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Abstract    

Organic bilayers or amorphous silica films of a few nanometer thickness featuring embedded 

molecular wires offer opportunities for chemically separating while at the same time 

electronically connecting photo- or electrocatalytic components. Such ultrathin membranes 

enable the integration of components for which direct coupling is not sufficiently efficient or 

stable. Photoelectrocatalytic systems for the generation or utilization of renewable energy are 

among the most prominent ones for which ultrathin separation layers open up new approaches 

for component integration for improving efficiency. Recent advances in the assembly and 

spectroscopic, microscopic and photoelectrochemical characterization have enabled the 

systematic optimization of the structure, energetics and density of embedded molecular wires for 

maximum charge transfer efficiency. The progress enables interfacial designs for the nanoscale 

integration of the incompatible oxidation and reduction catalysis environments of artificial 

photosystems and of microbial (or biomolecular)-abiotic systems for renewable energy.   
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1. Introduction 

Ultrathin soft and hard matter layers enable the coupling of important photo- and electrocatalytic 

components that otherwise are difficult to integrate. The main reasons for the need of such layers 

include the separation of incompatible chemical environments because of the instability of 

certain components such as molecular light absorbers when exposed to photocatalytic 

intermediates or products, or because of efficiency-degrading back and side reactions upon 

coupling oxidation and reduction catalysis on the nanoscale. This holds for abiotic 

photoelectrocatalytic systems, in particular those for artificial photosynthesis, and for coupled 

biotic-abiotic catalysts of enzyme-based or microbial biohybrids. Moreover, some biological 

components like enzymes integrated with abiotic catalysts exhibit superior stability and charge 

transfer efficiency when absorbed on lipid bilayer films rather than directly interacting with the 

surface of an inorganic catalyst.   

 An essential property of ultrathin membranes for electro- and photocatalytic systems is 

efficient electron transfer from one side to the other, which requires tight control of the charge 

transport pathways and rates that are adequate for the intended use. Bazan pioneered 

intercalation of conjugated oligoelectrolyte molecules into lipid bilayers of a few nm thickness 

for imparting electron conductivity on insulating soft matter membranes (Garner et al. 2010; Yan 

et al. 2015). Exploration of a broad range of applications well beyond photo- and electrocatalysis 

has emerged from this approach in recent years, ranging from optical sensing, photovoltaics, 

electronics, to antimicrobial treatment and intercellular communication (Yan et al. 2015; Zhou et 

al. 2022). Using similar types of molecular wires, Frei and coworkers have developed methods 

for introducing charge conductivity into ultrathin (few nm thick) insulating inorganic oxide 

membranes, specifically amorphous silica layers. Combined with the excellent proton 
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permeability of ultrathin amorphous silica and its ability to block crossover of small molecules 

including oxygen, these robust nanomembranes enable the coupling of incompatible harsh 

catalytic reactions like those characteristic for artificial photosynthesis (Kim et al. 2016; Edri et 

al. 2018; Jo et al. 2022; Frei 2023). This approach opens up the development of nanoscale 

integrated artificial photosystems thereby minimizing efficiency-degrading processes endemic to 

macroscale photoelectrochemical systems. Ultrathin silica membranes offer similar advantages 

for the coupling of microbial catalysts with inorganic photo- or electrocatalysts on the nanoscale, 

opening up the development of nanobiohybrids that integrate microbial with inorganic catalysts 

for converting the energy of waste organics to drive inorganic electrocatalysis (Cornejo et al. 

2018) or for powering microbial electrosynthesis by the charges generated with inorganic solar 

water splitters.  

In this article, recent progress in the assembly, structural characterization and evaluation 

of the performance of charge conducting ultrathin organic and silica membranes based on the 

embedded molecular wire approach is discussed. Spectroscopic and microscopic methods for the 

structural characterization of (photo)electrochemical systems and the current understanding of 

the mechanism of charge transport via embedded molecular wires are presented. Particular 

emphasis is on how to improve the efficiency of abiotic or microbial/abiotic hybrid catalytic 

systems by optimizing wire energetics, geometry and density using electrochemical and time-

resolved spectroscopic measurements.     

 

 

2. Organic membrane-intercalated conjugated oligoelectrolytes 



 

5 
 

Lipid bilayers play a key role in living organisms as cell barriers and means of 

compartmentalizing biochemical functions. Inspired by Nature, bilayers were explored in the 

past two decades as electron conducting membranes by intercalating molecular wires in the form 

of conjugated oligoelectrolytes. After discussing the assembly, structural and functional 

characterization of wire-intercalated bilayer membranes, this section will focus on recent 

progress in utilizing these membranes for developing efficient biotic-abiotic interfaces.  

 

2.1 Synthesis and characterization 

The initial work on intercalating oligoelectrolytes into lipid bilayers (Garner et al. 2010) utilized 

phospholipids with alkane chains of 14 carbons (1,2-dimyristoyl-sn-glycero-3-phosphocholine, 

DMPC) or 16 carbons (1,2–dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), shown in Figure 

1. For molecular wires, π-delocalized phenylenevinylene chains were chosen as linear rigid 

backbones terminated on both ends with pendant moieties featuring ammonium groups. 

Specifically, terminally charged DSBN+ (1,4-bis(4’-(N,N-bis(6”-(N,N,N-

trimethylammonium)hexyl)amino)-styryl)benzene tetraiodide) or DSSN+ (4,4’-bis(4’-(N,N-

bis(6”-(N,N,N-trimethylammonium (hexyl)amino)-styryl)stilbene tetraiodide) molecules were 

used, with dimensions that closely match the ~4 nm thickness of the lipid bilayer (Figure 1) 

(Gaylord et al. 2001; Woo et al. 2005; Garner et al. 2010; Yan et al. 2015).  

 Of critical importance for the assembly process and efficient electron transfer through the 

membrane are the spatial order and, in particular, the orientation of the intercalated conducting 

molecules. Detailed characterization was provided by a combination of polarized UV-vis 

absorption and photoluminescence spectroscopy, confocal microscopy, and cryogenic 

transmission electron microscopy. As shown in the confocal fluorescence microscopic image of 
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a stationary DMPC vesicle with intercalated DSBN+ molecules of Figure 2a, excitation of 

DSBN+ with polarized 488 nm light results in attenuated emission for regions in which the long 

axis of the molecules is oriented perpendicular to the plane of the excitation beam (Figure 2b) 

while there is strong emission of DSBN+ oriented parallel to the plane of excitation (Figure 2c). 

These observations demonstrate the ordered intercalation of the DSBN+ wire molecules into the 

lipid bilayer with the long axis of the wire molecules orientated perpendicular with respect to the 

plane of the membrane. This orientation is mainly due to charge compensation between the 

zwitterions in DMPC and the terminal quaternary ammonium ions of DSSN+ combined with the 

hydrophobic interactions between neutral parts of DSSN+ and the alkyl chains of DMPC (Garner 

et al. 2010; Yan et al. 2015). 

 The electron transport properties of the membrane-embedded molecular wires were 

evaluated by cyclic voltammetry (CV) using a glassy carbon electrode coated by the lipid bilayer 

exposed to aqueous ferricyanide solution. The strong ferricyanide/ferrocyanide CV wave of 

DSSN+ containing DPPC bilayer membranes (2 percent loading) shown in Figure 3a (red trace) 

compared to the negligible signal of the wire-free insulating bilayer (green trace) demonstrates 

the electron conductivity imparted by the embedded oligo(phenylenevinylene) molecules. The 

tunneling current through the membrane reaches 75 percent of the electron flux of the bare 

glassy carbon electrode (black CV trace), supporting the conclusion that the wire molecules span 

the bilayer side-to-side as expected from the normal orientation to the plane of the membrane. 

Comparison of the CV result of this intercalated bilayer membrane with that of the slightly 

shorter DSBN+ embedded in DPPC bilayer (Figure 3b, orange trace) shows a ~50 percent 

smaller current for the latter (Garner et al. 2010). The observed sensitivity of the wire length on 

the electron transport efficiency indicates that the oligo(phenylenevinylene) backbone with 4 aryl 
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units more completely spans the membrane compared to the shorter wire with 3 aryl units. The 

effect of the length of the phospholipid molecules on the electron transport (DPPC versus 

DMPC), while significant according to the CV results shown in Figure 3, is much smaller by 

comparison.  

For oligo(phenylenevinylene) molecular wires with 4 or more aryl units, the π-

delocalization is sufficiently large for the emission spectrum to extend from the UV into the 

visible spectral region. This offers opportunities for exploiting Foerster resonance energy transfer 

(FRET) of excited wires to visible light absorbing dyes for boosting photovoltaic efficiency (Lee 

et al. 2013). A case study of this effect is a photovoltaic system in which a film of Nile red, a 

strong visible dye, tethered in an alkanethiol self-assembled monolayer (11-mercaptoundecanoic 

acid) on a gold electrode is covered by a precisely interfaced DMPC/DSSN+ lipid bilayer, as 

depicted in Figure 4a. As shown in Figure 4b, the optical absorption of Nile red overlaps well 

with the emission of DSSN+ in the lipid environment resulting in extensive FRET that enhances 

the efficiency of the photovoltaic assembly. This is shown in Figure 4c by the linear increase of 

Nile red emission with increasing dye concentration when exciting DSSN+ at 400 nm, a 

wavelength at which no light is directly absorbed by the dye. The rise time of the Nile red 

emission was ultrafast (200 ps), characteristic for FRET mechanism. For 2.5 percent loading of 

dye in alkane thiol bilayer, a high FRET efficiency of 93 percent was determined by steady-state 

and ultrafast photoluminescence and absorption spectroscopy. Using ascorbic acid as electrolyte, 

the photocurrent density was boosted by 36 percent for the DMPC/DSSN+/Nile red/gold 

assembly compared to the photocurrent superposition of bare Nile red/gold and 

DMPC/DSSN+/gold layers (Figure 4d) (Lee et al. 2013).  
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2.2 Developing efficient biotic-abiotic interfaces using organic membrane-intercalated 

oligoelectrolytes 

Ultrathin organic membranes based on conjugated oligoelectrolytes have opened up exciting 

approaches for designing interfaces for integrating biological with abiotic function. For example, 

Nature’s Photosystem I protein complex (PSI) interfaced with the flat surface of a lipid 

bilayer/DSSN+ membrane, which is tied to a gold electrode surface by 1,2-dipalmitoyl-sn-

glycerol-phosphothioethanol as shown in Figure 5a (Saboe et al. 2014) exhibits a two orders of 

magnitude increase of the photocurrent compared to PSI crystals directly deposited on the 

electrode. The latter is coated with a self-assembled monolayer (SAM) of a small molecule (e.g. 

nitrilotriacetic acid (Krassen et al. 2009) or functionalized hexanethiol molecules (Manocchi et 

al. 2013). CV sweeps shown in Figure 5b confirm that the redox waves of an appropriate couple 

like ferricyanide/ferrocyanide are only observed for the bilayer membrane with embedded 

DSSN+ wires (blue dashed trace), but not for bilayer without DSSN+ (red dashed trace). The 

hydrophobic lipid bilayer mimics the thylakoid membrane environment which the protein 

complex resides in in the natural system, with the flat surface providing a perfect interface for 

high density 2-dimensional crystalline PSI arrays (weight lipid-to-protein ratio ~1) (Saboe et al. 

2014). With the PSI layer exposed to aqueous solution of methyl viologen (MV2+) electron 

acceptor, visible light excitation of the protein resulted in electron transfer from its reducing side 

of PSI to MV2+. Concurrently, the oxidized PSI is reduced by electrons delivered from the Au 

surface through the bilayer membrane via DSSN+ wires. The solid trace of the photocurrent 

on/off experiment of Figure 5c shows a high value of 17 μA cm-2. The photocurrent of this 

PSI/DSSN+-bilayer assembly on Au electrode exceeds 4-fold the photocurrent in the absence of 

embedded molecular wire (Figure 5c, dashed trace). A small photocurrent of 3 µA cm-2 observed 
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for the membrane with embedded wires but omitting PSI, shown by the dashed-dot trace in 

Figure 5c, originates from direct photoexcitation of DSSN+ wires.  

The fragility of lipid bilayers has motivated the exploration of block copolymer bilayers 

as replacement material for insulating ultrathin membranes. PSI photosynthetic protein was 

stabilized in a block copolymer environment of composition poly(butadiene)12-poly(ethylene 

oxide)8 (PB12-PEO8), as sketched in Figure 6a (inset on the right). This assembly was deposited 

on a PB12-PEO8 bilayer membrane with embedded DSSN+ wire molecules (Figure 6a) (Saboe et 

al. 2016). The conducting ~4 nm thick membrane is substantially more stable than lipid bilayer 

membranes by virtue of stronger hydrophobic interaction of PB12-PEO8 polymers and their 

ability to cross-link. The CV sweeps of Figure 6b show that ferricyanide/ferrocyanide redox 

waves are only observed for the block copolymer bilayer membrane with embedded DSSN+ 

wires (solid green trace) but not for the bare PB-PEO membrane (dotted blue trace). As indicated 

by Figure 6c, visible light excitation of the PSI-block copolymer/PB-PEO/DSSN+ assembly on 

gold electrode results in 35 µA cm-2 photocurrent density (green trace), which is twice as large as 

for the corresponding lipid bilayer construct. Importantly, sustained photocurrent was observed 

for a period of a month, by far exceeding the stability of lipid bilayer-based constructs.  

 Of particular interest is embedding of molecular wires into microbial lipid bilayer 

membranes for enhancing the efficiency of bioelectrochemical systems such as microbial fuel 

cells and microbial electrosynthesis cells. In microbial fuel cells, an organism converts organic 

compounds such as carbohydrates or organic waste products to CO2, with the electrons collected 

at the anode generating electricity upon transfer to the cathode for O2 (or inorganic ion) 

reduction (Yan et al. 2015). Conversely, microbial electrosynthesis cells use CO2-fixing 

microbes on the cathode for the reduction to high energy carbon compounds or valuable 
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industrial organics, with the electrons generated under applied potential at the anode, most often 

by H2O oxidation (Nevin et al. 2010; Rabaey and Rozendal 2010). Imaging by confocal 

microscopy confirms ready intercalation of DSSN+ and other conjugated oligoeletrolytes into 

membranes of yeast, Shewanella oneidensis, E. coli or mammalian cells (Du et al. 2013; Hou et 

al. 2013; Thomas et al. 2013; Yan et al. 2015). Electrochemical measurements demonstrate 

substantial efficiency enhancement of fuel cells or electrosynthetic devices upon molecular wire 

intercalation (Kirchhofer et al. 2014). However, the mechanism of electron transfer enabled by 

the wire molecules is more complex for these microbial systems than for organic bilayer 

membranes and may include multiple operating pathways. In contrast to abiotic systems, 

mechanisms for organisms tend to be less definitive at the current stage.  

For microbial electrosynthesis, S. oneidensis exhibits two established mechanisms for 

electron transfer to an anode surface. One pathway for electrons arriving from the inside of the 

cell at membrane-bound cytochromes (termed MtrC and OmcA), located on the outer cell 

membrane, consists of direct transfer from the cytochrome to the electrode surface or via 

biosynthesized nanowires that span the gap between the outer cell membrane and the electrode 

surface (Baron et al. 2009; El-Naggar et al. 2010). The second pathway consists of redox shuttle 

molecules, principally flavin-based species, that transfer electrons by diffusion from MtrC or 

OmcA to the electrode surface (Lovley 2008; Marsili et al. 2008; Coursolle et al. 2010). A 

variant of flavin enhanced electron transfer is the formation of a complex with the outer 

membrane cytochromes that results in 3-5 orders of magnitude increase of electron transfer to the 

external electrode surface without necessitating redox-shuttling between cytochromes and 

electrode (Okamoto et al. 2013).   
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Based on the distinctly different, characteristic redox potentials of the direct electron 

transfer and electron shuttle-mediated transfer (Baron et al. 2009; Roy et al. 2014), the 

enhancement effect of DSSN+ was attributed to the direct electron transfer pathway, which is 

independent of the shuttle-mediated mechanism (Kirchhofer 2014). Figure 7 shows the result of 

chronoamperometric measurements of S. oneidensis colonies absorbed on a graphite anode. For 

calibration, the red and black traces displayed on the left hand side of the figure indicate the 

current density behavior of two identical microbe-covered anodes over a period of 23 h. 

Maximum current is observed 4 h after poising the anode at +0.2 V vs. Ag/AgCl that initiates 

bacterial conversion of lactate (time point I in Figure 7), followed by leveling off around 20 h 

(stop at 20.4 h, marked time point II). After replacement of the bacterial colonies on the anodes 

by fresh ones (III), 5 µM DSSN+ is added to one sample (labeled Type 2, red trace) but not to 

the control sample (labeled Type 1, black trace). Upon application of the +0.2 V bias in the 

presence of lactate, a large increase of the bacterial current is observed for the DSSN+ loaded 

sample (red trace on the right of time point 24.1 h (IV) to 44.5 h (VI), with the total charge 

exceeding the charge in the absence of DSSN+ by a factor of 2.2. At the same time, the 

microbial colonization mass increases by a factor of 3.1, which corresponds to an increase of the 

current efficiency from 51 to 84 percent upon introduction of DSSN+ (Kirchhofer et al. 2014). 

As the comparison of this sample with the control shows (time point IV), the boosting effect of 

the DSSN+ occurs within less than 160 s. This is far too fast for any growth of the microbial 

colony to play a role, which demonstrates that the molecular wires enhance the rate of direct, 

one-electron transfer between the native outer membrane cytochromes and the electrode surface. 

It shows that the amphiphilic membrane-bound MtrC and OmcA cytochromes are accessible for 

close contact with the amphiphilic DSSN+ molecules. In this way, the aromatic core of DSSN+ 
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increases the electronic surface area of the cytochromes and thereby explains the enhancement of 

the direct electron transfer rate.   

 

 

3. Amorphous silica membrane-embedded molecular wires 

Embedding of molecular wires into ultrathin insulating inorganic oxide instead of soft matter 

layers might offer opportunities for robust electron and proton conducting membranes that are 

needed for systems involving harsh reaction conditions such as those of artificial photosynthesis. 

The section focuses on assembly methods and infrared spectroscopic techniques for the structural 

characterization of the composite membranes. This is followed by photoelectrochemical 

measurements for identifying optimal energetics and density of embedded wire molecules, and 

ultrafast optical spectroscopy for determining the charge transfer mechanism. Examples which 

demonstrate how these silica layers with embedded wires enable the development of complete 

nanoscale artificial photosynthetic units with built-in membrane separation, and the coupling of 

microbial-abiotic systems on the nanoscale will be presented.     

 

3.1 Assembly and structural characterization  

At the heart of the challenge for making complete photosystems that use the energy of the sun 

for converting H2O and CO2 to energy dense fuels is the electronic and protonic coupling of H2O 

oxidation and CO2 reduction. These reactions take place in catalysis environments that are 

incompatible. If not separated by a membrane that blocks crossover of small molecules and 

intermediates, back and side reactions will invariably degrade photosynthetic efficiency. This 

holds in particular for integration on the nanoscale, which is advantageous because coupling on 
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the shortest possible length scale minimizes efficiency losses inherent to the macroscale, in 

particular the transport resistance of ions and the limited control of the movement of charges, 

protons, and molecular species as already noted for organic membranes. We have found that 

ultrathin amorphous silica layers of few nm thickness possess the desired properties for 

encapsulating oligo(phenylenevinylene) wire molecules while providing adequate proton 

conductivity and chemical separation of small molecules including O2, as discussed in the 

following (Kim et al. 2016; Jo et al. 2022; Frei 2023).  

 Our approach consists of inserting an amorphous silica membrane of a few nm thickness 

with embedded molecular wires between the visible light absorber and a solid metal oxide 

catalyst for water oxidation (Co3O4), as sketched in Figure 8a. In this way, the sites of H2O 

oxidation and evolving O2 are blocked off from the sites of light absorption (all-inorganic ZrOCo 

heterobinuclear metal-to-metal charge-transfer units) and the space of CO2 reduction and 

evolving hydrocarbon products. With the goal of coupling light driven CO2 reduction and H2O 

oxidation in nanosized photosynthetic units with morphology suitable for forming macroscale 

assemblies that retain the membrane separation property, we chose nanotube morphology. In 

parallel, planar membrane analogues with the same chemical composition as the nanotubes were 

deposited on Pt electrodes for quantitative (photo)electrochemical characterization. 

Corresponding spherical nanoparticles enabled us to conduct ultrafast optical absorption 

spectroscopy for unraveling the charge transfer mechanism.   

 Essential structural requirements of embedded molecular wires in amorphous silica are 

the integrity of the organic molecule upon encapsulation in the SiO2 and that they span the layer 

side-to-side. To accomplish the latter, oligo(phenylenevinylene) molecules with 3 aryl units 

(distyryl benzene, abbrev. PV3) were covalently linked to tripodal aryl anchors on the surface of 
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the Co3O4 catalyst. As illustrated in Figure 8b, 4-(trimethoxysilyl)aniline (TMSA) anchor reacts 

with surface OH groups of Co3O4 resulting in vertical orientation of the aniline ring axis relative 

to the oxide surface (Katsoukis and Frei 2018; Katsoukis et al. 2019). Hence, subsequent 

attachment of the PV3 molecule, featuring a carboxyl group in p position, to the anchor by an 

amide bond results in vertical orientation of the molecular wire axis.  

Two surface sensitive infrared spectroscopic techniques, polarized FT-infrared reflection 

absorption spectroscopy (FT-IRRAS) and non-polarized grazing angle attenuated total reflection 

FT-infrared spectroscopy (GATR FT-IR) are well suited for verifying the structural integrity and 

for determining the orientation of the surface attached wire molecules (Katsoukis et al. 2019). 

These techniques require planar samples, which were obtained by depositing Co3O4 layers on 

planar Pt surface by atomic layer deposition (ALD) followed by the attachment of wires and 

casting into amorphous silica by ALD (Figure 8b). The surface sensitivity of the FT-IRRAS 

technique stems from the fact that the electric field of the infrared probe beam perpendicular (p) 

to the sample surface is amplified by up to a factor of four upon reflection at the Pt surface, while 

the horizontal electric field component (s) parallel to the Pt surface is cancelled (metal surface 

selection rule). Therefore, vibrational modes perpendicular to the surface absorb infrared light 

while vibrational components parallel to the surface do not, as shown in Figure 9a (Chabal 1988; 

Hollins 2006). By contrast, the evanescent wave of non-polarized GATR FT-IR spectroscopy 

probes both perpendicular and horizontal vibrational modes of the sample surface if held in µ 

distance from the ATR element (Figure 9a). Therefore, comparison of FT-IRRAS and GATR 

FT-IR spectra of the same sample allows us to determine the orientation of the embedded wire 

molecules.  
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Monitoring of the attachment of the PV3 wire molecules to TMSA anchored on Co3O4 by 

FT-IRRAS affords quantitative measurement of linkage formation as presented in the spectra of 

Figure 9b. Spectral trace (1) shows the attached TMSA anchor before, trace (2) after amide bond 

formation to PV3. Not only does the TMSA spectrum (1) confirm the vertical orientation of the 

tripodal TMSA anchor (Katsoukis et al. 2019), but trace (2) shows 90 percent loss of the 

intensity of the TMSA NH2 bending mode at 1621 cm-1 under growth of the amide stretch 

(amide I mode) at 1666 cm-1, allowing for accurate measurement of the fraction of anchors 

linked to a wire molecule (the remaining 10% are presumably not accessible by PV3 for amide 

bond formation). The orientation of the wire is determined by the comparison of p-polarized FT-

IRRAS and non-polarized GATR FT-IR spectra of one and the same sample shown in Figure 9b 

trace (3) and trace (4), respectively. For facilitating the comparison, the TMSA infrared bands 

are subtracted from both spectra, i.e. traces (3) and (4) visualize exclusively the infrared spectra 

of PV3 modes of the surface attached wires. The most pronounced difference of the polarized 

and non-polarized infrared spectra is the out-of-plane CC-H bend mode at 963 cm-1 (blue shaded 

section of spectrum). This mode is intense in the GATR infrared spectrum, but completely absent 

in the IRRAS trace. Its absence in the IRRAS spectrum means that the mode oscillates parallel to 

the Pt (and Co3O4) surface. Because the oscillating direction is perpendicular to the aryl-vinyl 

backbone, the PV3 axis is oriented perpendicular to the Co3O4 surface. An estimate of the 

uncertainty of the wire orientation of 90o relative to the surface gives +12o. Polarization 

dependent intensities of several other PV3 modes in the 2000-800 cm-1 region further support the 

vertical orientation of the wires (Katsoukis et al. 2019).  

FT-IRRAS measurements are similarly useful for monitoring the casting of the molecular 

wires into silica and verifying the structural integrity and orientation in the membrane. The 
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observations provide a precise guide for optimizing the ALD protocol in order to minimize 

damage to the organic (Katsoukis et al. 2019). Figure 9c, black trace (1), shows the spectrum of 

the PV3 anchored on Co3O4 before deposition of SiO2 by plasma-enhanced ALD (same sample 

as shown in Figure 9b trace (3) before subtracting TMSA bands). Deposition of 3 nm SiO2 (20 

ALD cycles) is readily monitored by the longitudinal optical asymmetric O-Si-O stretch mode at 

1236 cm-1 characteristic of ultrathin amorphous silica layers (Figure 9c, red trace (2)) (Burton et 

al. 2009). The bands of PV3 and linked TMSA anchor exhibit the same relative intensities as 

before SiO2 deposition, and no new absorptions are observed. This indicates that the structural 

integrity of wires and anchors are preserved, and the vertical orientation of the wire axis is not 

altered by the silica encasement. In addition to being imposed by the tripodal aryl-Si(OCo)3 

anchor, the vertical orientation is forced by the ALD process itself because silica grows on the 

metal oxide surface in the free spaces between the anchored organic molecules with a tendency 

to straighten them up (Son et al. 2012).  

Because the length of the PV3 wire is commensurate with the 3 nm thickness of the ALD 

silica layer, the wires completely span the membrane. This is supported by Figure 9c, blue trace 

(3), recorded after deposition of additional 3 nm of SiO2. An identical growth of the 1236 cm-1 

SiO2 band is observed, as expected, with no change of the wire spectrum. These infrared 

measurements afford a precise, detailed account of the structural integrity and orientation upon 

embedding of the attached molecular wires in the amorphous silica membrane. While most 

vibrational bands of the wire molecules do not exhibit a spectral signature of interaction with the 

SiO2 environment, monitoring by FT-Raman spectroscopy revealed a small but significant blue 

shift of 9 cm-1 of the backbone aryl stretch at 1600 cm-1 upon SiO2 casting that manifests weak 

interaction with the surrounding silica membrane (Katsoukis and Frei 2018).   
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3.2 Optimization of the electron transfer efficiency 

Evaluation by short circuit photocurrent measurements of charge transfer from visible light 

absorbers across the silica membrane via molecular wires provided a sensitive method for 

quantifying and optimizing the efficiency. The planar Pt/Co3O4/PV3/SiO2 sample whose infrared 

spectra is shown in Figure 9c is used as working electrode of a 3-electrode electrochemical cell 

(Figure 10a). The familiar [Ru(bpy)2(dcbpy)]2+ visible light photosensitizer, which has one 

bipyridyl ligand functionalized by carboxyl groups (dcbpy), was covalently anchored on the 

silica membrane surface using again the amide linkage to a tripodal aniline anchor 

(heterobinuclear light absorbers shown in Figure 8a are suitable for high surface area 

nanostructured morphologies such as nanotubes but need to be replaced by more strongly 

absorbing dyes to afford sufficient photocurrents in the case of planar samples). Visible light 

excitation in the presence of S2O8
2- sacrificial electron acceptor generates [Ru(bpy)2(dcbpy)]3+ 

upon electron transfer to persulfate, resulting in cathodic photocurrent upon hole transfer through 

the embedded wire molecules to the Pt/Co3O4 layer (Figure 10b, red trace (1)) (Zhang et al. 

2021). For a sample with identical composition but without embedded PV3 wires, no Faradaic 

photocurrent was measured as shown by the black trace (2) of Figure 10b. Here, only capacitive 

cathodic photocurrent spikes are observed, which are caused by the accumulation of unreduced 

[Ru(bpy)2(dcbpy)]3+ species (Zhang et al. 2021). The ultrathin silica membrane is free of 

pinholes as verified by CV measurements using standard redox couples (Figure 10d).  

An important parameter for optimizing the charge transfer efficiency across the 

membrane is the density of the embedded wires. Optimization was enabled by the precise 

determination of the wire and light absorber loading by FT-IRRAS measurements of samples 
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used for photocurrent measurements. By measuring the intensity of the 𝜋-π* band of TMSA 

anchors (ε(246 nm) = 13,400 L mol cm-1) by UV transmission spectroscopy of Co3O4/PV3/SiO2/ 

Ru(bpy)2(dcbpy) samples deposited on a quartz slide and comparing it with the TMSA FT-

IRRAS bands observed for an identical sample prepared on a Pt electrode, the density of the 

anchor could be accurately determined. The subsequent absorbance decrease of the TMSA NH2 

mode at 1621 cm-1 upon PV3 (Ru(bpy)2(dcbpy)) attachment by amide bond formation gave the 

density of the wires (light absorbers) for each sample. Figure 10c shows that the photocurrent 

density increases linearly with increasing loading from 0.8 to 4 nm-2, in agreement with the 

stronger electronic coupling and lower reorganization energy that result from a shortening of the 

average spatial separation of anchored light absorber and the terminal aryl ring of the embedded 

wire molecule (Marcus and Sutin 1985). Because the integrity of the silica separation membrane 

for blocking O2 and other small molecules would degrade at higher embedded wire densities, the 

optimum wire density was determined to be 4–5 nm-2. A much less pronounced sensitivity of the 

photocurrent was found when varying the light absorber density, which was explained by the 

balancing out of competing interfacial charge transfer processes (Zhang et al. 2021).  

 An equally influential parameter for maximizing the photocurrent density of the silica 

membrane is the energy level alignment of the embedded wires with light absorber and catalyst. 

As shown in the energy diagram of Figure 11a, efficient hole hopping across the membrane 

demands that the HOMO (highest occupied molecular orbital) of the embedded wire molecule is 

situated at more negative potential than the HOMO of the [Ru(bpy)2(dcbpy)]2+ complex on one 

side, and more positive relative to the potential of the Co3O4 catalyst on the other. To determine 

the optimum energy level alignment, the HOMO potential of PV3 was varied by introducing 

electron withdrawing groups (terminal C6F5 ring) or electron donating substituents (methoxy 
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(OMe)) in para (p) position of the terminal aryl moiety of the distyryl benzene backbone. 

Photocurrent measurements of silica membranes using these two wire modifications were 

compared with that of p-SO3Et (Et = CH2CH3) terminated PV3 wire. All three wire 

modifications were attached to the tripodal silyl anchor by triazole linkage (click reaction 

between ethynyl terminated PV3 and azido functionalized tripodal silylbenzyl anchor). The p-

SO3Et derivatized PV3 with triazole linkage afforded comparison with the amide linked p-SO3
- 

wire for probing the influence of the linker. The modified wire molecules using click attachment 

together with the corresponding FT-IRRAS data are presented in Figure 11c. The selection of the 

substituents was based on predictions of HOMO potentials by DFT calculations, which included 

the energetic effect of the amide versus triazole linkage. The HOMO potentials for all wires and 

alignment with light absorber and catalyst potentials are presented in Figure 11a (Zhang et al. 

2021).   

 As the results of Figure 11b show, there is a strong HOMO potential dependence of the 

photocurrent. In addition to allowing identification of the optimal molecular wire, the data reveal 

key mechanistic insights on charge transfer across the membrane. Specifically, comparison of the 

photocurrent density of the triazole-linked wires (blue-labeled F6, SO3Et, OMe entries in Figure 

11a and 11b) is most readily accessible to interpretation by electron transfer theory (Marcus and 

Sutin 1985) because of identical distyryl backbone, linker, and anchor attachment of these wires 

to the Co oxide surface. As a result, the reorganization energy and electronic coupling 

differences among them are very likely small compared to the free energy differences of hole 

transfer from the [Ru(bpy)2(dcbpy)]3+ to the wire HOMO (Step 1 in Figure 11a). The observed 

increase of the photocurrent density by a factor of 3 from the fluoro derivatized wire to the 

sulfonate ester wire is in agreement with the 70 mV stronger driving force of charge transfer Step 
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1. Furthermore, the absence of any photocurrent for the methoxy derivative reflects the fact that 

hole transfer from the wire HOMO to Co3O4 (Step 2 in Figure 11a) is endoergic by about 0.5 V. 

Comparison of the amide-linked SO3
- functionalized wire with the triazole linked sulfonate wire 

shows 10 times larger photocurrent density for the latter (Figure 11c), in agreement with the 320 

mV larger driving force of Step 1 for the triazole linked wire. Hence, the latter is the most 

efficient wire for hole transfer across the membrane (Zhang et al. 2021). Nevertheless, the 

observed photocurrent density of 33 nA cm-2 is far below what is needed for the charge flux 

through the membrane to keep up with the photon flux at maximum solar intensity. By replacing 

the sacrificial persulfate electron acceptor in solution, which cannot keep up with the 

photoactivation rate of the light absorber because of slow diffusion, with a more efficient solid 

oxide electron acceptor, here the conduction band of a TiO2 nanolayer, photocurrents as high as 

6.4 μA cm-2 are reached (Figure 10e). This result pertains to the comparatively inefficient amide-

linked wire and as yet un-optimized wire density. Therefore, if replaced by the most efficient 

click-attached wire at optimal density of 5 nm-2, a photocurrent of 0.1 mA cm-2 can be achieved. 

This current density for planar geometry translates to 10 mA cm-2 for an artificial photosystem 

with nanostructured architecture featuring 100-fold higher surface area such as the core-shell 

nanotube array presented below (10 mA cm-2 is adequate for keeping up with the photon flux at 

maximum solar intensity (Sun et al. 2017)).   

 While photocurrent measurements are best suited for quantitatively assessing and 

maximizing the charge flux across the membrane, ultrafast optical spectroscopy is required for 

elucidating the charge transfer mechanism. To facilitate analysis of ultrafast optical absorption 

data, a chromophore with established spectroscopic signature on the femto and picosecond 

timescale, such as porphyrin, is required. The spectral sensitivity of the measurement was 
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optimized by exploiting the high surface area of spherical Co3O4/PV3/SiO2 core-shell 

nanoparticles. A free-base porphyrin with positively charged ligands was selected as light 

absorber to take advantage of its strong visible light absorption, matched redox potential for hole 

transfer to embedded PV3 wire molecules, and electrostatic attraction to the negatively polarized 

SiO2 shell for strong surface adsorption (Edri et al. 2017). Upon excitation of the porphyrin at 

430 nm with a 150 fs laser pulse, hole transfer to the embedded wire molecule was observed by 

PV3 radical cation absorption (PV3+) at 1130 nm and concurrent rise of reduced porphyrin 

(H2P
red) at 695 nm within hundreds of femtoseconds. The corresponding spectra are shown in 

Figure 12a and 12b, respectively. These observations confirm that the wire is transiently 

occupied by a hole charge. The decay of the bands on the tens of picosecond timescale is due to 

hole transfer to Co3O4, which competes with charge recombination of PV3+ and H2P
red (Figure 

12d). The arrival of the hole charge on Co3O4 is monitored by the bleach with a maximum at 485 

nm (Figure 12c, dark red trace, with the growth kinetics of the bleach shown in the inset of 

Figure 12d). A hole transfer time from the embedded wire to Co3O4 of 255 ps is derived from 

kinetic analysis (Edri et al. 2017). The ultrafast charge transport across the silica membrane 

revealed by these measurements means that it is likely to prevail over possible competing 

processes that otherwise would degrade the efficiency.  

Maintaining charge balance during electron or hole transfer is an essential requirement 

for a functional membrane. Proton flow through the membrane most often plays this critical role 

and is particularly relevant for artificial photosystems that convert CO2 and H2O to fuel 

molecules; protons transmitted through the membrane combine with CO2 and electrons at the 

catalytic reduction sites to form hydrocarbon product. Electrochemical impedance spectroscopy 

and CV measurements revealed that ultrathin amorphous silica layers sustain more than adequate 
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H+ flux for keeping up with photocatalytic rates at maximum solar intensity. Equally importantly, 

they completely block crossover of small molecules including O2 (Jo et al. 2020).   

By meeting the requirements for a charge and proton conducting ultrathin separation 

membrane for artificial photosynthesis, silica nanolayers with embedded molecular wires enable 

the development of nanoscale units for the conversion of CO2 and H2O to fuel molecules. We 

selected Co3O4/PV3/SiO2 core-shell nanotube geometry using the space on the inside for 

oxidation of H2O vapor to O2 at the Co oxide catalyst surface and the outside of the SiO2 shell 

for light absorption and CO2 reduction, as sketched in Figure 13a. In this way, the spaces of the 

incompatible catalysis environments are separated. A transmission electron microscopic (TEM) 

image of the wall of such a nanotube is shown in Figure 13b. By fabricating square inch sized 

nanotube arrays by atomic layer deposition techniques combined with the molecular wire 

embedding methods discussed above and sacrificial Si nanorod arrays as sacrificial template, 

macroscale nanotube arrays functionalized in the same manner as described for the planar 

samples were prepared. A scanning electron microscopic (SEM) image of a small section of such 

an array is shown in Figure 13c. With a top and bottom cover in place, the nanotube array 

geometry afford separation of the oxidation and reduction environment on all length scales from 

the nano to the macroscale (Kim et al. 2016; Edri et al. 2018; Jo et al. 2022).  

 Silica nanomembranes whose embedded molecular wires are optimized for the transfer of 

hole charges are essential for separating O2 evolution catalysis from light absorption and CO2 

reduction catalysis of artificial photosynthesis systems. Wires suitable for efficient electron 

transfer are needed as well, e.g. for optimizing the overall conversion efficiency for CO2 

photoreduction by H2O by replacing the single light absorber by a two-photon Z-scheme light 

absorber system. The hierarchical nature of the assembly method of core-shell nanotubes is 
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suitable for coupling of two light absorbers with complementary optical properties and matched 

redox potentials in tandem by SiO2-embedded wire molecules, one of them transferring electrons 

from the LUMO of the light absorber on the oxidizing side to the HOMO of the chromophore on 

the reducing side (Jo et al. 2022).    

 

3.3 Ultrathin silica membrane with embedded wires for electronic coupling across the 

biotic/abiotic interface 

Ultrathin silica membranes with embedded wires optimized for electron transfer open up the 

coupling of biotic with abiotic catalysts in nanoscale biohybrids under separation of the two 

reaction environments. As alluded to in Sect. 2.2, recent progress in the field of 

bioelectrochemical systems encompasses the synthesis of inorganic chemicals, liquid 

hydrocarbon fuels and pharmaceuticals using renewable energy sources (Logan and Rabaey 

2012; Lu and Ren 2016; Sakimoto et al. 2017; Santoro et al. 2017). Inorganic catalysts and 

microbial cells can accomplish both oxidation or reduction reactions, and their coupling enables 

the synthesis of products at high thermodynamic efficiency typically not achieved with either 

abiotic or biotic approaches alone. In microbial electrolysis cells the organism oxidizes organics, 

with the generated electrons driving a desired reduction reaction upon transfer to an inorganic 

catalyst (Rozendal et al. 2009; Lovley 2016). In microbial electrosynthesis cells and 

biotic/abiotic artificial photosystems, the electrons flow in the opposite direction. Here, the 

inorganic catalyst performs oxidative catalysis and the microbe conducts reductive chemistry 

(Nevin et al. 2010; Li et al. 2012; Liu et al. 2016; Sakimoto et al. 2016). A major challenge for 

any of these bioelectrochemical systems is the incompatibility of the abiotic and biotic catalysis 

environments. Reactive oxygen species or heavy metal ions emanating from the inorganic 
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catalyst can damage microbial cells, while the latter can cause corrosion and fouling of the 

inorganic material or release products like methane or hydrogen that react at the inorganic 

catalyst (Rosenbaum and Franks 2014; Liu et al. 2016; Sakimoto et al. 2016; Santoro et al. 

2017). In currently existing systems, this requires macroscale separation of the abiotic and biotic 

catalysts or a membrane of µm to mm thickness, resulting in large ohmic losses caused by 

macroscale ion transport. Ultrathin silica membranes with embedded electron conducting wires 

provide an opportunity to couple these catalysis environments on the nanometer scale under 

strict chemical separation thereby drastically reducing these limitations. Moreover, integrating 

biotic and abiotic catalysts in the form of nano-biohybrids opens up an immense design space for 

building macroscale systems, which allows to configure bioelectrochemical systems most 

appropriate for scaleup.        

 To demonstrate proof-of-principle, we have explored the coupling of the electron-

generating S. oneidensis MR-1 with inorganic SnO2 catalyst under separation of the microbial 

and inorganic environments by an ultrathin silica membrane with embedded wire molecules, as 

graphically sketched in Figure 14a (Cornejo et al. 2018). This bacterium oxidizes lactate on the 

inside and transfers the electrons to outer membrane cytochromes with redox potentials in the 

range -0.2 to 0.2 V vs. NHE (Xu et al. 2016). Extracellular electron transfer to a variety of metal 

oxides provides energy for cell maintenance and growth. SnO2 is a semiconductor material with 

a conduction band around 0 V vs. NHE and therefore a suitable abiotic catalyst component for 

accepting electrons from S. oneidensis. The functionalization of the PV3 wire molecule required 

strongly electron withdrawing substituents in order to push the LUMO potential from -1.7 V vs. 

NHE for the unsubstituted oligo(phenylene vinylene) towards less reducing potential. To this 

end, NO2 groups were introduced in both outer aryl rings and CN groups substituted in the two 
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bridging alkene moieties (Figure 14b). CV sweeps of the free wire molecule indicated a LUMO 

potential positioned around -0.5 V (the actual potential upon covalent attachment of the wire on 

SnO2 is likely influenced by electronic interaction with the semiconductor). Similar to the two-

step method of PV3 anchoring on other metal oxide surfaces discussed in Sect. 3.1, the wire 

molecules were attached to the SnO2 surface by using the silyl aniline tripodal anchor and an 

amide linkage between PV3 and anchor. The structural integrity and density of the wires (2 nm-2) 

after casting into 3 nm amorphous SiO2 by ALD were established by FT-IRRAS, XPS and UV-

vis spectroscopic measurements (Cornejo et al. 2018).          

 Monitoring of the bacterial current from S. oneidensis to SiO2 membrane-embedded 

wires and SnO2 nanolayer, deposited by ALD on a Pt electrode, in a microaerobic 

bioelectrochemical reactor after adding lactate revealed a flow of 0.51 µA cm-2, as shown in 

Figure 14c (bacterial cell density 0.41 µm cm-2) (Cornejo et al. 2018). This current is 50 times 

about the average background noise of samples with no wires embedded in the SiO2 membrane. 

Another increase of bacterial current when adding more lactate (period 10-24 h in Figure 14c) 

confirmed that the microbes are the source of electricity. This conclusion was further supported 

by the absence of current when using PV3 wires with mismatched LUMO (PV3-SO3, whose 

LUMO is far too negative), or when using S. oneidensis ΔmtrB mutants that lack outer 

membrane cytochromes and are therefore unable to perform outer membrane electron transfer.    

It is important to note that when conducting control CV measurements in the biochemical 

reactor containing ferro/ferricyanide couple in the aqueous compartment and a Pt/SnO2/SiO2 

electrode with or without embedded PV3 wires, no [Fe(CN)6]
2+ redox wave (0.31 V vs. NHE) 

was observed. Because the PV3 wire is not accessible to [Fe(CN)6]
2+, this observation 

demonstrates that the 2 nm amorphous SiO2 membrane completely separates species of the 



 

26 
 

aqueous solution from the SnO2 surface. Only the H+ reduction wave is observed, confirming the 

proton transport property of amorphous silica layers (Cornejo et al. 2018).  

 With proof-of-concept of nanoscale separation of an ultrathin separation membrane for 

bioelectrochemical systems in hand, improvement of the current density is a next goal. The 

current density is at present about 10 percent of the value for bacterial catalysts on a bare 

Pt/SnO2 electrode (inset of Figure 14c). As the optimization of the current density in the case of 

pure abiotic systems demonstrates (Sect. 2.2), an order of magnitude improvement of electron 

transfer efficiency can be achieved by optimizing molecular wire density and HOMO energetics. 

For example, PV3 modification with additional electron withdrawing groups such as CF3 

(Siebbeles and Grozema 2011) for exploring more positive LUMO potentials is of high priority.  

  

 

4. Conclusions 

Ultrathin organic and inorganic separation membranes with embedded molecular wires enable 

the coupling of photo- and electrocatalytic components on the nanoscale of systems for 

renewable energy generation or utilization, which represent some of the most important yet 

challenging chemical transformations. Recent progress in the assembly and the structural 

characterization by microscopic and spectroscopic methods such as FT-IRRAS is enabling the 

precise assessment of the composition, structure, and integrity of the membranes under operating 

conditions. In conjunctions with photoelectrochemical performance evaluation, these tools allow 

for systematic optimization of molecular wire properties such as energetics, orientation and 

density for maximum efficiency of charge transport through the membrane.    
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 In the broad area of redox catalysis, ultrathin organic and inorganic membranes with 

tightly controlled electron transfer properties provide opportunities for developing technologies 

that overcome longstanding efficiency limitations of existing approaches by coupling 

incompatible catalytic processes on the shortest possible length scale. The integration of H2O 

oxidation and CO2 reduction reactions in robust inorganic nanoscale units made possible by 

silica nanomembranes with embedded molecular wires opens up the exploration of artificial 

photosystems that minimizes efficiency-degrading processes typical for existing approaches 

(large ohmic losses, blocking of back and side reactions). Similarly, substantial leaps forward are 

rendered feasible for bioelectrochemical systems that combine the unparalleled efficiency and 

selectivity of microbial or protein catalysts for synthesizing complex organic molecules with the 

robustness of inorganic photo- or electrocatalysts: For microbes that convert the chemical energy 

of waste organics into energetic electrons such as S. odeinensis, interfacing with electrodes for 

generating electricity or coupling to inorganic catalysts for driving synthesis of chemicals on the 

nanoscale is a promising approach for electrifying industrial processes (microbial electrolysis). 

Solar light driven synthesis of energy dense hydrocarbon fuels or of major industrial chemicals 

such as fertilizers using efficient and durable inorganic photocatalysts for delivering electrons by 

water oxidation coupled to microbial catalysts for CO2 conversion to multi-carbon products (e.g. 

Ralstonia eutropha, Sporomusa ovata) (Liu et al. 2015; Torella et al. 2015; Liu et al. 2016) is 

equally promising for overcoming efficiency limitations of existing systems (ohmic losses, 

prevention of attack of microbes by toxic reactive oxygen species produced at the inorganic 

catalyst, poisoning of electrocatalysts by leaching metal ions or corrosion by the microbial 

activity (Logan 2008)) by integration on the nanoscale, enabled by ultrathin electron conducting 

membranes (microbial photoelectrosynthesis).   
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Figure 1 Conjugated oligoelectrolytes in lipid bilayer membranes. a) 

Schematic of oligo(phenylenevinylene) wire molecule intercalated in 

DPPC lipid bilayer. b) Oligo(phenylenevinylene) structures of various 

lengths and functionalization. Reproduced from Yan et al. 2015 with 

permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim  
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Figure 2 Structural characterization of molecular wires embedded in lipid bilayers. (a) 

Confocal fluorescence microscopic image of a stationary multilamellar DMPC vesicle 

(diameter = ∼15 μm) containing DSBN+ wires that exhibits an equatorial extinction line 

(black line) perpendicular to the plane of the 488 nm Ar laser excitation light. (b) Close-up 

view within the extinction line region in which DSBN+ molecules are oriented with their 

transition dipoles perpendicular to the plane of the excitation light resulting in attenuated 

emission. (c) Close-up view within the regions above and below the extinction line in which 

DSBN+ transition dipoles are oriented parallel to the plane polarized excitation light resulting 

in a greater number of excited states and stronger emission. Reproduced from Yan et al. 2015 

with permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim  
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Figure 3 Evaluation of electron transfer of bilayer embedded wire molecules by CV. (a) CV 

sweeps of DMPC and DPPC bilayers with embedded DSSN+ wires exposed to 

ferricyanide/ferrocyanide aqueous electrolyte and of control samples without DSSN+. The CV 

wave for ferricyanide solution exposed to a bare glassy carbon electrode is also shown. (b) 

Analogous CV measurements for bilayers featuring the shorter DSBN+ embedded wire. 

Reproduced from Garner et al. 2010 with permission from the American Chemical Society  
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Figure 4 Photovoltaic efficiency enhancement by Foerster resonance energy transfer (FRET) of 

intercalated visible dye. (a) Photoelectrochemical system featuring Au anode covered by alkane 

thiol film with embedded Nile red dye, which is interfaced with DMPC/DSSN+ lipid bilayer. (b) 

FRET process, overlap of optical absorption of Nile red with DSSN+ wire emission. (c) Linear 

increase of Nile red emission with increasing dye concentration (DSSN+ excitation at 400 nm). 

(d) Anodic photocurrent of photoelectrochemical system shown in (a) (blue trace), only 

DMPC/DSSN+ lipid bilayer (green trace), and only alkane thiol/Nile red film (red trace). 

Reproduced from Lee et al. 2013 with permission from the American Chemical Society 
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Figure 5 PSI protein complex interfaced with a lipid bilayer/DSSN+ membrane on a Au electrode. (a) 

Schematic of assembly of PSI 2D array on electron conducting bilayer membrane deposited on electrode 

surface. (b) CV sweep of PSI-bilayer/DSSN+ electrode exposed to ferricyanide/ferrocyanide solution 

(dashed blue trace). No CV wave is observed for electrodes lacking intercalated DSSN+ (dashed red 

trace). CV of ferricyanide/ferrocyanide solution exposed to bare Au electrode is also shown (black trace). 

(c) Photocurrent of PSI-bilayer/DSSN+ cathode for MV
2+ 

reduction (solid trace, -0.3 V vs. Ag/AgCl). 

Control runs in the absence of DSSN+ (dashed trace) or in the absence of PSI (dashed-dot trace) are also 

shown. Reproduced from Saboe et al. 2014 with permission from WILEY-VCH Verlag GmbH & Co. 

KGaA, Weinheim 
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Figure 6 PSI protein complex interfaced with a block copolymer bilayer/DSSN+ membrane on a Au 

electrode. (a) Schematic of assembly of PSI incorporated at high density in a block copolymer layer and 

interfaced with electron conducting bilayer membrane deposited on the Au cathode surface. (b) CV 

sweep of PSI-block copolymer bilayer/DSSN+ electrode exposed to ferricyanide/ferrocyanide solution 

(green solid trace). No CV wave is observed for electrodes lacking a block copolymer/DSSN+ membrane 

(blue dotted trace). CV of ferricyanide/ferrocyanide solution exposed to bare Au electrode is also shown 

(black trace). (c) Photocurrent of PSI-block copolymer bilayer/DSSN+ cathode on Au electrode (green 

solid trace). Control photocurrent runs shown are for electrode lacking block copolymer/DSSN+ layer 

(blue dotted trace) or lacking PSI (black solid trace). Reproduced from Saboe et al. 2016 with permission 

from the Royal Society of Chemistry 
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Figure 7 Bacterial current of Shewanella oneidensis interacting with lipid bilayer/DSSN+ 

membrane deposited on graphite anode. Left hand curves: Current density behavior of 2 

identical samples (red and black traces) held at +0.2 V vs. Ag/AgCl upon addition of lactate 

at time point marked I, with stop at point II. Right hand curves: Current density behavior of 

a fresh sample with 5 µM DSSN+ added when exposing to lactate (red trace, start at IV, stop 

at VI) compared with current behavior for an identical sample but without DSSN+ (black 

trace). Inset: Instant current boosting effect for the sample with DSSN+ wires is shown 

(time point IV). Reproduced from Kirchhofer et al. 2014 with permission from the Royal 

Society of Chemistry    
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Figure 8 Ultrathin amorphous silica membrane with embedded molecular wires for 

separating Co oxide H
2
O oxidation catalyst from light absorber and sites of CO

2
 reduction  

catalysis. (a) Schematic of visible light driven hole transfer from transient Co
III 

formed by 

Zr
IV

OCo
II
→ Zr

III
OCo

III
 metal-to-metal charge-transfer excitation via embedded  

PV3 wire to the Co
3
O

4
 catalyst. Transient Zr

III 
reduces CO

2
 to CO. (b) Method of wire 

attachment to Co
3
O

4
 surface using TMSA anchor and amide linkage for PV3 attachment,  

followed by ALD of amorphous SiO
2
. Reproduced from Katsoukis and Frei 2018, and 

Katsoukis et al. 2019 with permission from the American Chemical Society               
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Figure 9 Infrared monitoring of PV3 wire attachment to Co
3
O

4
 surface and casting into 

silica. (a) Schematic showing the principle of FT-IRRAS and GATR FT-IR spectroscopy. (b) 

FT-IRRAS of TMSA anchored on Co3O4 (1) and after attachment of PV3 (2). Trace (3) shows 

the same sample as (2) but with TMSA bands subtracted. Trace (4) is the GATR FT-IR 

spectrum of the same sample shown in trace (3). (c) FT-IRRAS of PV3 anchored on Co3O4 

before (black trace (1)) and after ALD of 3 nm of SiO2 (red trace (2)). The blue trace (3) 

shows the spectrum after ALD of additional 3 nm SiO2. Reproduced from Katsoukis et al. 

2019 with permission from the American Chemical Society    
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Figure 10 Short-circuit photocurrent measurements for determining electron conductivity. (a) 

Schematic of a 3-electrode cell with a working Pt electrode onto which 12 nm Co
3
O

4
 

followed by a 3 nm silica membrane with embedded wire were deposited. Anchored 

[Ru(bpy
2
)(dcbpy)]

2+ 
light absorbers are also shown. (b) Current density measurement upon 

visible light excitation of the photocathode assembly shown in (a) (red trace (1)) and the 

assembly without embedded PV3 wires (black trace (2)). (c) Wire density dependence of the 

photocurrent. (d) CV of Pt/Co
3
O

4
/PV3/SiO

2
 working electrode exposed to Fe(CN)

6

3-
 solution 

(red trace (1)) and after deliberately introducing pinholes (black trace (2)). (e) Photocurrent 

for visible light irradiation of sample shown in (a) after replacing persulfate acceptor by TiO
2
 

nanolayer (5 nm) deposited on SiO
2
 membrane. Reproduced from Zhang et al. 2021 with 

permission from the American Chemical Society  
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Figure 11 Optimization of energy level alignment of molecular wires. (a) HOMO potentials 

of modified wires and their position relative to light absorber and catalyst potentials. Wire 

labeling described in text. (b) Photocurrent dependence on HOMO potential of embedded 

wire molecule, normalized for wire density of 0.6 nm
-2

. (c) FT-IRRAS of triazole-linked 

wires anchored on Co
3
O

4
 catalyst surface. The insets show the decrease of the azide stretch 

mode at 2100 cm-1: black trace, before PV3 attachment; red trace, after triazole linkage 

formation. Reproduced from Zhang et al. 2021 with permission from the American Chemical 

Society  
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Figure 12 Ultrafast optical absorption spectroscopy of visible light-induced hole transfer 

across silica membrane via embedded wire molecules. Transient absorption and decay of  

(a) reduced porphyrin (H
2
P

red
, 695 nm); (b) hole charge on wire (PV3

+
, 1130 nm); (c) hole 

charge on Co
3
O

4
 (bleach at 485 nm; the spectral traces show the decay on the hundreds  

of ns time scale). (d) Detailed kinetics of PV3
+ 

and H
2
P

red
 decay. The inset shows the growth 

kinetics of the 485 nm bleach upon hole transfer from PV3
+
 to Co

3
O

4
. Reproduced from Edri 

et al. 2017 with permission from the American Chemical Society 
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Figure 13 Co oxide-silica core-shell nanotube as complete photosynthetic unit with built-in 

membrane separation for CO
2
 photoreduction by H

2
O. (a) Schematic of the design.  

(b) HR-TEM image showing longitudinal cross-section of single Co
3
O

4
-SiO

2
 core-shell 

nanotube wall. Inset: fast Fourier transform image of the crystalline Co
3
O

4
 layer. (c) SEM of 

a section of the square inch-sized Co
3
O

4
/SiO

2
/TiO

2
 nanotube array. Scale bar: 500 µ. 

Reproduced from Edri et al. 2018 with permission from the American Chemical Society  
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Figure 14 Ultrathin silica membrane with embedded molecular wires for electronic coupling 

across the biotic/abiotic interface. (a) Schematic of S. oneidensis coupled to SnO
2
 catalyst via 

silica-embedded PV3 wires. (b) Electrons are transferred from microbial outer membrane 

cyctochrome c to the LUMO of the molecular wire and then to the inorganic catalyst. (c) 

Chronoamperometry at +0.6 V vs. of S. oneidensis on SiO
2
-encapsulated PV3 on 

Pt/SnO
2
 electrode (black trace). Control experiments: pure SiO

2
 (no wires) on 

Pt/SnO
2
 electrode (blue trace); SiO

2
-encapsulated unmodified PV3 wires with too negative 

LUMO potential (red trace); S. oneidensis ΔmtrB mutant with SiO
2
-encapsulated proper PV3 

wires on Pt/SnO
2
 electrode (green trace). Onset of current coincides with addition of S. 

oneidensis to the electrochemical cell after a period of current stabilization. Second rise of 

current indicates addition of lactate. Inset: S. oneidensis on Pt/SnO
2
 (bare anode). Reproduced 

from Cornejo et al. 2018 with permission from Springer Nature 
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