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Bioelectrochemical systems hold  promise  for  the  sustainable  transforma-
tion of carbon dioxide (CO2) using non-photosynthetic bacteria. Despite the
progress made  in  developing  electrodes  and  microbial  platforms,  signifi-
cant  challenges  persist  in  optimizing  electron  transfer  across  the  bio-
abiotic interface. In this review, we delve into recent advances in fine-tuning
bacteria-electrode  interfaces  to  enhance  bioelectrochemical  CO2 conver-
sion  and  to  better  understand  the  electron  transfer  mechanisms  between
CO2-fixing microbes and electrodes. Notable achievements, such as single-
atom  catalyst  design,  heterologous  expression  of  Mtr  complexes,  and
multimodal characterization approaches, are discussed. However,  electron
transfer  dynamics  for  many  bacteria-electrode pairings  remain  incom-
pletely  understood,  impeding  the  rational  design  of  biosystems.  Looking
forward,  a  synergistic  approach  involving  high-resolution  characterization
techniques,  computational  modeling,  and  targeted  engineering  of  both
microbial and electrode components is essential. Achieving finely tuned bio-
abiotic interfaces at the molecular level holds the promise to revolutionize
these bioelectrochemical platforms. With further optimization, scalable and
sustainable  CO2 conversion  may  become  technically  and  economically
viable.
 

BACKGROUND
The sustainable conversion of carbon dioxide (CO2) into valuable fuels and

chemicals offers a promising avenue for mitigating climate change. Recently,
non-photosynthetic bacteria capable of fixing CO2 have emerged as a versa-
tile platform for CO2 removal, owing to their ability to utilize redox partners like
hydrogen  (H2)  or  organic  compounds  to  fix  CO2 without  light  energy.1

However,  the  natural  metabolic  pathways  for  CO2 fixation  are  energetically
demanding,  requiring  high  fluxes  of  reducing  equivalents  that  constrain
process efficiencies for industrial-scale production.

To tackle  this  challenge,  one  alternative  approach  employs  bioelectro-
chemical systems to artificially provide reducing power to drive CO2 fixation in
non-photosynthetic  bacteria.  Numerous  organisms  possess  membrane-
bound  electron  transport  proteins  and  nanowires  enabling  direct  electron
uptake  from  electrodes.1 By  interfacing  bacteria  with  cathode  surfaces,  the
generated  electrons  can  be  harnessed  to  reduce  CO2 via  endogenous
metabolic pathways.  Despite  progress  made,  optimizing  the  overall  effi-
ciency of electromicrobial CO2 conversion systems remains an obstacle due
to insufficient contact between microorganisms and electrodes. While incor-
porating electron-transporting mediators can partially address this limitation,
such  an  approach  necessarily  incurs  additional  expenses  and  introduces
complexities to downstream purification protocols.1 Furthermore, the precise
interactions between electrodes and microorganisms at  the physico-chemi-
cal level have yet to be completely resolved.

This  perspective  summarizes  recent  progress  optimizing  bacterial-elec-
trode interfaces to enhance bioelectrochemical CO2 transformation. Addition-
ally,  the  current  state  of  knowledge  regarding  direct  electron  exchange
between  CO2-assimilating  microorganisms  and  electrodes  is  explored.
Suggestions  are  offered  to  steer  forthcoming  studies  seeking  to  surmount
persisting technical  obstacles  within  this  promising domain.  By  more effec-
tively  addressing  contact  constraints  and  further  disentangling  electron
transport kinetics,  the  viability  of  scalable  microbial  electrosynthesis  plat-
forms for anthropogenic emission abatement may be improved. 

RECENT PROGRESS AND EXISTING CHALLENGES

Considerable research endeavors in recent years have focused on optimiz-
ing  electrode  substrates,  electrochemically-active  microorganisms,  and
system  output  in  bioelectrochemical  applications.2 Carbon-based  materials
have  historically  typified  bioelectrode  configuration  due  to  advantages  such
as high conductivity, expansive specific surface area, adaptable morphology,
and  amenable  bio-compatibility. However,  these  approaches  do  not  invari-
ably  cultivate  ideal  interaction,  demanding  thermodynamic  consonance
between  biological  and  abiotic  elements.  Electrode  engineering  informed  by
the  molecular  underpinnings  of  electron  transport  has  thus  arisen  as  a
promising  strategy.  Instances  involve  crafting  three-dimensional  polymers
with  membrane  affinity  and  designing  materials  with  precise  catalytic  sites
tuned  to  particular  reactions.2 With  a  better  understanding  of  electron  flow
dynamics at the molecular scale, such targeted material design holds poten-
tial  to  realize  tighter,  more  efficient  coupling  between  living  and  non-living
electrode components.

In  insightful  recent  studies,  Xia  and  colleagues  demonstrated  a  novel
approach  for  regulating  electron  transfer  efficiency  between  cobalt  single-
atom electrocatalysts and methanogenic microbes.3-4 Recognizing the pivotal
role of redox species in the extracellular polymeric substances (EPS) matrix,
the  authors  conceived  an  atomic-nanoparticle  bridge  architecture  (Co-
N4@Co-NP Bridge)  that  conferred multiple  benefits  to  interfacing electrodes
with microbes: (1) enhancing microbial adhesion through increasing surface
electronegativity,  (2)  contributing  to  energy  reservoir  formation  at  the  bio-
abiotic interface by promoting hydrogenation of humic acid, a dominant EPS
redox molecule, and (3) facilitating both direct and mediated electron transfer
by reducing the charge transfer barrier between the Co-N4 site and microbial
electron carriers  while  also  promoting  hydrogenation  of  riboflavin.  Interest-
ingly,  the  nanostructured  electrode  promotes  the  accumulation  of  sodium
ions on the surface, supporting adenosine triphosphate (ATP) synthesis and
thereby  enhancing  the  energy-intensive  conversion  of  carbon  dioxide  to
methane.

These insights  provide  a  novel  framework  for  constructing  hybrid  plat-
forms,  emphasizing  that  micro-scale  harmony  between  artificial  catalytic
sites  and biological  electron acceptors  is  as  crucial  as  macro-scale  system
optimization. Going forward, the customization of the bio-abiotic interface at
the nanoscale holds promising potential. However, considering the economic
and environmental costs associated with complex electrode synthesis tech-
niques, clean and affordable fabrication methods still  require advancement.5

As previous calculations have demonstrated, a metal-based electrode is less
economically  viable  than  one  comprised  of  carbon.  Fortunately,  achieving  a
positive  net  present  value  may  be  possible  by  enhancing  performance
metrics,  such  as  increasing  current  density  or  Faraday  efficiency.6 While
progress has been achieved, continued investigation is warranted to develop
non-precious metal  alternatives  synthesized  through  scalable  and  sustain-
able  routes.  With  additional  research,  a  deeper  understanding  of  structure-
function relationships at bio-material interfaces may yield design principles to
strategically  balance  performance,  cost  effectiveness,  and  environmental
considerations.

Efforts to  establish  efficient  charge  transfers  are  bidirectional.  In  bioelec-
trochemical  systems,  the  charge-transfer  efficiency  is  often  limited  by  the
transmembrane  impedance  of  electron  flow.  Moreover,  the  process  relies
heavily  on  outer-membrane  redox  proteins  due  to  the  insulating  nature  of
cellular membranes.  Therefore,  to  enhance  the  efficiency  of  electron  move-
ment  across  the  barrier,  strategies  have  been  proposed  for  capitalizing  on
innate  electroactivity  in  native  microorganisms,  such  as  expressing  and
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modifying  redox  proteins  or  overexpressing  endogenous  electron  shuttles.
The introduction of exogenous electron transport conduits and supplementa-
tion  with  exogenous  electron  carriers  are  necessary  adaptations  for  non-
electroactive  microbes.  Recently,  harnessing  biomineralization  processes  to
introduce  metal  nanoparticles  within  the  periplasm  has  emerged  as  a
promising new approach.5

Given  the  recognized  importance  of  outer  membrane  cytochromes
(OMCs), Li and colleagues examined the genes involved in extracellular elec-
tron  uptake  in Shewanella  oneidensis MR-1.7 Key  genes  identified  including
mtrB, mtrC, mtrD, mtrE, omcA, and cctA were overexpressed, correlating with
a  1.5-2.1  fold  increase  in  CO2-to-formate  productivity  when  overexpressed.
To  facilitate  CO2 reduction, the  Mtr  electron  transport  pathway  was  intro-
duced into non-electroactive CO2-fixing microbes. Additionally, Tu et al. inte-
grated  microbial  rhodopsins  as  well  as  the  MtrCAB  complex  into Ralstonia
eutropha.8 Electrons  were  transported  via  the  Mtr  pathway,  while  light-acti-
vated  rhodopsins  generated  a  proton  motive  force.  This  synergistic  effect
enhanced  artificial  photosynthesis  in R.  eutropha,  providing  a  valuable  case
study  for  genetically  engineering  non-native  electron  transfer  capabilities  in
non-electroactive bacteria.

Considerable  efforts  are  still  needed  to  optimize  the  interface  between
electrodes and carbon sequestrating microbes.  Nonetheless,  some practical
suggestions can be offered:  first,  meticulously  characterize  the composition
of  redox-active  molecules  present  on  microbial  cell  surfaces  prior  to
constructing  hybrid  systems.  Elucidate  structure-function  relationships  of
known  electroactive  compounds.  Also,  engineer  strains  to  improve  electron
transfer,  whether  by  upregulating  electroactive  species  expression  or
enhancing  the  conductivity  of  corresponding  proteins.  Strengthening  the
adaptability  and  conductivity  of  biofilms  under  electrochemical  conditions
also merits attention.

Another  pressing  challenge  lies  in  deciphering  the  intricate  mechanisms
underlying  transmembrane  electron  transfer  and  a  dearth  of  platforms
tailored  to  probing  these  processes.  Liu  and  colleagues  published  a  study

illuminating  microbial  extracellular  electron  transport  at  the  nano-scale.9

Employing  a  label-free,  non-invasive  plasmonic  imaging  technique,  the
researchers directly observed in situ dynamics of electron flux. Alterations in
the redox  states  of  outer  membrane  cytochromes  modulated  their  confor-
mational shifts, altering the apparent refractive index of S. oneidensis MR-1.
The signals  were  quantified  via  plasmonic  scattering  intensity  measure-
ments. Such methodological advances hold promise to unveil transfer kinet-
ics  and  inspire  next-generation  design  through  correlated  nanostructure-
function  analysis.  Continued  progress  in  high-resolution interfacial  charac-
terization merits support to optimize performance.

By nature, extracellular electron transfer occurs through a diverse consor-
tium  of  redox-active  molecules  facilitating  collaboration.  However,  the
composition  and  surface  density  of  these  compounds  varies  considerably
between microbial  strains,  limiting plasmonic approaches to specific  organ-
isms like S. oneidensis. While insightful work has illuminated mechanisms in
this  model  system,  far  fewer  studies  have  probed  carbon-sequestering
strains critical  to environmental  applications. Addressing this gap,  Chen and
colleagues  recently  established  a  multimodal  microscopy  platform  enabling
concurrent optical imaging and single-cell photocurrent detection.10 Integrat-
ing R. eutropha with photoelectrodes within a microfluidic device, the PhaP1
polyhydroxybutyrate reporter  protein  permitted  correlated  optical  visualiza-
tion.  Results  indicated  an  additional  dominant  electron  transfer  pathway
reliant  on  hydrogenase  activity  beyond  the  hydrogen-mediated  route  in  this
organism.  Advancements  like  these  multi-modal  platforms  afford  new
opportunities  to  resolve  intricate  interfacial  processes  in  specialized  strains,
illuminating engineering targets to optimize sequestration. Continued single-
cell  investigations hold promise to elucidate structure-function relationships
informing robust, sustainable system design.

Chen  and  colleagues’ empirical  work  exemplifies  crucial  progress  toward
elucidating  artificial-biological  interplay  at  the  mechanistic  level  in R.
eutropha hybrid  systems.  This  multi-modal  platform possesses  potential  to
unravel diverse coupling dynamics moving forward.  Examples include eluci-
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Figure 1.  Facilitating CO2 fixation through rational design of bio-abiotic system.
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dating bacterial  growth and proliferation within hybrid architectures,  mecha-
nisms underlying electrochemical microenvironments’ impacts on cell viabil-
ity,  and  intracellular  communication  inner  workings  in  co-culture  systems.
Furthermore,  incorporating  complementary  time-resolved  spectroscopic
characterization could augment insights gained. Nonetheless, it is prudent to
acknowledge  limitations  inherent  to  single-cell  investigations,  as  they  may
not fully represent the realistic states of bacteria in hybrid systems prone to
biofilm  formation  and  quorum  sensing  effects  between  populations.  While
this  constraint  persists,  such  pioneered  approaches  remain  valuable  for
informing subsequent  development  of  ever  more sophisticated in  situ char-
acterization  platforms.  Continuous  methodological  refinement  and  cross-
validation  against  biofilm-scale  analyses  will  likely  prove  fruitful  avenues
toward establishing comprehensive structure-function understanding across
relevant organizational levels. 

FUTURE DIRECTIONS
Considerable advances have been made in designing electrocatalytic elec-

trodes  and  genetically  engineering  microbes  suited  for  electromicrobial
carbon dioxide  transformation.  However,  overcoming several  pressing  chal-
lenges will be crucial to further optimize these promising hybrid platforms.

i) Elucidating electron transfer mechanisms at the bio-abiotic interface: Our
current  understanding  of  interfacial  electron  transfer  pathways  exhibits
considerable  variability  between  diverse  microbial  strains.  For  many  non-
photosynthetic  carbon  dioxide-fixing bacteria  critically  important  to  elec-
trosynthesis  applications,  the  precise  molecular-scale  facilitators  of  direct
electron uptake from electrodes, whether specific intracellular or extracellular
redox  proteins/cofactors,  remain  unknown.  Equally  unclear  are  dynamics
governing  the  interactions  of  these  components  and  transport  of  charges
across cellular membranes over different timescales. Gaining deeper insights
into transmembrane electron transfer processes at the molecular level repre-
sents a  key  prerequisite  for  purposefully  engineering these interfaces.  With-
out  illumination  of  the  intrinsic  biochemical  underpinnings,  capabilities  to
genetically  rewire  pathways  or  electrochemically  tune  conditions  for
enhanced charge  flux  are  substantially  constrained.  Moving  forward,  apply-
ing advanced nanoscale and single-cell characterization techniques concur-
rently  with  omics  analysis  offers  promise  to  systematically  resolve
constituent  redox  species  and  transport  mechanics.  Such  fundamental
knowledge,  when  allied  with  computational  modeling,  may  guide  strategic
reconstitution efforts.  For  example,  targeted  upregulation  of  favorable  elec-
troactive  proteins  or  assembly  of  nanostructured  electrodes  structurally
complementary  to  native  components.  A  mechanistic  framework  linking
molecular  attributes  to  performance  outcomes  could  empower  the  rational
design of optimally integrated living-electrode systems.

ii)  Enhancing  electron  transfer  efficiency:  Establishing  adequate  contact
between microbes and electrode surfaces remains a challenge, given limited
surface area and constraints on mass transport, which often restrict achiev-
able current densities even when redox mediators are employed to facilitate
transfer.  Additionally,  the  inherent  energy  barriers  encountered  in  traversing
biological  membranes  and  directing  captured  electrons  into  metabolism
further  reduce  process  efficiencies.  It  is  imperative  to  delve  deeper  into  the
interdependent microscale  factors  governing  electron  flow  rates  at  bioelec-
trodes. A more comprehensive understanding of how electrode composition,
surface  chemistry  adjustments,  and  local  interfacial  conditions  interact  can
inform purposeful mitigation strategies. Targeted fundamental investigations
utilizing advanced  characterization  techniques  may  enable  tailored  manipu-
lation of interfacial environments. These optimizations hold promise for over-
coming  kinetic  obstacles  by  aligning  biological  redox  components  more
effectively with electrode potentials and fluxes. Achieving a more adept inter-
section of biotic and abiotic components paves the way for the realization of
higher-performing, scalable bioelectrochemical systems.

iii)  Ensuring  system  stability  over  extended  operation  requires  scrutiny  of
degradation factors that  threaten process viability.  Of  particular  concern are
the  microenvironmental  stresses  encountered  by  electrode-adhered
microbes during  prolonged  electrolysis,  which  remain  incompletely  charac-
terized.  Key stability  considerations include toxic  compounds resulting from
electrode  degradation  over  the  long  term.  In  addition,  potential  effects  on

microbial metabolisms from strong electric fields and insufficient diffusion of
reaction products require investigation. Gaining fundamental insights into the
root causes and mechanisms of  cellular  damage would facilitate  the devel-
opment of mitigation strategies. Optimization approaches may involve selec-
tion  of  more  resilient  electrode  materials  or  operational  conditions  better
suited  to  maintain  bacterial  viability.  A  comprehensive  understanding  of
microscale interactions over long run-times would enable purposeful design
of stable, resilient bioelectrochemical systems.

iv)  Adapting  systems  to  real-world  gas  streams:  While  numerous  studies
focus  on  pure  CO2,  industrial  flue  gases  present  significant  pollutant  levels
that require characterization of their effects. Careful evaluation is essential to
distinguish  inhibitory  influences  on  conversion  efficiency  and  microbial
community dynamics caused by gas components commonly found in practi-
cal scenarios. Identifying resilient bacterial-electrode partnerships capable of
tolerating  real-world  pollutant  mixtures  is  essential  for  demonstrating  the
viability  of  technologies  on  an  industrial  scale.  Advanced  experiments  and
focused studies are necessary to unravel microscale interactions and degra-
dation  pathways  under  realistically  complex  conditions.  This  integrated
research agenda would expedite the optimization and eventual scaling-up of
electromicrobial CO2 capture technologies for practical deployment.
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