and energy catalysis have co-​evolved in 
the past years, and the shared properties of HBMs have 
led to discoveries and improvements in both fields in a 
synergistic fashion (Fig. 2). Through biomimicry, bioin-
spired catalysts with improved performance have been 
developed. These successes in turn facilitate the design 
of new structural and functional mimics of biological 
systems, thereby forming a feedback loop and closing 
the design–build–test–learn cycle of HBM platforms.

This Review first covers the preparation methods of 
inorganic–organic HBMs and the techniques used to 
characterize such HBMs. The remaining portion of this  
Review describes the practical applications of these  
abiotic–biotic HBMs as well as future challenges in the 
field of HBMs. Readers may refer to other reviews for 
detailed discussions of lipid vesicles and their uses in 
artificial cells, therapeutics and drug delivery86–89.

Preparation and characterization
The chemical synthesis and material characterization  
of HBM modular components are described in this  
section (Fig. 3a).

Self-​assembled monolayers. Initial studies focused 
on using the Au–S system to form the SAM in an 
HBM21,90,91. The SAM molecule features three functional 
units that include a terminal thiol functional group  
for SAM formation, a moiety in the middle for catalyst 
integration, and a benzyl group on the other end for 

Box 1 | model membranes used in biomimetic research
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lipid appendage92,93. First, trityl protecting groups, which  
can be removed under acidic conditions, are introduced  
to prevent the free thiol from reacting throughout the 
synthesis18. Typically, a pre-​rinsed electrode is soaked in 
a methanolic or ethanolic solution containing the depro-
tected molecule to generate a SAM22. Depending on the 
molecular architecture of the target system, this soaking 
process can be performed in the dark under an inert 
atmosphere for greater control over the SAM-​formation 
environment94. A linker, comprised of between 4 and 8 
methylene units, is used to connect the thiol to the cata-
lyst motif, which should allow for efficient charge migra-
tion between the Au electrode and the catalyst moiety56. 
In general, a longer linker results in higher robustness 
but with a decreased electron transfer rate23.

Second, the supporting ligand of the catalyst moiety 
can be incorporated via covalent attachment prior to 
SAM formation or through late-​stage functionalization 
using click chemistry23. For both methods, metal ions are 
subsequently coordinated to the ligand-​containing SAM 
by soaking the SAM in a methanolic or ethanolic solution 
containing the desired transition metal95. For example,  
a redox non-​innocent triazole ligand has been covalently 
attached to a SAM that included an active dicopper oxy-
gen reduction reaction (ORR) electrocatalyst18. Third,  
a benzyl group is conjugated to the terminal amine group 
of this SAM system to achieve a surface with suitable 
hydrophobicity to allow for lipid layer formation in 

order to generate an HBM (Fig. 3b). In short, trifunctional 
SAMs with precise molecular structures are designed to 
enable efficient assembly of the bottom layer of HBMs.

Tethered redox moieties. In addition to the Cu triazole 
system, a variety of other redox-​active scaffolds have 
been installed at the SAM terminus. These scaffolds 
include Fe porphyrins13, quinones73, and ferrocenes21, 
which do not rely on two adjacent triazole ligands to 
chelate two Cu ions in a cooperative fashion. These 
redox moieties were attached to alkanethiols using C–C 
bond cross-​coupling, copper-​catalysed azide–alkyne 
cycloaddition or amide bond-​forming strategies (using 
common coupling agents), in which corresponding 
molecular handles were previously installed at the SAM 
terminus (Fig. 3c,d). Beyond building systems with vary-
ing catalytic attributes and accessing tethered units with 
varying redox potentials, these site-​isolated redox SAMs 
allow for HBMs to be constructed on rough or curved 
interfaces displaying various surface functionalities96. 
Therefore, HBMs can be fabricated on non-​Au sub-
strates as well as on nanoparticles34,97. The solvent and 
dispersant used during synthesis need to be chosen to 
avoid agglomeration when preparing nanoparticle-​based 
HBMs98. Clickable lipids with attachable motifs can be 
covalently attached to SAMs to enhance the robust-
ness of HBM constructs99,100. In summary, these design  
strategies can afford modular and stable HBMs.
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by advances in assembly, biomimicry and energy catalysis.

Agglomeration
A process in which 
nanoparticles aggregate into  
a larger mass that is loosely 
packed by physical and 
chemical forces.

www.nature.com/natrevchem

R e v i e w s



0123456789();: 

Bioinspired proton carriers. Proton carriers are key 
components of HBM systems that achieve regulation 
of proton delivery under desirable conditions (Fig. 3e,f). 
With careful molecular design, proton carriers can 
operate within designated pH ranges22, be activated 
with light94 and function with different transmembrane 
mechanisms36. Inspired by biological systems, carbox-
ylic acids with long carbon tails were initially chosen 
for HBM investigations13. The appropriate carbon chain 
length allows this type of proton carrier to fulfil proton 
delivery15. In HBMs with triazole scaffolds, boronic acids 
showed dose-​dependent proton delivery capability22. 
This boronic acid motif has been incorporated into a 
photo-​responsive proton carrier using a stiff stilbene 
moiety94, which turns on upon irradiation with 360-​nm 
light and shuts down upon treatment with 390-​nm light. 
Recently, cyanide groups have been used as proton car-
riers, which parallels their utility as protonophores in 

mitochondria36. The proton-​shuttling ability of alkyl cya-
nides has been studied in HBM systems. To explore the 
transmembrane proton delivery mechanism, derivatives 
of alkyl cyanides were synthesized through substituting 
the alpha protons with methyl groups and deuterons.

Vesicle fusion method. Vesicle fusion is usually used to 
append a lipid layer on top of a SAM-​modified electrode 
to generate an HBM platform101. Lipid and proton carri-
ers are dissolved in chloroform or ethanol and then dried 
under a stream of N2 or Ar to generate a uniform film13,21. 
Isopropyl alcohol or ethanol is then added to re-​dissolve 
the film, followed by buffer addition and sonication18,22. 
The SAM-​modified electrode is then soaked in the  
as-​prepared lipid-​forming solution to generate an HBM via  
vesicle fusion36,95. Enzymes and proteins can be incorpo-
rated into an HBM in all stages of its preparation25,102,103. 
They can be tethered directly onto the electrode surface 
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prior to HBM formation. They can also be incorporated 
by vesicle fusion, where the vesicles can be populated 
with proteins either by reconstitution or during its 
formation. Alternatively, the proteins can be reconsti-
tuted into the HBM platform. The reconstitution of 
vesicles prior to their fusion onto the hydrophobic self-​
assembled surface typically enables better control for the 
immobilization of the contents of a cell membrane, such 
that proteins, enzymes, lipids and receptors are oriented 
correctly104,105.

Surface probing methods. HBMs have been characterized 
using a suite (Box 2) of chemical and physical methods 
(Fig. 4). To probe their surface composition, X-​ray photo
electron spectroscopy (XPS) has been used to reveal  
the identity and oxidation state of the elements present 
on HBM platforms95. To measure the HBM thickness, 
ellipsometry is the method of choice18. Electrochemical 
impedance spectroscopy (EIS) can also deduce the 
HBM thickness by modelling the film capacity and 
resistance25,52,106. Atomic force microscopy (AFM) can 
image the surface morphology of HBMs as well as fur-
ther investigate the mechanical properties of HBMs via 
force curve measurements106. To analyse the chemical 
structure of HBMs, sum frequency generation (SFG) 
spectroscopy107,108, PM-​IRRAS45,46, transmission IR 
spectroscopy109, and surface-​enhanced Raman spectros-
copy (SERS)110 have been utilized to monitor the vibra-
tional and bending modes of resting-​state species, bound 
adducts, and catalytic intermediates present on HBM-​
decorated surfaces. To study the interaction of solution 
species with receptors on HBMs, surface plasmon res-
onance (SPR) and electrochemistry have been used to 
quantify the binding affinities and association kinetics111.

HBM architecture progress. Earlier work discussed the 
use of alkanethiol SAM on Au surfaces as a starting 
point for the formation of stable, biomimetic HBMs16. 

Later, ferrocene-​embedded HBMs were used to study 
the redox properties and membrane permeability of 
solution-​phase redox-​active molecules112,113. Neutron 
reflectometry has been used to measure the dimensions 
and analyse the structures of HBMs containing the pep-
tide melittin14. Beyond using precious-​metal substrates 
for HBMs, HBMs have been constructed on carbon 
surfaces, and offer wider electrochemical windows 
than those formed on Au (ref.37). Such carbon-​based 
HBMs were used to study the transport of alkali ions 
through lipid layers modified with valinomycin, a pep-
tide that functions as a potassium ion channel in cells. 
Additionally, a procedure for forming HBMs on Al sur-
faces has also been developed39. In this HBM system, 
the phospholipid layers are deposited on self-​assembled 
silane monolayers. Through constructing HBMs consist-
ing of octadecanethiol SAMs on surface-​roughened Ag 
electrodes, HBMs have been used in surface spectros-
copy to analyse interfacial processes110. The next section 
discusses how these various HBM architectures can be 
used for biomimicry and catalysis, and highlights the 
prospects of these approaches.

Applications of HBMs
Catalysis for renewable energy. Renewable energy 
devices have attracted much attention because they pro
vide a feasible route to transition the global energy econ-
omy to clean and sustainable resources114–122. Many of  
these devices rely on the electrocatalysis of small mole-
cules such as O2 and CO2 (refs.123–128). For example, the 
ORR to water occurs at the cathode of fuel cells129–135, 
and the reduction of CO2 to fuels such as methane and 
methanol could be instrumental in designing future 
devices that convert carbon emissions to value-​added 
products136–141.

The electrocatalysis of these small molecules involves 
the transfer of multiple protons and electrons142–145, the  
dynamics of which affect catalyst selectivity146–148, effi-
ciency149–151, turnover frequency152,153, and durability154,155.  
Electron- and proton-​transfer events can occur in a 
stepwise fashion, or simultaneously in what is known 
as PCET156–164. The complex mechanistic possibilities of 
these reactions have made them difficult to study and 
has stymied the progress of catalyst development for 
renewable energy applications. Therefore, it is impor-
tant to explore new routes that may afford additional 
insights into the design and reactivity of PCET cata-
lysts. Indeed, the HBM platform may well aid in catalyst 
design.

HBMs on electrodes offer a unique method of stud-
ying the electrocatalysis of small molecules relevant 
to renewable energy devices. In particular, HBM plat-
forms can be used to modulate the thermodynamics and 
kinetics of electron and proton transfer to an appended 
catalyst18,22. In any electrochemical system, the thermo-
dynamics of electron transfer can easily be modulated by 
changing the voltage applied via a potentiostat. For most 
metal-​centred catalysts, the thermodynamics of proton  
transfer can also be changed by altering the pH of  
the bulk solution165,166. Through the Nernst equation, the  
redox potential of the metal centre and correspondingly 
of catalysis is shifted through pH changes95. Moreover, 

Box 2 | hBm characterization techniques

X-​ray photoelectron spectroscopy (XPS) is a technique for measuring the elemental 
composition and oxidation state of the elements on hybrid bilayer membrane (HBM) 
surfaces.

Electrochemical impedance spectroscopy (EIS) is a technique for measuring the 
resistance and capacitance of HBM films with the help of equivalent circuit models. 
Subsequently, the thickness of HBMs can then be deduced.

Atomic force microscopy (AFM) is a non-​optical nanoscale imaging scanning probe 
technique that characterizes the surface morphology and mechanical properties of HBMs. 
The thickness of HBMs can be quantified using AFM-​based force curve measurement.

Sum frequency generation (SFG) spectroscopy takes advantage of a second-​order 
nonlinear optical process to analyse the chemical structure of asymmetric HBM 
interfaces.

Polarization modulation-​infrared reflection-​adsorption spectroscopy (PM-​IRRAS)  
is a vibrational spectroscopic technique that probes the stretching and bending modes 
of HBMs on reflective metal substrates with high surface sensitivity.

Surface-​enhanced Raman spectroscopy (SERS) is a Raman scattering technique  
that probes the vibrational modes of HBMs supported on plasmonic nanomaterials.

Surface plasmon resonance (SPR) is a label-​free technique used to monitor 
noncovalent molecular interactions in a non-​invasive fashion to quantify the binding 
affinities and association-​dissociation kinetics of target substrates onto bioreceptors 
present at the liquid–lipid interface of HBMs in real time.

Ellipsometry is an optical technique that determines the polarization state change, 
the dielectric property and the thickness of HBM thin films.
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the kinetics of electron transfer can be modulated  
using SAMs of different alkyl chain lengths in an 
HBM21,23. SAMs with longer alkyl chain lengths possess 
slower electron transfer rates because electrons from the 
electrode must tunnel through the insulating methyl-
ene groups of the SAM to reach the catalyst167,168. Last, 
proton-​transfer kinetics can be tuned by changing the 
proton permeability of the lipid layer in the HBM15,18,22. In 
biological lipid bilayers, it is known that proton carriers 
such as alkyl carboxylates transfer protons across mem-
branes via flip-​flop diffusion52,169,170. HBMs can provide a 

unique framework in which to simultaneously control 
four key parameters of PCET reaction dynamics —  
the thermodynamics and kinetics of both proton and 
electron transfer — in one streamlined electrode archi-
tecture. In the context of renewable energy catalysis, 
the ability to tune these reaction attributes has enabled 
HBMs to elucidate PCET reaction mechanisms and 
increase product selectivity in ways that are not possible 
with conventional electrodes.

As a first demonstration, a SAM of site-isolated Fe 
porphyrin was pre-​organized on a Au electrode13 (Fig. 5a).  
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Flip-​flop diffusion
A process where a bilayer- 
bound molecule moves from 
one lipid leaflet to another 
leaflet.
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The phospholipid 1,2-​dimyristoyl-​sn-​glycerol- 
3-phosphocholine (DMPC) was used to cover the SAM 
catalyst in a lipid monolayer to form an HBM that is active 
towards ORR. 1-​Dodecanoic acid (DDA) incorporated 
in the lipid layer was found to enhance the ORR activity 
of the HBM-​embedded porphyrin. This work show-
cased the opportunity to study and augment molecular  
catalysts in biomimetic hydrophobic environments.

A dinuclear Cu complex (CuBTT)-​based SAM was 
developed for further ORR studies18 (Fig. 5b). Here, 
1-​dodecylboronic acid (DBA) was a pH-​dependent pro-
ton carrier that delivered protons across the lipid mem-
branes via flip-​flop diffusion to boost the ORR activity 
of CuBTT in the pH 5–7 range22. Furthermore, after 
incorporation of DBA as a proton carrier in the lipid,  
a linear sweep voltammogram was recorded. An increase 
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in the CuBTT catalytic current density was observed 
here without substantially altering the onset potential for 
catalysis. This indicates that the proton carrier enhances 
the kinetics of the ORR without altering the thermo-
dynamics of the reaction. The proton-​transfer kinetics 
to the catalyst was further modulated by changing the 
concentration of proton carrier in the lipid layer.

Later, kinetic isotope effect studies coupled with a 
mathematic model and a custom spectroelectrochem-
ical assay were developed to unravel the origin of ORR 
activity and selectivity optimization22,171. The extensive 
study showed that CuBTT undergoes a mixed 2e–/2H+ 
and 4e–/4H+ pathway to generate H2O2 as an unwanted 
byproduct when the proton kinetics are unregulated. 
Upon restricting proton availability, CuBTT undergoes a 
1e–/0H+ pathway to generate deleterious superoxide. It is 
only when proton- and electron-​transfer rates are com-
parable that CuBTT undergoes a pure 4e–/4H+ pathway 
to generate water as the only desired product with high 
selectivity. This study highlights the importance of pro-
ton transfer kinetics in governing the redox mechanism 
and product selectivity of PCET reactions22.

Recently, an HBM was used to study the control of 
proton and electron transfer to a non-​precious-​metal Cu 
ORR catalyst23 (Fig. 5c). The ORR catalyst, a Cu complex 
of benzyl triazole alkyne (BTA), was prepared through 
azide-​alkyne click chemistry and covalently attached 
to the Au electrode through thiol-​linked SAMs of dif-
ferent chain lengths. The ORR activity of the CuBTA 
catalyst with different chain lengths of the SAM covered 
by a monolayer of DMPC with or without the DBA 
proton carrier was evaluated. First, the ORR activity 
of the CuBTA decreases substantially when the SAM is 
covered by the lipid. The decrease in catalytic activity 
results from the impeded proton transfer across the lipid 
membrane.

The electron transfer kinetics to the catalyst was modi
fied by using SAMs with different alkyl chain lengths23.  
Laviron analysis showed that the electron transfer of a 
longer (C11) SAM is 30 times slower than the shorter 
(C5) SAM. In a manner similar to the modulation of  
proton transfer kinetics, the onset potential for ORR 
using C5 and C11 SAMs does not change substantially.  

This observation indicates that the ORR thermodynamics  
do not change by adjusting the SAM length. However, the  
reaction kinetics, as reflected by the peak current density, 
is much less for the C11 SAM than the C5 SAM because 
electrons must tunnel through a longer path to reach the 
catalytic sites. Having established that both the kinetics 
of proton and electron transfer to the catalyst could be 
altered using the HBM platform, the effect of the ratio of 
the proton- and electron-​transfer rates (kH+/ke−) on cata-
lyst activity was evaluated. Interestingly, regardless of the 
SAM used, the ORR current density of the catalyst was 
directly related to kH+/ke−. Therefore, the current den-
sity of the lipid-​covered catalyst can be boosted without 
altering its core molecular structure, but by tuning the 
relative rates of proton and electron transfer23.

The selectivity of an ORR catalyst can be controlled 
using the HBM platform of a thiol-​based SAM on Au23. 
However, similar platforms are not suitable to control 
the selectivity of other catalytic systems, such as CO2 
reduction. The thiol-​based SAMs on Au are not stable 
at highly negative potentials, which are required for the 
CO2 reduction reaction. Future HBM platforms study-
ing CO2 reduction could be designed in tandem with 
recently developed SAMs of porphyrin catalysts using 
phosphates on metal oxides172.

To overcome the problem of the reductive instabil-
ity of alkylthiol SAMs, a membrane-​modified electro-
chemical platform was developed to control O2 and CO2 
reduction reaction selectivity74. Specifically, two different 
triazole molecules with different functional groups were 
synthesized. The ORR catalyst, a dinuclear Cu complex 
with triazole-​based ligands, was covalently attached to 
Au electrodes through thiol-​terminated SAM. An anal-
ogous amine-​terminated triazole allowed the molecule 
to attach onto a carbon substrate. In both cases, DMPC 
lipid layers with or without proton carriers were formed 
on top of the SAMs. Importantly, the O2 reduction on  
carbon substrate was similar to what was observed  
on membrane-​modified Au substrates74. In designing 
active catalysts, this finding suggests that carbon and 
Au HBMs can be equally effective.

Carbon HBMs with their wider electrochemical 
windows have been used to study the CO2 reduction 
reaction. Specifically, a Ag triazole complex has been 
constructed on a carbon HBM to catalyse the reduction 
of CO2 (ref.74) (Fig. 5d). Membrane-​modified carbon elec-
trodes were used to evaluate CO2 reduction under var-
ying proton transfer rates. The reduction of CO2 could 
take place through three different competing pathways: 
slow proton transfer with the Ag triazole catalyst covered 
by a lipid monolayer and generating oxalate; regulated 
proton transfer with the catalyst covered by a membrane 
with proton carriers to produce either CO or HCOOH, 
depending on the nature of the catalyst used; and fast 
proton transfer with the catalyst exposed directly to the 
aqueous solution to generate H2. The relative rates to 
produce H2, CO, and HCOOH can be controlled via 
proton-​transfer kinetics across the lipid membrane.

An electrode containing the Ag triazole complex 
without the lipid membrane produces about the same 
amount of CO and HCOOH (15% Faradaic efficiency) 
and a substantial amount of H2. Covering the catalyst 

Fig. 5 | Application of hBm platforms towards electrocatalysis. a | Steering the  
oxygen reduction reaction (ORR) towards the 4e– pathway. The structure in red  
is 1,2-​dimyristoyl-​sn-​glycerol-3-​phosphocholine (DMPC). The structure in black is 
1-​decanethiol. Catalytic amounts of decanoic acid (which acts as a proton carrier) are 
added to a hybrid bilayer membrane (HBM) that contains an iron–porphyrin catalyst (left). 
The green arrow indicates the proton flux, and the yellow arrow indicates the electron 
flow. Electrochemical data are shown on the right18,22,36. The error bars represent  
the standard errors in the number of electrons consumed per O2. b | Transmembrane  
proton delivery in HBMs can be turned on under acidic conditions by incorporating 
mono-​N-​dodecylphosphate (MDP) and 1-​dodecylboronic acid (DBA), and under alkaline 
conditions by embedding tridecanenitrile (TCN). Molecular structures of the proton- 
transfer agents are shown on the left, and their pH-​dependence is shown on the right.  
c | Achieving ORR turnover frequency (TOF) enhancement through shortening the 
self-​assembled monolayer (SAM) length in an HBM. The error bars shown represent  
the standard errors in the measured cathodic currents. d | Using HBMs to regulate the 
Faradaic efficiency for CO2RR and HER as well as the product selectivity for HCOOH,  
CO, and H2. BTA, benzyl triazole alkyne. Parts a to d were drawn from data in refs.13,18,22,36,74 
and ref.23, respectively. Part a adapted with permission from ref.13, ACS. Part c adapted 
with permission from ref.23, Wiley. Part d is adapted from ref.74 CC BY 4.0 (https:// 
creativecommons.org/licenses/by/4.0/).

Laviron analysis
A mathematical method  
of determining the electron 
transfer rate constant of 
redox-​active species adsorbed 
on an electrode by varying the 
scan rate in cyclic voltammetry.
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with a lipid layer decreases the production of H2 from 
71% to 56%74. The decrease in H2 production is thought 
to result from the hydrophobic nature of the lipid 
impeding proton transfer to the catalyst. As a result of 
this impeded proton transfer, the catalyst has relatively 
more time to bind and reduce CO2 to either CO (32%) 
or HCOOH (12%). Furthermore, the production of 
H2 increases from 56% to 77% when a proton carrier 
is added to the lipid layer. The proton carrier enhances 
proton-​transfer kinetics to the catalyst, which results in 
the increase of H2 production. Interestingly, the ratio of  
CO to HCOOH produced increases in the presence  
of proton carriers as well, but the origin of this change  
in product selectivity is unclear74.

Biological system modelling. Redox proteins and 
enzymes involved in biological energy conversion pro-
cesses often reside in two-​dimensional bilayer mem-
branes that contain lipids and cholesterols173–175. Various 
methods have been developed to immobilize these 
proteins onto surfaces, such as metal-​affinity methods 
using histidine tags176, and trapping in surfactants177,178. 
Electrode-​supported HBMs provide a unique bio-​
compatible platform with in-​vivo-​like properties to 
study redox proteins, enzymes and channels179. Here 
we present a few diverse examples of the applications of 
HBMs in biology180,181 (Fig. 6).

One of the first investigations of enzymatic activity 
and signal/charge transport using HBMs was carried 

a d

g

b c

f

k

l

e h

ji

S S S S S S S S S S S S

S S S S S S S S S S

S SS S SS S

0 1 2 3
Height (nm)

A
re

a 
fr

ac
ti

on
 (%

)

FL
 in

te
ns

it
y 

(a
.u

.)

4 5

99.4%

(i)

(ii)

92%

8%

0.6%

120

Reference

Reference

Bubble-concentrated

Bubble-
concentrated

80

40

0
0 20 40

Protein A/G concentration (nM)
60 80

Slope: 173
R2 = 0.998

Slope: 0.198
R2 = 0.990

× 20

25 ºC 42.5 ºC

0 min 15 min

0.2 μm

0.2 μm

0.4 μm 0.4 μm

Pits
PLA

2
Grow larger

S S SS

S

S S S S S S S S S S S S

Fig. 6 | Application of hBm platforms towards biomimicry. a | A hybrid 
bilayer membrane (HBM) with a rigid alkanethiol underlayer to study enzy-
matic activity181. b | An HBM with a mixed self-​assembled monolayer (SAM) 
with diluent to anchor a lipid bilayer to evaluate transmembrane activity181. 
c | An HBM with the membrane protein of interest immobilized to the surface 
via covalent linkage181. d | An HBM containing cholesterol oxidase with the 
bottom leaflet of the lipid bilayer tethered onto the surface173. e | An HBM 
with unique lipid compositions in the top and bottom leaflets181. f | An avidin–
biotin HBM for biosensing103. g | A streptavidin–biotin HBM functionalized 
with the IgG antibody for antigen recognition. h | Biosensing performance of 
an HBM-​based platform. i | An HBM with gramicidin A channels on Au elec-
trodes for surface-​enhanced infrared absorption spectroscopy (SEIRAS)186. 

Protein A/G, a genetically engineered recombinant fusion protein between 
protein A and protein G, displaying the combined binding profiles of IgG 
antibodies. j | Atomic force microscopy (AFM) height profile differences 
before and after addition of PLA2 to an HBM. The percentages refer to the 
free area of dipalmitoylphosphatidylcholine (DPPC) bilayer after adding 
phospholipase A2 (PLA2) to the HBM system. k | AFM images of a supported 
DPPC bilayer obtained at 25 °C (left) and 42.5 °C (right) in a Tris-​buffer solu-
tion containing 5 mM Ca2+. The size of AFM images is 2 μm × 2 μm. l | In situ 
AFM images of a supported DPPC bilayer acquired before (left) and after 
(right) the injection of PLA2 at 25 °C. FL, fluorescence. Parts g and i adapted 
with permission from ref.78, ACS. Parts j and l adapted with permission from 
ref.198, Elsevier. Part k adapted with permission from ref.107, RSC.
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out by evaluating the interaction of isoprenoid ubiqui-
none with the enzyme pyruvate oxidase182. Ubiquinone 
is an essential component of physiological membranes 
because it allows communication between enzyme 
complexes in many of the electron-​transport chain 
steps183. These studies utilized an HBM of DMPC on 
octadecyl silane monolayer on porous aluminium 
oxide on a Au electrode182,183 (Fig. 6a). Ubiquinone was 
incorporated into an HBM during vesicle formation, 
and pyruvate oxidase was reconstituted into the HBM 
after its formation. The pyruvate-​oxidized ubiquinone 
diffuses through the two-​dimensional matrix to the 
electrode surface where it is regenerated. The reported 
Michaelis constant (Km) 1.8 ± 0.7 pmol cm–2 is very close 
to the known natural quinone concentration in bacterial 
membranes. On the other hand, the Km values obtained 
in aqueous three-​dimensional matrix differ noticeably.

Although peripheral enzymes like pyruvate oxi-
dase can be easily studied using HBMs, the rigidity of 
the underlying SAM leaflet inhibits the study of many 
membrane-​bound enzymes and channels that require 
flexibility and space in both leaflets of the membrane. To 
address this limitation, the first direct electrochemical 
response between electrode and the enzyme was reported 
using fused vesicles were reconstituted with cytochrome c  
oxidase on top of a controlled submonolayer of octa-
decyl thiol184 (Fig. 6b). This construct was then used to 
measure the rate of electron transfer from cytochrome c  
to cytochrome c oxidase. To date, cytochrome c oxidase 
remains one of the most-​studied membrane-​bound 
redox enzymes on electrode-​supported HBMs180,181.

Tethered bilayer membranes use synthetic 
thiol-​modified lipids in place of alkane thiols180,181 
(Fig. 6c). These lipid-​thiols can resemble the native 
bilayer environment more closely and allow for more 
flexibility in the anchoring leaflet, while maintaining 
a high level of stability52. Tethered bilayer lipid mem-
branes were co-​adsorbed with cholesterol oxidases 
and 1,2-​dioleoyl-​sn-​glycero-3-​phosphoethanolamine 
(DOPE) on a monolayer of 1,2-​diphosphothioethanol 
on tin-​doped indium oxide (ITO) using an electrochem-
ical flow chamber173 (Fig. 6d). H2O2 was then measured 
amperometrically at the ITO surface as the by-​product 
of oxidation of cholesterol to cholestenone. This meth-
odology was applied to the functionalization of a  
Pt microelectrode, which was used to measure cholesterol  
in live cells. The transport of cholesterol to the plasma 
membrane from storage compartments inside the cell 
could be tracked using this approach173.

More recently, the application of HBMs to under-
stand membrane activity has been extended to 
channels102,185 (Fig. 6e). For example, the selectivity of 
gramicidin towards monovalent and divalent cations 
has been evaluated using impedance spectroscopy186. 
Metabolism and photosynthesis are complex membrane 
processes and with increased understanding of tethered 
bilayers, enzymes and channels, the complexity of HBM 
systems has increased to allow for analysing DNA–lipid 
hybrids187, lipid nanoassemblies75, protein complexes188 
and cells on solid electrode supports59.

Beyond the fundamental study of membrane enzymes 
and channels, HBMs offer a convenient tool for the  

preparation of functionalized sensor surfaces (Fig. 6f).  
The crystallinity and density of the underlying SAM can 
now help to enhance stability and longevity. They have 
been shown to be stable under flow conditions, have low  
affinity for nonspecific binding, and allow for the regen-
eration of the underlying monolayer. HBMs offer con-
trolled orientation and dispersion of capture agents, 
which can be incorporated by reconstituting the vesicles 
or during vesicle formation. Immobilization on solid sup-
ports allows for the use of a wide range of transduction 
methods111. The efficiency of detecting the immunoglob-
ulin G antibody incorporated into HBMs was compared 
with traditional chemical surface modification using 
quartz crystal microbalance (Fig. 6g). Biotin was attached to 
a mixed monolayer of 11-​mercaptoundecanoic acid and 
6-​mercapto-1-​hexanol using diimide-​mediated coupling 
(with 1-​ethyl-3-(3-​dimethylaminopropyl)carbodiimide 
(EDC) and N-​hydroxysuccinimide (NHS)), while biotin 
was incorporated into HBMs at the vesicle-​preparation 
step. Although the HBM system presented similar effi-
ciency to that of traditional monolayer attachment,  
the reproducibility and ease of preparation of HBMs in the  
absence of chemical transformation are advantageous. 
In a similar study, an avidin-​incorporated HBM was 
used as a label-​free DNA biosensor that can be easily 
regenerated79,103. Interestingly, in this report a higher 
sensitivity was observed for the HBM platform when 
compared to a traditional EDC/NHS coupled surface78 
(Fig. 6h). This avidin-​tethered HBM on Au nano-​islands 
was used to demonstrate the advantage of low-​power 
bubble generation, which can be used for an in situ 
concentrator by inducing Marangoni convection189. The 
zwitterionic nature of the lipid stabilizes the perfluoro-
propane (PFP) bubbles on the surface, where the induced 
Marangoni convection has increased the response time 
by a factor of 30 and sensitivity by an order of magnitude 
when compared to a standard diffusion-​limited setting78.

The first application of HBMs reported as sens-
ing platforms involved the use of SPR to under-
stand the specific binding of profilin to PIP- and 
PIP2-​modified lipids111. HBMs have been further 
examined using surface-​enhanced infrared absorption 
spectroscopy (SEIRAS) and EIS186 (Fig. 6i). Also, the 
mobility of the receptors in the lipid layer, similar to 
that of natural systems, was considered to be beneficial 
for self-​optimization towards analyte capture, which is 
not possible by covalent immobilization. HBMs were 
designed to establish the lipid permeability parameter 
of molecular anions56. Using factorial analysis, the basic-
ity and dipole moment of anions were deduced to be 
key attributes that dictate the lipid permeability param-
eter of anions. Therefore, such an HBM platform can 
be used to understand the key factors that determine 
the lipid-​crossing ability of anionic, cationic and neutral 
drug molecules that are important to disease diagnosis 
and treatment.

Beyond sensing applications, supported HBMs can be 
used to investigate the melting temperature (Tm) of lipid 
bilayers, the value at which lipid bilayer changes from 
the gel phase (rigid) to the liquid phase (mobile)190. AFM 
and SFG were used to examine the phase-​transition 
process of supported HBMs. The AFG and SFG results 

Michaelis constant
(Km). Measures the affinity 
between the transporter and 
its substrate. Km is defined as 
the substrate concentration 
that is transported at half the 
maximum velocity.

Quartz crystal microbalance
Records the change in 
frequency of a quartz crystal 
resonator to measure the mass 
variation per unit area for 
determining the surface affinity 
of molecules in liquid.

Marangoni convection
A physical phenomenon driven 
by the surface tension gradient 
on the surface of a thin liquid 
layer.
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allow for the understanding of how collective lipid 
motions and membrane fluidity can dictate the activi-
ties of membrane-​bound enzymes, self-​diffusion and the 
flip-​flop processes of lipids191–195. AFM studies showed 
that the top leaflet of a dipalmitoylphosphatidylcholine 
(DPPC) bilayer supported on mica undergoes phase 
transition at the Tm, while the bottom leaflet adjacent to 
the substrate reaches the liquid phase at a temperature 
higher than Tm (ref.107) (Fig. 6j). This phenomenon was 
attributed to the strong interaction between the substrate 
and the bottom leaflet. SFG results for an asymmetric 
DPPC-​d75/DPPC bilayer showed that the asymmetric 

ordering of the supported HBM decreases owing to 
an increase in the rate of flip-​flop diffusion during the  
heating process107.

HBMs have also been designed to understand how 
the physical state of supported bilayers alters enzymatic 
activities (Fig. 6k). Phospholipase A2 (PLA2) was found 
to display enhanced activity at a Tm value in the range 
of phospholipids on supported HBMs196,197. Using AFM, 
PLA2 was found to initiate the hydrolysis of the sup-
ported DPPC bilayer at the edge of pits present on the 
HBM198 (Fig. 6l). The topography and friction of saturated 
1,2-​distearoyl-​sn-​glycero-3-​phosphorylethanolamine 
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(DSPE) and unsaturated 1,2-​dioleoyl-​sn-​glycero- 
3-​phosphoethanolamine (DOPE) supported HBMs were  
determined using AFM199. DSPE/DOPE HBMs dis-
play a DSPE-​rich gel-​phase domain and a DOPE-​rich 
liquid-​phase domain at room temperature, suggesting 
that lipid phase separation and domain formation can 
be obtained on biomimetic supported lipid bilayers. 
The interface between the coexisting liquid-​phase and 
gel-​phase domains could act as a preferential site for 
PLA2-​catalysed hydrolysis196,200. Compared to flat lipid 
bilayers, the ripple phase with a corrugated structure and 
well defined periodicity represents an intriguing surface 
morphology201,202. The local spontaneous curvature can 
be observed in supported double bilayers when the inter-
action between the substrate and the second bilayer is 
suppressed203. The ripple phase exhibits a higher sensi-
tivity to enzymatic reaction, while PLA2 preferentially 
hydrolyses DMPC in DMPC/DSPC ripples204. These 
AFM results suggest that lipid domains, bilayer struc-
tures and membrane components of HBMs can control 
the substrate preference and reactivity of enzymes.

Smart materials and molecular devices. HBM platforms 
can also exhibit functions beyond electrocatalysis and 
biomimicry. A Cu-​complex-​based HBM with a lipid 
layer containing mono-​N-​dodecylphosphate (MDP) 
was used to build a prototypical pH-​dependent proton 
switch18. In its neutral form, MDP exists in an off state 
in which the molecule is too hydrophilic to penetrate 
the hydrophobic portion of the lipid layer95. Upon acid-
ification, MDP can access the uncharged on state, which 
can deliver protons across the membrane to activate an 
HBM-​embedded catalyst. This phosphate-​based proton 
switch undergoes a flip-​flop transmembrane mechanism 
and can be turned off upon basification15.

Further demonstrating the utility of an HBM as a pro-
tonic device, a base-​activated HBM with a bio-​inspired 

proton gate designed on the basis of naturally occur-
ring protonophores was developed36 (Fig. 7a). Instead 
of using bound protons, this nitrile proton switch uses 
hydrogen-​bonded water to turn on the activity of a 
lipid-​buried ORR catalyst under an alkaline environ-
ment. Through this mechanism, this tridecanenitrile 
(TCN) could allow for the construction of future molec-
ular circuits that can be switched on in base and switched 
off in neutral conditions. In the future, advanced bio-
protonic devices could be developed by coupling MDP 
with TCN or other designer molecules. Beyond taking 
advantage of the pH difference to induce proton delivery, 
a photoswitch with a response time of less than 5 seconds 
has been developed to trigger transmembrane proton 
transfer in an HBM system94 (Fig. 7b). A photoisomeriz-
able stiff stilbene unit was incorporated in the middle of 
a proton switch equipped with a terminal boronic acid 
head group to enable on-​demand proton delivery. This 
photo-​controlled on–off behaviour has potential for 
developing photoprotonic devices.

In addition to turning on and off catalytic activity, 
HBMs can also be engineered to alter electrochemi-
cal pathways through regulating the proton transfer 
rate22 (Fig. 7c). For instance, the PCET pathways of an 
HBM-​bound quinone — installed at the SAM–lipid 
interface of an HBM — can be altered73. When the 
quinone moiety has free access to protons in the bulk 
solution, a 2e–/1H+ pathway is in operation. The qui-
none moiety undergoes a 1e–/0H+ pathway under a 
proton-​deprived environment, such as that of a lipid 
membrane. Upon the incorporation of a proton regu-
lator, the quinone switches to a sequential pathway with 
a 1e–/1H+ step followed by another 1e–/1H+ step. HBMs 
can also be used to distinguish anions present in solu-
tion for smart applications56 (Fig. 8a). These pioneering 
efforts open up new avenues towards precision steering 
of redox reaction mechanisms and the development of 
smart materials with pre-​programmed functions.

To complete the circuit for a nanoscale device, HBMs 
have been designed to facilitate oxidation reactions in 
addition to the aforementioned reduction reactions.  
A ferrocene-​embedded HBM was demonstrated to 
oxidize ascorbic acid, thereby allowing the possibility 
to use ascorbic acid as the fuel for self-​propelling HBM 
nanoparticles21 (Fig. 8b). Recently, a carbon-​supported 
HBM with a Ru complex that allows for controllable oxi-
dation of H2O2 was developed, further adding one more 
fuel choice to HBM-​based nanomachines205 (Fig. 8c). 
In short, HBMs have bright prospects in designing 
next-​generation stimuli-​responsive sensing technologies 
with collective intelligence for real-​time diagnosis and  
self-​powered surveillance under practical conditions  
and physiological environments.

Future challenges
Overall platform stability. Current HBM systems mostly 
use single-​component DMPC on nominally flat sur-
faces, because DMPC is the major component of the 
mitochondrial membrane206. These structures are an 
oversimplification of the native lipid membrane envi-
ronment. The library of HBMs could be expanded by a 
systematic increase in component complexity inspired 

Fig. 7 | Application of hBm platforms towards molecular switches. a | Tridecanenitrile 
(TCN) (left) is a proton gate that can be activated in a base. Upon switching from pH 6 to 
pH 9, the activity of a hybrid bilayer membrane (HBM)-​embedded catalyst is enhanced 
(right). The electrocatalyst can then be turned off by switching from pH 9 back to pH 6.  
b | A photon-​triggered proton switch (left) can be realized in an HBM. Electrochemical 
data (right) demonstrate that upon 390-​nm illumination and 360-​nm irradiation, an HBM 
electrocatalyst can be turned off and on, respectively, without altering the pH of the 
system. c | Proton-​coupled electron transfer (PCET) pathway switching by balancing  
the kinetics of the proton and electron transfer steps. Slow proton transfer leads to  
1e– pathway, resulting in O2

– formation (yellow panel). An initial shared 2e– pathway  
leads to a bifurcation species (blue panel). Under fast proton-​transfer conditions, the  
O2 adduct is protonated off as H2O2 (red panel). With optimal proton and electron transfer 
rates, H2O is generated exclusively as the desired 4e– reduction product (green panel). 
The triangular plot on the right depicts the relationship between the amount of H2O2 
detected and the PCET pathway undergone by the catalyst. The yellow, red and green 
stars represent the pure 1e–, 2e– and 4e– pathways, respectively. The lines between  
the stars represent mixtures of two pathways. The triangular space bound by the three 
stars (vertices) encompasses possible mixtures of all three PCET pathways. The vertical 
error bars represent the standard errors in the number of moles of H2O2 generated, and 
the horizontal error bars represent the standard errors in the measured current density.  
BTT, 6-((3-(benzylamino)-1,2,4-​triazol-5-​yl)amino)hexane-1-​thiol; DMPC, 1,2-​dimyristoyl- 
​sn-​glycerol-3-​phosphocholine; E-​BA, (E)-(4-((6′-(hexyloxy)-2,2′,3,3′-​tetrahydro- 
[1,1′-​biindenylidene]-6-​yl)oxy)butyl)boronic acid; Z-​BA, (Z)-(4-((6′-(hexyloxy)-2,2′,3,3′- 
tetrahydro-[1,1′-​biindenylidene]-6-​yl)oxy)butyl)boronic acid. Parts a and b adapted  
with permission from ref.36 and ref.94, respectively, ACS. Part c adapted from ref.22, 
Springer Nature Limited.
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Fig. 8 | Application of hBm platforms towards sensors. a | Assessing anion transmembrane permeability using a CuBTT 
hybrid bilayer membrane (HBM) (left). Cyclic voltammograms (CVs) of HBMs in pH 5 solution containing 100 mM KCl (black), 
KBr (red), KF (blue), KPF6 (green) and KClO4 (orange) at a scan rate of 100 mV s–1, and the midpoint potential (E1/2) and 
peak-​to-​peak potential separation (ΔEp) observed in the CVs reflect the thermodynamics and kinetics of anion transport 
through HBMs. b | Ascorbic acid quantification using a ferrocene (Fc) self-​assembled monolayer (SAM) and its corresponding 
HBM with their structures shown on the left and their CVs shown on the right (the solid line indicates the SAM, and the 
dashed line indicates the HBM). c | H2O2 detection using a RuBTA HBM with its structure shown on the left. The proposed 
H2O2 oxidation pathway enabled by RuDAT is shown on the right. BTA, N5-​benzyl-1H-1,2,4-​triazole-3,5-​diamine; BTT:  
6-((3-(benzylamino)-1,2,4-​triazol-5-​yl)amino)hexane-1-​thiol; DAT, 3,5-​diamino-1,2,4-​triazole. Parts a to c were drawn from 
data in refs.21,56 and 205, respectively. Parts a–c adapted with permission from ref.56, ref.21 and ref.205. respectively, ACS.
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by natural systems. This effort could reveal differences 
in the functionality of each component from diverse ori-
gins (bacterial versus mammalian) or cells in different 
states (cancerous versus non-​cancerous). In natural sys-
tems, the appropriate curvatures of different membranes 
have critical roles in regulating membrane properties and 
functions207. The construction and study of HBMs on both 
concave and convex surfaces that match the biological 
system is a natural next step to diversify and expand the 
study of membrane functions. The classes of HBM may 
also be expanded to include other surface-​modification 
chemistries, depending on analytical needs. For example, 
an oxide-​phosphate on a glass or TiO2 substrate could 
provide transparency for optical measurements and car-
bon grafting could provide additional mechanical stability 
together with desirable electrical conductivity.

Transmembrane delivery mode. Proton delivery in 
HBMs has been achieved by flip-​flop diffusion of 
mixtures of proton transfer agents and lipids, and the 
kinetics of proton transfer have been tuned by the ratio 
of these two components. Although this approach has 
provided important insights into the mechanism of 
PCET reactions, it relies on the homogeneous distribu-
tion of the proton carriers in the lipid, which may not 
be attainable in all systems. The covalent attachment of 
proton carriers and artificial ion channels to the catalyst 
through synthetic schemes could overcome this limi-
tation and broaden the scope of proton transfer agents 
that can be incorporated into the lipid layer of HBMs. 
Such covalent incorporation of proton carriers could 
allow them to be appended near a buried electrocatalyst, 
which could enhance catalyst proton transfer kinetics. 
These covalently attached proton transfer agents could 
include amino acids that more accurately mimic biologi-
cal peptide-​based proton channels. One other limitation 
of current studies is the amphiphilic nature of proton 
carriers, which can lead to their dissolution in the bulk 
environment and thus loss of functionality. To minimize 
this effect, proton carriers can be designed with mechan-
ical interlocking systems using additional supramolec-
ular interactions to provide more robust platforms for 
multi-​cycle regulation of HBM functions.

Reaction scope. At present, HBMs have only been uti-
lized to overcome activity–selectivity dilemmas in elec-
trocatalytic processes with up to four PCET steps, such 

as ORR. HBMs are anticipated to fill the next knowledge 
gap in even more complex reactions involving more than 
four PCET steps. These complex reactions include the 
reduction of nitrate and nitrite in waste-​to-​commodity 
conversion as well as the oxidation of glycerol and eth-
ylene glycol for feedstock upcycling. By modulating the 
membrane environment, HBMs have the potential to 
alter reaction pathways via the changing favourability 
of intermediates and controlling the retention time of 
bound adducts. Upon coupling light-​driven redox catal-
ysis with downstream thermal reactions at the unique 
membrane–SAM interface, HBMs are envisioned  
to optimize the photon–electron–proton interplay to 
further transform high-​energy transient species into 
value-​added products exclusively.

In situ mechanistic studies. Previously, the PCET mech-
anism on HBMs was inferred from indirect kinetic iso-
tope effect and Tafel slope analyses. Taking advantage 
of the component modularity of HBMs, HBMs can be 
deposited on substrates tailored to various spectroscopic 
methods. With the advent of in situ spectroscopic tech-
niques, the sensing mechanism, adduct formation and 
reaction progression on HBMs can be monitored via  
X-​ray absorption, surface-​enhanced Raman and infrared,  
and reflectance UV-​visible spectroscopy in real time. 
For instance, the interactions between oxygen molecules 
and coordinated metal ions can be interrogated using 
potential-​dependent X-​ray absorption and Raman spec-
troscopy during ORR. The unique mechanistic insights 
gained through HBMs can feed back to assist the rational 
design of next-​generation bioanalytical devices and 
energy catalysis systems.

Molecular circuits. The ability to design a pH-​sensitive 
switch to turn electrocatalytic reactions on and off within 
an HBM platform opens up the possibility of linking 
multiple HBM electrodes to design more complicated 
circuits and logic gates. In principle, these circuits could 
form the basis of a new class of in vivo computational sys-
tems. When applied to the selective generation of reac-
tive species, this switching ability of HBMs might also 
have future biomedical applications. For example, ORR 
catalysts in HBMs could respond to pH changes in can-
cer cells and selectively generate partially reduced oxy-
gen species such as superoxides, which can subsequently  
destroy infected cells.

Platform stability
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Nitrate reduction Molecular circuits

Infrared
X-ray Raman

AFMTips

Digital bionics
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Lipid
complexity
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channels
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Fig. 9 | A roadmap presenting future research directions for hBms. Exploiting the versatility of hybrid bilayer 
membrane (HBM) modules to tackle pressing issues in biomimicry and proton-​coupled electron transfer (PCET) catalysis 
that have broad implications in understanding biological systems and realizing renewable energy schemes. AFM, atomic 
force microscopy.
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Conclusions and future directions
This Review has demonstrated the utility of HBMs. 
From a knowledge creation standpoint, HBMs have 
advanced our understanding of PCET processes by 
providing a framework to delineate the convoluted 
effects of electron- and proton-​transfer thermody-
namics and kinetics. Additionally, HBMs allow for the 
development of structural and functional surrogates of 
multi-​component biological machinery to understand 
how the components work together in an integrated 
manner. Apart from learning more about natural sys-
tems, HBMs have been applied to practical scenarios to 
address the challenges associated with exclusive yield of 
a desired product at high catalytic turnover.

HBMs have the potential to become the next class 
of smart nanomaterial, with impacts in multiple emerg-
ing fields (Fig. 9). In the future, colloidal HBMs with 
quantum dots as cores are envisioned to regulate the 
intricate dynamics among electrons, protons and pho-
tons for photocatalysis. HBM-​decorated coinage-​metal 

nanoparticles could further enable in situ spectro-
scopic investigations of transmembrane pathways of 
molecular drugs as well as bio-​relevant entities. Active 
matter coated with biocompatible HBMs could allow 
programmable collective motions and executable 
in vivo actions for disease diagnosis and treatment. In 
addition to constructing self-​powered nanomachines, 
HBMs could provide precise product selectivity with 
high yields in multistep organic electrosynthesis of 
industrial relevance. HBMs could replicate the whole 
of photosystems I and II to enable next-​generation 
renewable energy schemes. Further expanding the 
variations of HBMs and combined with cutting-​edge 
real-​time characterization technologies, HBMs could 
be useful in research fields such as molecular devices, 
real-​time reaction monitoring, precise control over 
catalytic pathways and the complete recapitulation of 
biological systems.
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