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Abstract—Semi-synthetic  electromicrobial  systems
represent a transformative approach to CO:
valorization, coupling electrochemical reduction with
microbial biosynthesis to produce fuels, chemicals, and
materials from renewable electricity and waste carbon.
These hybrid platforms transcend the efficiency limits
of natural photosynthesis by integrating fast, selective
electrocatalysis with the metabolic versatility of
engineered microorganisms. Recent advances
demonstrate that C2 intermediate relay strategies—
where electrochemically generated ethanol or acetate
feeds microbial fermentation—achieve 6-8x higher
biomass productivity than C1 or H:-mediated routes
(Zhang et al.,, 2022). Flow electrolyzers with gas
diffusion electrodes now operate at industrially relevant
current densities (100-200 mA cm™2) with ~15%
Faradaic efficiency for soluble C2 products in
biocompatible electrolytes (Zhang et al, 2022).
However, significant challenges remain: electron
transfer bottlenecks at bio-abiotic interfaces, oxygen
toxicity from conventional anodes, biofilm community
instability, and insufficient techno-economic validation.
This review synthesizes mechanisms of CO: reduction,
interface engineering strategies, conductive scaffold
materials, reactor design principles, and pathways
toward industrial decarbonization, identifying critical
research directions for realizing scalable
electromicrobial biorefineries.

Index Terms—electromicrobial systems, biosynthesis,
electrocatalysis, microbial fermentation, biocompatible,

industrial decarbonation.

[. INTRODUCTION

Semi-Synthetic Electromicrobial Systems for CO:
Valorization
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The urgent need to mitigate anthropogenic CO:
emissions while transitioning to sustainable chemical
manufacturing has catalyzed the development of
semi-synthetic  electromicrobial — systems—hybrid
platforms that integrate electrochemical CO:
reduction with microbial biosynthesis (Tan &
Nielsen, 2022; Zhang et al., 2022). These systems
exploit the complementary strengths of abiotic
electrocatalysis (fast kinetics, tunable selectivity) and
biological conversion (high product specificity,
metabolic diversity) to transform CO: and renewable
electricity into value-added chemicals, fuels, and
materials (Tan & Nielsen, 2022; Zhang et al., 2023).
Unlike purely electrochemical or biological
approaches, electromicrobial hybrids can overcome
fundamental  limitations of each  domain:
electrochemistry struggles with C—C coupling for
complex molecules, while biology faces slow
electron uptake and limited energy efficiency (Lai et
al., 2023; Rowe et al., 2021; Weliwatte & Minteer,
2021).

The Pivot Toward Decarbonization

Industrial chemical production currently relies on
fossil carbon feedstocks, contributing approximately
10% of global CO: emissions (M. & A., 2024).
Electromicrobial biorefineries offer a pathway to
circular carbon economies by capturing CO: from
point sources or the atmosphere and converting it into
drop-in fuels, platform chemicals, and biopolymers
using renewable electricity (Abel et al., 2022;
Chandrasekhar et al., 2021; Mustafa et al., 2025).
This electrification of biosynthesis decouples
chemical manufacturing from fossil resources and
enables modular, distributed production that can be
co-located with renewable energy generation or
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industrial CO: sources (Chandrasekhar et al., 2021;
Zhang et al, 2022). Recent techno-economic
analyses suggest that electromicrobial routes could
become competitive with conventional petrochemical
processes as renewable electricity costs decline and
carbon pricing mechanisms mature (Abel et al., 2022;
Sheppard et al., 2022).

Fusion of Electrochemistry and Synthetic Biology
The convergence of electrochemistry and synthetic
biology has enabled unprecedented control over
electron flow and metabolic pathways in
electromicrobial systems (Guo et al., 2024; Lai et al.,
2023; Zhang et al., 2023). Electrochemical CO-
reduction generates C1 intermediates or C2 products
(ethanol, acetate) that serve as electron and carbon
sources for engineered microbes (Boto et al., 2023;
Tan & Nielsen, 2022; Zhang et al., 2022). Synthetic
biology tools—including CRISPR-based genome
editing, heterologous expression of electron transfer
proteins, and metabolic pathway optimization—allow
researchers to tailor microbial chassis for efficient
uptake of electrochemical products and channeling of
carbon flux toward target molecules (Lai et al., 2023;
Mustafa et al., 2025; Zhang et al., 2023). This bio-
abiotic integration creates modular "plug-and-play"
systems where electrochemical and biological
modules can be independently optimized and
reconfigured for different products (Bakonyi et al.,
2022; Boto et al., 2023; Liu et al., 2022).
Transcending Natural Photosynthesis

Natural photosynthesis converts solar energy to
biomass with theoretical maximum efficiencies of
~11% but typically achieves <1% in practice due to
light saturation, photorespiration, and metabolic
constraints (Mirea et al., 2025; Weliwatte & Minteer,
2021). Electromicrobial systems bypass these
limitations by directly supplying electrons at
controlled potentials, eliminating light-harvesting
inefficiencies and enabling operation at higher
volumetric productivities (Mirea et al., 2025;
Rohbohm et al, 2024). Hybrid photo-
bioelectrocatalytic systems that combine light-driven
water splitting with microbial CO: fixation have
demonstrated solar-to-chemical efficiencies
exceeding 10%, surpassing natural photosynthesis
(Weliwatte &  Minteer, 2021).  Moreover,
electromicrobial platforms operate continuously
regardless of diurnal cycles and can be scaled
vertically in compact bioreactors, offering land-use
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advantages over crop-based biofuel production
(Mirea et al., 2025; Sheppard et al., 2022).

II. MECHANISMS OF CO: VALORIZATION

Electron Transfer Pathways

Electromicrobial CO: valorization proceeds through
three primary electron transfer mechanisms: (a) direct
electron uptake from cathodes, (b) H.-mediated
electron transfer, and (c) chemical intermediate relay
via C1 or C2 compounds (Boto et al., 2023; J. Zhang
et al.,, 2023; P. Zhang et al., 2022). Each pathway
exhibits  distinct mass-transfer  characteristics,
energetic efficiencies, and compatibility with
different microbial chassis.

Direct electron uptake involves microbial cells
accepting electrons directly from cathode surfaces
through extracellular electron transfer proteins,
conductive pili, or biofilm matrices (Song et al.,
2021; Xue et al.,, 2024). While this mechanism
minimizes intermediate losses, it suffers from low
electron flux per cell and requires intimate electrode-
microbe contact, limiting volumetric productivity
(Guo et al., 2024; Liu et al., 2022). Recent work has
identified inward EET pathways in Shewanella
oneidensis involving multiheme c-type cytochromes
and quinone pools, though electron uptake rates
remain orders of magnitude lower than outward EET
for electricity generation (Rowe et al., 2021; Zhang et
al., 2023).

Hz-mediated electron transfer uses electrochemically
generated hydrogen as a soluble electron carrier that
microbes oxidize via hydrogenases to drive CO:
fixation through pathways like the Wood-Ljungdahl
pathway (Boto et al., 2023; Kracke et al., 2021). This
approach decouples electrode surface area from
microbial growth but faces gas-liquid mass transfer
limitations and H: escape losses (Zhu et al., 2022).
Optimized 3D-printed cathode geometries with high
surface areas have achieved volumetric methane
productivities of 2.2 L CHa L' day! with ~99%
coulombic efficiency by improving in situ H:
delivery and reducing bubble formation (Kracke et
al., 2021).

Cl1/C2 intermediate relay strategies employ
electrochemical CO: reduction to generate soluble
intermediates—CO, formate (C1) or ethanol, acetate
(C2)—that microbes metabolize aerobically or
anaerobically (Tan & Nielsen, 2022; J. Zhang et al.,

INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY 4266


https://jenni.ai/citation?d=z%3AjVbbbtw2EDWCoijaH2jfiAItUMDaXW18ifvmxAmcIEELOIGfKWok0aZElaRWqz4F6Vflj%2FoZPUNp12s7dgMY67XMmTkzZ86hPn3ee1JYp0vdPMl7664%2F7%2F1QycwHJ1UYvu1Pp6%2FinVbOZuRFX2lViVa6oJVuZSChG0FrPkXGdEY6QYZUcLYRXRvkNQnrxLlYCrvWuQwazyu5IiGnMOty3Ug3CJlpo8MgghW1bLoCZTvH0aVstBLK1q3tmtyLzuumnKoABEKkF6Ei0TpdcyZvO6cQWYiagsysQTg15MphJi5soqQxlG9g1rEzLQ3Cbd6piFDZzuQiiznGXmNnK2m62DBXo6JAdWrCbiDOV0PurJIuw5%2BZIUaMEQN1jJQrHYcwE89JSX6IEFqjWW7KB9nk0k0hRUdmAi5yanxstcljdWV98BzbUL9NigKFk6AMaDC7fWH0X53Ob0HipKBRG8P9NaTIex4aF%2BTE%2BE2eSAI6zo5pWkfKdOCpFLnG97CZPiYwdfPnQzO4yxeGPySt7cmBg3H4WCuqW2MHPlfIwG0qwPZDA0Re%2BySTHqdvz1maa9kgdMsVb9SWk5okSmOXxiASANQmIMBRa7CrNR%2B6ojDNY8ToMOw%2Bdr5Zl3PA3Bc95i0N7wD2nYfUtS05TLfW21HgQBJsMtGlbLMi5xnqBpMaZyxFbXPwuqk97ggHBKkbRvHs8BcsgpO6rEKiKjzd9srsp%2Fh3INdSY3XuZ%2BKyIkgt4mdoL6RZIUINiglEwZGGpNDrSNX%2BuLyPwdQs823Sx8XNFbbP0JdGvnFLd1Kw%2FJOt%2Fmfi%2FY58UI9FdotaRnh3PmAXHGMqvAngdSc9H39lXW0N1oQR1eApkd6DH1DGSeFUVS9HYLfR7I%2BSQkIdqpjq0to8eXvVNWUuK9jCGDqi3sG508AErugc4t0GZAYn6mXbbiD2mGFy3di%2BEadnf2whxaWI%2FDKtNcwwpo9wNqKE5rCvBjagvbIYMdK%2Fe3F%2Bg%2B11HBq694MPVINAnBk%2FPJbVaATEjLu2GR9gH%2BUavsmyvJGPhxdjOWClTHpb2WBX1mBD1b6gFSbPqAzBa3Y010cl0loRU4QDMXNX3%2BEapcQ4BqYqmlgssJX7DAJlW6L8DESWy8XyKFkcG5aI01kXrPP%2F4OLKG1kTX2CFBM9DdVFRC7POqcQSNlfvdW1DNYg3M0jf0N79iOKiJVWhAp%2BvzuCiuTh98HT5XDofYFzxuHre%2FT2ehFP5z3vfqNzq9U%2FpYpami3QOzMsZ%2F7GcHabpyeESxGXNR3z65mNlIV5paH19efB0cbQ8XDx9trzCv7qx4yuOTtJFkh5cw4zjbfbBmfVFFULrf5%2FP%2B76fZdq6tV7NcD%2FOeTIgYD49m5N0ZogY5ulinh7chzMrOmNmbV6UvsvC0KLPPQo6ANSHD9Hc3kZze3nD3EsfsCYBLsRb%2BfLu7Xn7Ajhjt33diDdQ8St22CLYViv%2FMediP%2F6qOvTz26YfjC728eD07r%2BmfL99TVn%2Fewk3ifcH9mjwqDLdFzwOwgnAjZ5rWImsdqMLOHp0SLgENi3eBvAA4ht%2BNHlHULvlsXJ3j70sbCTH7wUQcFxoLLKGbqZDK6gNutnc5Hi9yflu3oIojc2Qs5cs%2F%2FKm7OhNhj%2FwpvBFWRz9nyzy0wzgR0mcQmC2eUwSdJrL2o%2FHzRvYRz2IKIwHA17AIK6n%2FGe2K%2BHB4mLKvyMNx3Qunp7M8yXRYnF4dFLuSOKTTo8PDxI8XU7fjhdHuzJZPjtMT9Ljg4N7Mlmk%2BLm%2Fxeen8Y1ROrgp3jZ3GUdObEmk6StovbW438W9%2FflLe3u7t%2F8A
https://jenni.ai/citation?d=z%3AjVbbbtw2EDWCoijaH2jfiAItUMDaXW18ifvmxAmcIEELOIGfKWok0aZElaRWqz4F6Vflj%2FoZPUNp12s7dgMY67XMmTkzZ86hPn3ee1JYp0vdPMl7664%2F7%2F1QycwHJ1UYvu1Pp6%2FinVbOZuRFX2lViVa6oJVuZSChG0FrPkXGdEY6QYZUcLYRXRvkNQnrxLlYCrvWuQwazyu5IiGnMOty3Ug3CJlpo8MgghW1bLoCZTvH0aVstBLK1q3tmtyLzuumnKoABEKkF6Ei0TpdcyZvO6cQWYiagsysQTg15MphJi5soqQxlG9g1rEzLQ3Cbd6piFDZzuQiiznGXmNnK2m62DBXo6JAdWrCbiDOV0PurJIuw5%2BZIUaMEQN1jJQrHYcwE89JSX6IEFqjWW7KB9nk0k0hRUdmAi5yanxstcljdWV98BzbUL9NigKFk6AMaDC7fWH0X53Ob0HipKBRG8P9NaTIex4aF%2BTE%2BE2eSAI6zo5pWkfKdOCpFLnG97CZPiYwdfPnQzO4yxeGPySt7cmBg3H4WCuqW2MHPlfIwG0qwPZDA0Re%2BySTHqdvz1maa9kgdMsVb9SWk5okSmOXxiASANQmIMBRa7CrNR%2B6ojDNY8ToMOw%2Bdr5Zl3PA3Bc95i0N7wD2nYfUtS05TLfW21HgQBJsMtGlbLMi5xnqBpMaZyxFbXPwuqk97ggHBKkbRvHs8BcsgpO6rEKiKjzd9srsp%2Fh3INdSY3XuZ%2BKyIkgt4mdoL6RZIUINiglEwZGGpNDrSNX%2BuLyPwdQs823Sx8XNFbbP0JdGvnFLd1Kw%2FJOt%2Fmfi%2FY58UI9FdotaRnh3PmAXHGMqvAngdSc9H39lXW0N1oQR1eApkd6DH1DGSeFUVS9HYLfR7I%2BSQkIdqpjq0to8eXvVNWUuK9jCGDqi3sG508AErugc4t0GZAYn6mXbbiD2mGFy3di%2BEadnf2whxaWI%2FDKtNcwwpo9wNqKE5rCvBjagvbIYMdK%2Fe3F%2Bg%2B11HBq694MPVINAnBk%2FPJbVaATEjLu2GR9gH%2BUavsmyvJGPhxdjOWClTHpb2WBX1mBD1b6gFSbPqAzBa3Y010cl0loRU4QDMXNX3%2BEapcQ4BqYqmlgssJX7DAJlW6L8DESWy8XyKFkcG5aI01kXrPP%2F4OLKG1kTX2CFBM9DdVFRC7POqcQSNlfvdW1DNYg3M0jf0N79iOKiJVWhAp%2BvzuCiuTh98HT5XDofYFzxuHre%2FT2ehFP5z3vfqNzq9U%2FpYpami3QOzMsZ%2F7GcHabpyeESxGXNR3z65mNlIV5paH19efB0cbQ8XDx9trzCv7qx4yuOTtJFkh5cw4zjbfbBmfVFFULrf5%2FP%2B76fZdq6tV7NcD%2FOeTIgYD49m5N0ZogY5ulinh7chzMrOmNmbV6UvsvC0KLPPQo6ANSHD9Hc3kZze3nD3EsfsCYBLsRb%2BfLu7Xn7Ajhjt33diDdQ8St22CLYViv%2FMediP%2F6qOvTz26YfjC728eD07r%2BmfL99TVn%2Fewk3ifcH9mjwqDLdFzwOwgnAjZ5rWImsdqMLOHp0SLgENi3eBvAA4ht%2BNHlHULvlsXJ3j70sbCTH7wUQcFxoLLKGbqZDK6gNutnc5Hi9yflu3oIojc2Qs5cs%2F%2FKm7OhNhj%2FwpvBFWRz9nyzy0wzgR0mcQmC2eUwSdJrL2o%2FHzRvYRz2IKIwHA17AIK6n%2FGe2K%2BHB4mLKvyMNx3Qunp7M8yXRYnF4dFLuSOKTTo8PDxI8XU7fjhdHuzJZPjtMT9Ljg4N7Mlmk%2BLm%2Fxeen8Y1ROrgp3jZ3GUdObEmk6StovbW438W9%2FflLe3u7t%2F8A
https://jenni.ai/citation?d=z%3AfZFNa%2BMwEIZNYWHZv7AX3RfLktN87XULe9oPCKVnZTRxxpE1RpLr%2BNb2X%2BXfVSaFHgq9CDHM%2B77PzDxfipsDB2rI39iRw%2BlSfHMGAGNEe2cSNrWqV6VaO2CfAu2HxCG%2BZJX1psNZfTAduYke0NFoUkJs6BE9%2FZViZzrjyAZ2WHxUNH%2FI5%2B5w7W93R3QOJ3EnrwIgGy%2FFF7BM5%2B9aSa30qmply4NDmaG0VBup1MJS3Pun%2FEb%2FQvXyti5vF0v99ltvltCZpl3o7Wqj9aZeH7lHbxyeTw%2FvxTarh%2Bu87Wxdqm2pFqeAkYcAeB%2FcWR9T6n9W1TiOEjKpBO4qExKBw2o3p82xtc5Ey%2B266u2hicM%2BTX2euMBEKUf%2B%2Fn%2FkxOWeGB1CCgwmGTdlD%2FHrXy0C2gESsRf5IsIIoACDM0Ggx9BMwhlvI5geD4l7gvhkZ%2FuvMGS8HzNezHx5XZJDU32ysVc%3D
https://jenni.ai/citation?d=z%3AlVbBbttGEDWCFGj7B%2B1pLwWa1pRFylaU3ho5RZDGCRAXSHpc7g7JlZe7wu7SFntyc0qBHore%2BiMFci76I%2FmSviWlSLHNNAEEG6JmZ96892aWL1%2Fv3SqsU6Uyt%2BSFdWev9z6veO6D4yK0t%2F89UcLZXHHNSJMIzvrWhIq88gwfLs%2B5Cbwk2%2BC7YUtnZSOUKdk51w0lXEqSbM7Sb1ltcb7R5FnhbM3mT1nG9pmw9VJTTSbEQ%2BsSggeu21giVDzEOlQUSihEvVsEiXfy%2BkZUjHsmuMutwQ%2FGrpQkxo1kaLHmgUbsob2gc3L7jLOi0Zo1RpLzATExoS1Y3TVMyRoLzisTKLKhrEHHAaCI5SqirLqfPdNcnOH4PtPEuzzBAk1ul0HVW%2BYMA6nGF%2BTe9iPaEfsJ6boSBRc7PO9ExwZQsFC6XjcCKAwfDv4MpGpEAM2TY3zNuQ6JUeKMdJKrmsCkViLxjS7ARSIsWJAbigrSgX09t09UMv%2Fhzm5TF%2BSI0WqprSMZWTPUQqs80eqM2CYtM9xY4Vrwp30EtE4VJTrvqI%2FqssjdOTGvQlTfbtsPNzQL6tYS%2BBF7gvwoRi7x6hfgDmrZ1dkijbYLZLwqWqbxcMMfwBWKtPT7jAzPdWevt2VFxV1J7zL8EJacsDev%2FmQHnTlRY2MCcACKQfqIHcdaoYV5TPcEBeEH61rkWJvWV%2FYiWpdAc2fk0BkYmcCCbpEY1apWOlsSNAy2BkgBEaP6kZ5oBK0CZAboXWtchY1hAEptSxUbj6rkVitfg7noKgujQyfkc7Cl2HFdNDoXiA%2F9eBAGzVjNHHGB4Wb3xqPZV0w2qGX7TnZ8tiU%2FlokNh0ai%2F7gLBA5fGymOEwEm7P%2FdoHlN6MxE4PuIx5N4cGmha9hwstWud8eNGwm1AB8B0Y7bNTPCfAKYJ3mMhstsnE2T8V2NnuCTvAnW%2Bd%2BwBqXhNcV1WPBa6Va8aIhKSGbkE%2BCBXJr2bgh7rJo%2BjB6rGtIOx5k%2BrnimgHIwsHr65vKv04p4H13GaO7kULiEI8s1zvl70soXDd8AeKG4XTWDSPHzprY15Wq4J%2Fkc9lo3f8wx8UOBxUnjllXbh1aPyGFejkd9tFDSv967LaRVqy%2FT8Sgdp9ODxWgl3HIEqQ7xIMummVQ%2BN5f4682vKptOp8lkNj2s7BLjrWl19vzwcDyZZUfpNF0gqOnFXsQMSTpOslmJjRzaJVDtUVABZ37vL7fBXX9l0XCsxLejGZdR5WxTVnEpJegqmh%2BT9O72wQx1Zp4%2FzZICPw%2Bbtwh2qYS%2FlBHjp6JxevVNFcLSf3dwAGpG1pUHw%2Bxcv8U%2F%2B3%2FTv7pB0VMo3sukfrYNkD%2FAOA%2BoWp7YCg9kH7%2F4PpekXVVj8Iec9SNupN4Dc%2FBVflCoOlHmzeUfp9YOxeaP1drYp1VzQWoobnGKXrDG%2Fvl7nVo%2BgFKD3d2ntvNW7%2B%2BHeKE5%2B4DGHkXSnnHaNfcnnbm%2F2MonaBHVS0fpJJ3Njna8%2FVKlk9lRMrt3eFels7uTZJKlmah5uZik947So1mWTnZMv314xfRpMp4l2fi66dX99ZsEXiOcWnXrn7ug4nrtLhGpcCXhEnrPPb20rnsTg6s%2FztF3hh19hZL%2FAA%3D%3D
https://jenni.ai/citation?d=z%3AlVbBbttGEDWCFGj7B%2B1pLwWa1pRFylaU3ho5RZDGCRAXSHpc7g7JlZe7wu7SFntyc0qBHore%2BiMFci76I%2FmSviWlSLHNNAEEG6JmZ96892aWL1%2Fv3SqsU6Uyt%2BSFdWev9z6veO6D4yK0t%2F89UcLZXHHNSJMIzvrWhIq88gwfLs%2B5Cbwk2%2BC7YUtnZSOUKdk51w0lXEqSbM7Sb1ltcb7R5FnhbM3mT1nG9pmw9VJTTSbEQ%2BsSggeu21giVDzEOlQUSihEvVsEiXfy%2BkZUjHsmuMutwQ%2FGrpQkxo1kaLHmgUbsob2gc3L7jLOi0Zo1RpLzATExoS1Y3TVMyRoLzisTKLKhrEHHAaCI5SqirLqfPdNcnOH4PtPEuzzBAk1ul0HVW%2BYMA6nGF%2BTe9iPaEfsJ6boSBRc7PO9ExwZQsFC6XjcCKAwfDv4MpGpEAM2TY3zNuQ6JUeKMdJKrmsCkViLxjS7ARSIsWJAbigrSgX09t09UMv%2Fhzm5TF%2BSI0WqprSMZWTPUQqs80eqM2CYtM9xY4Vrwp30EtE4VJTrvqI%2FqssjdOTGvQlTfbtsPNzQL6tYS%2BBF7gvwoRi7x6hfgDmrZ1dkijbYLZLwqWqbxcMMfwBWKtPT7jAzPdWevt2VFxV1J7zL8EJacsDev%2FmQHnTlRY2MCcACKQfqIHcdaoYV5TPcEBeEH61rkWJvWV%2FYiWpdAc2fk0BkYmcCCbpEY1apWOlsSNAy2BkgBEaP6kZ5oBK0CZAboXWtchY1hAEptSxUbj6rkVitfg7noKgujQyfkc7Cl2HFdNDoXiA%2F9eBAGzVjNHHGB4Wb3xqPZV0w2qGX7TnZ8tiU%2FlokNh0ai%2F7gLBA5fGymOEwEm7P%2FdoHlN6MxE4PuIx5N4cGmha9hwstWud8eNGwm1AB8B0Y7bNTPCfAKYJ3mMhstsnE2T8V2NnuCTvAnW%2Bd%2BwBqXhNcV1WPBa6Va8aIhKSGbkE%2BCBXJr2bgh7rJo%2BjB6rGtIOx5k%2BrnimgHIwsHr65vKv04p4H13GaO7kULiEI8s1zvl70soXDd8AeKG4XTWDSPHzprY15Wq4J%2Fkc9lo3f8wx8UOBxUnjllXbh1aPyGFejkd9tFDSv967LaRVqy%2FT8Sgdp9ODxWgl3HIEqQ7xIMummVQ%2BN5f4682vKptOp8lkNj2s7BLjrWl19vzwcDyZZUfpNF0gqOnFXsQMSTpOslmJjRzaJVDtUVABZ37vL7fBXX9l0XCsxLejGZdR5WxTVnEpJegqmh%2BT9O72wQx1Zp4%2FzZICPw%2Bbtwh2qYS%2FlBHjp6JxevVNFcLSf3dwAGpG1pUHw%2Bxcv8U%2F%2B3%2FTv7pB0VMo3sukfrYNkD%2FAOA%2BoWp7YCg9kH7%2F4PpekXVVj8Iec9SNupN4Dc%2FBVflCoOlHmzeUfp9YOxeaP1drYp1VzQWoobnGKXrDG%2Fvl7nVo%2BgFKD3d2ntvNW7%2B%2BHeKE5%2B4DGHkXSnnHaNfcnnbm%2F2MonaBHVS0fpJJ3Njna8%2FVKlk9lRMrt3eFels7uTZJKlmah5uZik947So1mWTnZMv314xfRpMp4l2fi66dX99ZsEXiOcWnXrn7ug4nrtLhGpcCXhEnrPPb20rnsTg6s%2FztF3hh19hZL%2FAA%3D%3D
https://jenni.ai/citation?d=z%3AjVXbbttGEDWCFmjRL%2Bjbog9BA5jUXbKbNEWaAG3R9II0RZyiL0tyRI693GV2l5LlpzQF%2BtQfyt%2F17JJy7FhyAwiCRAxnzpxzZubN24M7S2O5ZH2nWBt79vbgUyXznJyj4on0VI6H43kyXKjcaG85a72x7h%2B8VWhZU3h7KWtWm%2Fwpt1TyirT6o2qlLi%2Fid2GNooMd4SctdeHVCUuzQeze0MeSu9DyBenlbUkft31k%2FqPkfVH0q%2FSs%2BuK%2FtZqVeJTuTflda7Yp2x5izoV7e%2FBRXhg%2B%2F3w0TEfD0XxwmmZ0moKsMf4fLaazgl2mX%2BPb6Tc8msyPk8VwcsKjo8UkGR%2FPTirTkJaKzs9eTCej4WQ2mR5PTxHedsSfhlzJaITg0rWZ3zSAdUCePd4xzygn7UVjTWmhlTBa1Jxbk7FUghTl3hq30b4ix05Ykjl0EwX%2BldoJkC2ct0FeJie8EaBC6pwEXriMbsjCGnV4vvSm4dy9LgKMT%2FLWqvN7lfeN%2B2owAA2pseVgLxM3LfZZJbNQP%2Febj%2F%2B9q%2Fz95m7p73%2FLpkeeV4Ru0InbOE%2B1E5VRRWi2ZkcCySJO1zovWctMAbeV2kW0nsGFWYpc2gy%2FCjbnXJD48vEvoRCYDKXG4feg%2F3NPtI51KbTRSVMZ3xPnORcZIJJlmYon5Br2HUGXrNcSmRlFaEUKDCFJ3wGYjiy%2FE6VR0geA7lAEEXiJBqFgXkmlYG3Eg2%2BI5UNC03iu%2BeJKQt23SFZIpETxgCRjk0h8BaysAXUpc0rFD4iuou4rpvWhWBMgqlXACq1t5x1ZrIK0LtRbsqbEYxZQcNtzctnKu9TXvIK67%2Bu1n2SB%2FbEKDaKTQAzyZOSRVmCs8NzHh2jpZr81gSTNDj7AK2sifUudZMnnoYuO%2BF6Fd6Kk4mfjo2NkXjFkq0FFkKTNKyEdpNGlokR6U8NBXioYsB%2BbQwFPEDaAKU3rBJ03wQO9237yFh3WDWaTkC5K3yqIaArQAvzB7GD1ovOnbOAhIIixFuqwy9uwclPxvVkDlj3cQUSxwXLCGMYJwFxudmnVSLZoIohfYzqgXYfLk9psuTamOBRcN1QEquLMR1yA2vUaWoK8%2Ffil4qkxZyEUhdfS4mWJ0dRkS%2FgV1tu2g2Iro1YhsuKySkCQUW3s%2BAYFHqpqftUGCgLC1m8hgDNSyNHR6KUtAR4iamwQQgJkD%2FCMr66M1zWZY0Kjg7QCYxCOmfaISsWjqHpsBcnACEyP3DvnCN7xkZwaWz9vlbRChUGP26ibv%2B1KilOF1mOvfBHXBB7vmJDLNZCKF4wOlq1FrN1OfOQAdkRo59Kwqa%2FsuQ8bsFrCGgQSACTSjHToNXKEMGDuHqw4JE1jmriCd53%2B%2BbXT%2F%2FdtN5JetrDlvluaPV31d%2Fyl0eUr3n%2Fxn0vdRz5nqdfU3%2FKrh%2FcLnJvZ8WK0wL3BwOsE1W25CXdnirszxEG9coH%2F4slwOE%2Bmo6Nrd3c6HE1nR5Pp%2FL27O02GI3zOgn9bm9PvuHfPtvduvV6nkCxBUbOKesXzV2BbDKSFgxQNsByM9UlTLL%2Fh4uv5PJtNh%2FPxaHE8Wcj5fJnJWXY0W968638%2B%2F8AdjOG1Bgt95w5%2BgLwPxw%2BCMx5escWOIz7eccT%2Fh9X%2FAA%3D%3D
https://jenni.ai/citation?d=z%3AhZLBbtNAEIajigM8BfsCSWzXcRJuUE5RAQmQWnpb747tcdY7YWddYk6FG4%2BUt2OCy6myevHB%2Bv75Z%2F9%2Ffp1mFxUFrNFf2B8U9qfZK6eNAWaw73WEOkuyYp4UzpCPAcs%2BUuA%2ForJed3BWV7pDN5i7poca78FXt6ipJBvIwewpaHfa7B%2FJHXHT6ykSrwE9%2BhrCiMNbHchPzv2mBR3BD4DfcRJ8h9qPYC2ahnw9hZbXNILNjryOjZ50h1uUOSNsbmDSvP3KwB3En8iPK3xEQ07zlMB8lvf8I7u7BgcxUTvN%2F2MwaPk0e2Es4fF1mizSJC2W7SIAS10BzELay%2BRvcbldWeTSP8iX%2FW9Mtlk6v8zzLaab9Vb6XW0aOoDXDo77mzzbJEW%2BWa%2FyVvB%2BvIT2PGuerObpuua%2BjMNB1pxBxCia6svga82qA4vCWtWhCVSidgocmBiIBx8bYGQl96auPmUqktIGouBKtr2HwJKh6lkqV1eOWM7NYt8p1%2FZSkW4cYhXpgIYf7Nn9pemDOy6bGA%2F8ZrmUDBYU6uUzMfwF
https://jenni.ai/citation?d=z%3AfVZNbxs3EDVyCIr%2Bg97m0qIBLFmWXMdqTomdwk0TJK1btFcuObvLiEtuSa7lzSk59R8VyLl%2FrG8oS27SKBfBu%2BR8vXnvrd%2B9P7hXh2gb6%2B%2BZdYir9wdftqpKOSqdx%2Fs%2F%2F9oycV1bbdlnMuzsNceRQk3sWOcYdMud1cq5kaynZPNAfQxm0GzokuaklaeKSdGKR1LmWvmsGpYECIuhssptU6XR55aTTRRQhNCCsdkGjxuNSlRz7NCEkldTugxrxq1DQghl1q2XLtBhVtYhQ01tWFMOlIa%2BR3NORZRVXRh8LsebolaTHmKU4XrUvA5u6FgmUVTZoEPXo17lmDrlPS5E7hROBx85BXfNBp1w5ENaA6eb3oWIuQFoaau2MWXKFhnLo%2BMbW1lncwFQkuMNLS4mfbQ%2BI1APKYdui4fhJAPU1iN%2BwI%2FguVuBGRDUfAbFKf2W5IaiDqkcpTFl7kpzkmjSsbFKqt4Gdpxb5UPDvuxA2os24Ry9Li6oVhXQKgFaxSoAIo647fCY29Js78rx2uaWsI4Vu0kX3FgZ9kNHyht6samhg8aowDTaXrnBoFxBMGFnSIA7mTxI4D4AZ1umVlpALLUSEMNC8Jekv2Pqp2eq8Wa3eFmDBJ2%2FBBooCKIOvo8M5iIDMm7IUDiyobQwjyLqCiTz6Zye0%2FnlCR093%2FTmRpwcGbVJKxkB4uBCVyHDtjVddr9cfj2lH7s%2BxAxBuPGQwhCFQBzBFmFoBLuV24Ih9PkwQ24xD9rSnBJBrsE3YLnhnr0Bv30J2VIbA0GZ45QeZ7IyXdFKDhm%2F2ztFJ5bN4UYqES8ikIZmImOQLfjsFeRgqLVNi0sbgPm%2FAMnwnfW2s2%2BEXEmrvgAmpJvSVc%2FaYhBxDJSCRj9qkr79RnX9I5cfHVP3%2BEh3CHuwK1uNpfKe5tZiE1A4UAviOjrCQGRUIX2tIEawJebJ0BdVFh8QnO5EpAeXB9EzLorsIRllRnnCbrEdJIITaFyQMUsrn9ixZajvJTZqVFYYrAteHBUpyja3pBZ13jlpURBspaxfCaKdLQLGgW2w0BBkZ2g220ZyoRwCyxDVUEm3pbvdElyQ0ftLasRJS1qRJuxLZq4EJwUjcWrEIhEgXjqkQ1CvWFtx7B2CDvvceK9AHHdmf9u8vzMmnHzGlJzSQlk2Fxihmc%2Fmp5PZQ6eDh86qIYeY%2FsInyXjVsXyaatVZN9Y%2F4XO0Ym5Qwdc%2FRDWs2MTg%2BOD%2Fd%2B0FD%2FlNsetyvX32z9%2BxoavpvoDVMzWCQNapbYU%2FnwzGACfLdAU9Kmf3xZpXyje3da4s1kyXe%2Bv4cyjFRJV4pSI0sxnmai0K2hfDT9BU3BZAWEtP9xZor%2BAnd4Pbx66Wr9GL2wBtTXp%2FcF%2BbYG%2B%2BOp5NF4uz5VGNVVVTrOF4ero8PXm4gBdX%2Fi1%2Bk39nj09PTyaL2fwP3anm9eL47Gx5Ol9%2BN2sDbAbudLP6%2Fe6l6Ttr2sXJyfHibLF8jQzDZsuvJf1kdjaZLZo0VHns0fQBZ5uR4ZenO8%2B%2BHNEorJoutlQSor3Ycenpx%2F8mXFslWnp1%2B4E4v7WBOofe6vTWSKUvYC%2Fu5kGbc5%2B%2BPzrC8NMQm6O98%2F8L
https://jenni.ai/citation?d=z%3AfVZNbxs3EDVyCIr%2Bg97m0qIBLFmWXMdqTomdwk0TJK1btFcuObvLiEtuSa7lzSk59R8VyLl%2FrG8oS27SKBfBu%2BR8vXnvrd%2B9P7hXh2gb6%2B%2BZdYir9wdftqpKOSqdx%2Fs%2F%2F9oycV1bbdlnMuzsNceRQk3sWOcYdMud1cq5kaynZPNAfQxm0GzokuaklaeKSdGKR1LmWvmsGpYECIuhssptU6XR55aTTRRQhNCCsdkGjxuNSlRz7NCEkldTugxrxq1DQghl1q2XLtBhVtYhQ01tWFMOlIa%2BR3NORZRVXRh8LsebolaTHmKU4XrUvA5u6FgmUVTZoEPXo17lmDrlPS5E7hROBx85BXfNBp1w5ENaA6eb3oWIuQFoaau2MWXKFhnLo%2BMbW1lncwFQkuMNLS4mfbQ%2BI1APKYdui4fhJAPU1iN%2BwI%2FguVuBGRDUfAbFKf2W5IaiDqkcpTFl7kpzkmjSsbFKqt4Gdpxb5UPDvuxA2os24Ry9Li6oVhXQKgFaxSoAIo647fCY29Js78rx2uaWsI4Vu0kX3FgZ9kNHyht6samhg8aowDTaXrnBoFxBMGFnSIA7mTxI4D4AZ1umVlpALLUSEMNC8Jekv2Pqp2eq8Wa3eFmDBJ2%2FBBooCKIOvo8M5iIDMm7IUDiyobQwjyLqCiTz6Zye0%2FnlCR093%2FTmRpwcGbVJKxkB4uBCVyHDtjVddr9cfj2lH7s%2BxAxBuPGQwhCFQBzBFmFoBLuV24Ih9PkwQ24xD9rSnBJBrsE3YLnhnr0Bv30J2VIbA0GZ45QeZ7IyXdFKDhm%2F2ztFJ5bN4UYqES8ikIZmImOQLfjsFeRgqLVNi0sbgPm%2FAMnwnfW2s2%2BEXEmrvgAmpJvSVc%2FaYhBxDJSCRj9qkr79RnX9I5cfHVP3%2BEh3CHuwK1uNpfKe5tZiE1A4UAviOjrCQGRUIX2tIEawJebJ0BdVFh8QnO5EpAeXB9EzLorsIRllRnnCbrEdJIITaFyQMUsrn9ixZajvJTZqVFYYrAteHBUpyja3pBZ13jlpURBspaxfCaKdLQLGgW2w0BBkZ2g220ZyoRwCyxDVUEm3pbvdElyQ0ftLasRJS1qRJuxLZq4EJwUjcWrEIhEgXjqkQ1CvWFtx7B2CDvvceK9AHHdmf9u8vzMmnHzGlJzSQlk2Fxihmc%2Fmp5PZQ6eDh86qIYeY%2FsInyXjVsXyaatVZN9Y%2F4XO0Ym5Qwdc%2FRDWs2MTg%2BOD%2Fd%2B0FD%2FlNsetyvX32z9%2BxoavpvoDVMzWCQNapbYU%2FnwzGACfLdAU9Kmf3xZpXyje3da4s1kyXe%2Bv4cyjFRJV4pSI0sxnmai0K2hfDT9BU3BZAWEtP9xZor%2BAnd4Pbx66Wr9GL2wBtTXp%2FcF%2BbYG%2B%2BOp5NF4uz5VGNVVVTrOF4ero8PXm4gBdX%2Fi1%2Bk39nj09PTyaL2fwP3anm9eL47Gx5Ol9%2BN2sDbAbudLP6%2Fe6l6Ttr2sXJyfHibLF8jQzDZsuvJf1kdjaZLZo0VHns0fQBZ5uR4ZenO8%2B%2BHNEorJoutlQSor3Ycenpx%2F8mXFslWnp1%2B4E4v7WBOofe6vTWSKUvYC%2Fu5kGbc5%2B%2BPzrC8NMQm6O98%2F8L

© July 2026 | IJIRT | Volume 13 Issue 2 | ISSN: 2349-6002

2023; P. Zhang et al., 2022). C1 carriers have lower
energy content per carbon and can limit aerobic
fermentation efficiency, while C2 intermediates
support faster microbial growth and higher
productivities (Zhang et al., 2022). Integrated electro-
microbial conversion systems using C2 relay
demonstrated ~6x and ~8x% higher biomass
productivity compared to Cl1 and H: routes,
respectively (Zhang et al., 2022).

Faradaic Efficiencies and Performance Metrics
Electrochemical CO: reduction to C2 products on
copper catalysts in flow cells with gas diffusion
electrodes has achieved current densities of 100-200
mA cm? with total Faradaic efficiencies for soluble
C2 products around 15% in biocompatible phosphate
electrolytes (Zhang et al., 2022). While lower than
the >60% C2 Faradaic efficiencies reported in
alkaline electrolytes, phosphate-buffered systems
maintain pH stability and ionic strength compatible
with downstream microbial cultivation (Zhang et al.,
2022). Acetate selectivity in CO: electroreduction on
copper is strongly influenced by local mass transport
and pH, with 30-60% acetate selectivity observed
under specific conditions (Pan, 2025).

For microbial electrosynthesis systems, acetate
production rates range from 5.1 £ 0.2 mmol L' day™!
in baseline systems to 7.4 = 0.4 mmol L™ day ' with
artificial mediators, achieving volumetric titers of
8.1-13.3 g L™! and coulombic efficiencies of 87-92%
(Song et al., 2021). Current densities in MES reactors
typically range from 3.4 to 14.5 A m2, substantially
lower than electrochemical systems but sufficient for
continuous operation (Song et al., 2021). Methane
production via electromethanogenesis has achieved
coulombic efficiencies exceeding 90% in optimized
systems (Horvath-Gonczi et al., 2023; Rohbohm et
al., 2024).

EMC?2 Systems and Quantitative Performance
Electro-microbial conversion systems integrate
electrochemical CO: reduction with microbial
fermentation in tandem or single-pot configurations
(Cui et al, 2025; Zhang et al., 2022). In a
representative  EMC2  system for bioplastic
production, electrochemical generation of C2
intermediates (ethanol, acetate) at 100-200 mA cm™2
with ~15% Faradaic efficiency supplied sufficient
carbon flux to support rapid microbial growth and
polyhydroxyalkanoate accumulation (Zhang et al.,
2022). The C2 relay strategy enabled aerobic
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fermentation with higher ATP yields compared to
anaerobic  acetogenesis, accelerating  biomass
accumulation and product synthesis (Zhang et al.,
2022).

Comparative  studies  demonstrate  that C2
intermediates outperform C1 and H: routes across
multiple metrics. Formate and methanol present
kinetic and energetic integration challenges with
cellular cofactors, while H: routes are constrained by
gas-liquid transfer and hydrogenase kinetics (Boto et
al., 2023; Zhang et al, 2022). The superior
performance of C2 relay systems stems from higher
energy content per carbon, compatibility with aerobic
metabolism, and elimination of gas-phase mass
transfer limitations (Zhang et al., 2022).

III. BIO-ABIOTIC INTERFACE ENGINEERING

Extracellular Electron Transfer Mechanisms

The bio-abiotic interface—where electrons transfer
from electrodes to microbial cells—represents a
critical bottleneck in electromicrobial systems (Guo
et al., 2024; Liu et al., 2022). Inward extracellular
electron transfer relies on multiheme c-type
cytochromes, conductive appendages (pili or
nanowires), and redox-active biofilm matrices (Rowe
et al., 2021; Song et al., 2021; Zhang et al., 2023). In
Shewanella oneidensis, the Mtr pathway comprising
outer membrane cytochromes MtrC, MtrA, and MtrB
facilitates bidirectional electron transfer, though
inward flux rates remain 10-100x lower than
outward transfer (Rowe et al., 2021; Zhang et al,,
2023). Recent identification of electron uptake
pathways in Shewanella revealed quinone-mediated
electron entry coupled to menaquinone pools,
providing molecular targets for engineering enhanced
electron uptake (Rowe et al., 2021).

Biofilm matrices composed of extracellular
polymeric substances, proteins, and conductive
minerals can facilitate electron transfer between
planktonic cells and electrodes (Song et al., 2021;
Zhang et al, 2023). Biofilm-driven microbial
electrosynthesis models indicate that biofilm
thickness, porosity, and conductivity significantly
influence current density and product formation rates
(Cabau-Peinado et al., 2021). Tip-enhanced electric
fields at electrode surface features have been shown
to facilitate microbe-electrode interactions during
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COq-fed MES, suggesting that electrode topography
influences EET efficiency (Xue et al., 2024).
Multiheme c-Type Cytochromes and Protein
Engineering

Multiheme c-type cytochromes serve as biological
electron conduits, shuttling electrons across cell
membranes through sequential redox reactions (Rowe
et al, 2021; Zhang et al, 2023). Engineering
strategies to enhance inward EET include:
overexpression of native EET  complexes
heterologous expression of EET proteins in non-
native hosts directed evolution to improve electron
transfer kinetics, and optimization of cytochrome
maturation pathways (Lai et al., 2023; Zhang et al.,
2023). Expression of Shewanella Mtr proteins in
Escherichia coli enabled electron uptake for CO:
reduction, though rates remained suboptimal due to
incomplete cytochrome maturation and membrane
integration (Zhang et al., 2023).

Protein engineering of electron conduit proteins aims
to lower interfacial overpotentials and increase
electron flux (Guo et al., 2024). Rational design and
directed evolution of cytochromes have improved
midpoint potentials and electron transfer rates in
some systems, but systematic engineering
frameworks for inward EET remain underdeveloped
compared to outward EET for microbial fuel cells
(Lai et al., 2023; Zhang et al., 2023).

Mediator Systems: Neutral Red and HNQ

Artificial redox mediators—small molecules that
shuttle electrons between electrodes and cells—offer
an alternative to direct EET (Song et al., 2021; Xu et
al., 2021). Neutral red and 2-hydroxy-1,4-
naphthoquinone have demonstrated significant
improvements in acetate synthesis by facilitating
electron transport between suspended cells and
electrodes (Song et al., 2021). In MES systems,
addition of NR or HNQ increased acetate production
rates from 5.1 to 7.4 mmol L day, with volumetric
titers reaching 13.3 g L™! and coulombic efficiencies
of 92% (Song et al., 2021). These mediators bind to
cell membranes and exchange electrons with
intracellular enzymes and cofactors, bypassing the
need for direct electrode contact (Song et al., 2021).
Tuning the redox potential of mediators through
chemical modification can optimize electron transfer
thermodynamics (Xu et al., 2021). Anthraquinone-2-
sulfonate derivatives with tailored redox potentials
have shown improved electron transfer kinetics in
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Shewanella oneidensis, demonstrating the potential
for rational mediator design (Xu et al., 2021).
However, mediator stability, toxicity, and cost remain
challenges for large-scale implementation (Song et
al., 2021).

Surface Functionalization and Synthetic Biology
Targets

Electrode surface functionalization with redox-active
polymers, immobilized mediators, or biomolecules
can enhance electron transfer and microbial
attachment (Agee et al., 2023; Song et al., 2021).
Conductive  polymers  based on  poly-3-
hexylthiophene (P3HT), including
methylimidazolium-functionalized variants, exhibit
both electronic and ionic conductivity and improve
mediated electron transfer in Shewanella oneidensis
(Agee et al., 2023). These polymers enhance current
generation and show improved biocompatibility
compared to bare electrodes (Agee et al., 2023).
Synthetic biology targets for interface engineering
include: overexpression of c-type cytochromes and
EET complexes engineering quinone and methanol
dehydrogenase pathways for improved C1 handling
rewiring central carbon fixation pathways (e.g.,
Calvin-Benson-Bassham, =~ Wood-Ljungdahl,  or
synthetic glycine pathways) to enhance CO:
assimilation, and coupling electron uptake to redox
sinks that drive biosynthesis (Lai et al., 2023;
Mustafa et al., 2025; Zhang et al., 2023). Integration
of these strategies with electrode engineering
promises to overcome current electron transfer
bottlenecks (Guo et al., 2024; Liu et al., 2022).

IV. CONDUCTIVE SCAFFOLD MATERIALS

Carbon-Based Materials

Carbon-based materials—including
graphite, carbon felt, carbon cloth, carbon nanotubes,
and graphene—dominate electromicrobial systems
due to their high electrical conductivity, tunable
porosity, chemical stability, and biocompatibility
(Chen et al., 2022; Herkendell, 2021; Langsdorf et
al., 2021). Graphene and reduced graphene oxide

electrode

offer exceptional surface areas (>1000 m? g™') and
conductivity, boosting bacterial loading and electron
transfer rates (Chen et al., 2022). Composites such as
RGO-tetracthylenepentamine, platinum nanoparticles
on RGO (PtNPs/RGO), and MnO2/RGO enhance
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catalytic activity and surface functionality for
improved MES performance (Chen et al., 2022).
Three-dimensional ~ carbon  aerogel  cathodes
fabricated by additive manufacturing enable custom
geometries with high surface-area-to-volume ratios
(Kracke et al., 2021; Liu et al., 2022). When plated
with nickel-molybdenum alloy catalysts, 3D-printed
carbon aerogel cathodes achieved sustained
electromethanogenesis at 2.2 L CH« L' day™' with
~99% coulombic efficiency (Kracke et al., 2021).
The 3D architecture improves in situ H. delivery,
reduces bubble formation, and mitigates local pH
gradients, addressing key mass transfer limitations
(Kracke et al., 2021).

Carbonaceous matrices derived from biomass offer
low-cost, sustainable electrode materials with
naturally high surface areas, porous structures for
mass transport, and good biocompatibility due to
higher hydrophilicity compared to synthetic carbons
(Langsdorf et al., 2021). However, biomass-derived
carbons may exhibit higher internal resistance and
require activation or functionalization to achieve
optimal performance (Herkendell, 2021).
Nanostructured Metals and Metal Catalysts
Metal-based electrodes and catalysts—including
platinum, nickel, titanium, stainless steel, copper,
silver, and gold—provide enhanced conductivity and
electrocatalytic activity for CO: reduction and H-
evolution (Horvath-Gonczi et al., 2023; Kracke et al.,
2021; Tan & Nielsen, 2022). Copper is unique among
metals for its ability to catalyze C—C coupling,
producing C2+ products like ethanol, acetate, and
ethylene from CO: (Tan & Nielsen, 2022; Zhang et
al., 2022). Sputtered copper films on gas diffusion
layers of PTFE or carbon paper achieved industrially
relevant current densities (100200 mA c¢cm™2) and
~15% Faradaic efficiency for soluble C2 products in
biocompatible phosphate electrolytes (Zhang et al.,
2022).

Noble metal catalysts exhibit high activity for
specific reactions—Au and Ag for CO production
(>90% Faradaic efficiency), Pt for H> evolution—but
face cost and scalability challenges (Pan, 2025; Tan
& Nielsen, 2022). Bimetallic and alloy catalysts (e.g.,
NiMo, CuZn) offer tunable selectivity and improved
stability compared to pure metals (Kracke et al.,
2021). However, metal electrodes may suffer from
biocompatibility issues, corrosion, and biofouling,
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requiring surface treatments or coatings (Horvath-
Gonczi et al., 2023).

Metal-Organic Frameworks

Metal-organic ~ frameworks—crystalline  porous
materials composed of metal nodes and organic
linkers—have emerged as promising electrode
materials and catalyst supports due to their high
porosity (up to 90% free volume), tunable pore sizes,
and chemical versatility (Gupta et al., 2024; Mirea et
al., 2025). MOFs can integrate catalytic sites for CO:
reduction with high surface areas for microbial
attachment, potentially serving as multifunctional
bio-abiotic interfaces (Gupta et al., 2024). MXene-
based electrodes (2D
carbides/nitrides)  functionalized  with  carbon
nanotubes or MOFs have shown improved CO:
conversion yields in microbial electrosynthesis, with
MOF coatings providing cytoprotective layers against
reactive radical species (Gupta et al., 2024).

Despite their promise, MOF applications in
electromicrobial systems remain at the research scale,
with challenges including electrical conductivity
(most MOFs are insulators), stability in aqueous

transition metal

electrolytes, and scalable synthesis (Gupta et al,
2024; Mirea et al., 2025). Conductive MOFs
incorporating redox-active linkers or metal nodes
offer potential solutions but require further
development (Mirea et al., 2025).

Conductive Polymers and Composites

Conductive  polymers—such  as  polyaniline,
polypyrrole, poly(3,4-cthylenedioxythiophene), and
poly-3-hexylthiophene (P3HT)—facilitate enzyme
immobilization,  mediator  incorporation,  and
microbial adhesion while providing tunable electrical
and mechanical properties (Agee et al., 2023; Song et
al., 2021). P3HT-based  polymers with
methylimidazolium functionalization exhibit both
electronic and ionic conductivity, enhancing
mediated electron transfer and biocompatibility in
Shewanella oneidensis bioelectrochemical systems
(Agee et al., 2023). These polymers reduce interfacial
resistance and improve current generation compared
to bare carbon electrodes (Agee et al., 2023).
Composite materials combining carbon supports with
metal nanoparticles, conductive polymers, or MOFs
leverage  synergistic  properties to  optimize
conductivity, catalytic activity, surface area, and
biocompatibility (Chen et al., 2022; Gupta et al.,
2024; Song et al., 2021). For example, copper ferrite
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nanoparticles on RGO enhance both electrocatalytic
CO: reduction and microbial attachment (Chen et al.,
2022). However, composite fabrication complexity
and cost must be balanced against performance gains
for practical applications (Herkendell, 2021; Mirea et
al., 2025).

Comparative Analysis and Scalability

Table 1 summarizes key properties, representative
performance metrics, and trade-offs for major
electrode material classes in electromicrobial
systems.
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Scalability  considerations favor  carbon-based
materials due to established manufacturing processes,
low cost, and material availability (Herkendell, 2021;
Liu et al, 2022). Modular carbon electrode
assemblies have been proposed for scalable
bioelectrochemical system architectures (Bakonyi et
al., 2022; Herkendell, 2021). Metal catalysts,
particularly copper for C2 production, require cost-
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effective deposition methods such as sputtering or
electrodeposition onto carbon supports to balance
performance and economics (Zhang et al., 2022).
MOFs and conductive polymers remain promising
but require advances in synthesis, stability, and
integration before large-scale deployment (Gupta et
al., 2024; Mirea et al., 2025).

V. REACTOR DESIGN PRINCIPLES

Flow Electrolyzers and GDE Configurations

Flow electrolyzers with gas diffusion electrodes
represent the state-of-the-art for electrochemical CO-
reduction, overcoming gas-liquid mass transfer
limitations that constrain batch reactors (Liu et al.,
2022; Zhang et al., 2022). GDE flow cells supply
gaseous CO: directly to the catalyst layer through a
porous, hydrophobic backing (typically PTFE or
carbon paper), achieving current densities of 100-200
mA cm? for C2 production—orders of magnitude
higher than aqueous-fed systems (Liu et al., 2022;
Zhang et al., 2022). This configuration is essential for
supplying sufficient carbon flux to downstream
microbial conversion in EMC2 systems (Cui et al.,
2025; Zhang et al., 2022).

Zero-gap configurations, where the cathode and
anode are separated only by a thin ion-exchange
membrane or separator, minimize ohmic losses and
enable compact reactor designs (Pang & Zhu, 2025).
Three-dimensional printed electrodes with optimized
flow channels and electrode geometries further
enhance mass transfer and current distribution
(Kracke et al., 2021; Zegers et al., 2025). However,
GDE stability in aqueous electrolytes remains a
challenge, with flooding and catalyst deactivation
limiting operational lifetimes (Zhang et al., 2022).
Mass Transfer and Hz Delivery

Mass transfer of gaseous substrates (CO:, Hz) and
products  (H., CHs)  critically  influences
electromicrobial system performance (Cabau-Peinado
et al., 2021; Kracke et al., 2021). For Hz-mediated
systems, gas-liquid transfer limitations and H: escape
losses reduce coulombic efficiency and productivity
(Kracke et al., 2021). Optimized 3D-printed cathode
geometries with high surface areas (up to 382.63 cm?
L™ surface-area-to-reactor-volume ratio) improve in
situ Hz delivery by reducing local current densities,
minimizing bubble formation, and decreasing H-
escape (Kracke et al., 2021). These designs enabled
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volumetric methane productivities of 2.2 L CHs L™
day™' with near-unity coulombic efficiencies (Kracke
et al., 2021).

Continuous sparging of CO: at controlled flow rates
(typically 0.1-1 L min™") maintains dissolved CO:
concentrations and removes gaseous products,
preventing product inhibition (Boto et al., 2023; Zhu
et al., 2022). Stirring or recirculation enhances
convective mass transfer, reducing concentration
gradients and improving current distribution (Boto et
al., 2023). However, excessive agitation can disrupt
biofilms and increase energy consumption, requiring
optimization for each system (Liu et al., 2022).
Biofilm Management and Community Control
Cathodic biofilm composition evolves over time and
can allow re-emergence of undesired methanogens in
acetogenic MES systems, compromising product
selectivity (Mills et al., 2022). A meta-analysis of
acetogenic and methanogenic microbiomes in MES
revealed an 80% shared cathodic core microbiome
across systems, with inoculum pretreatments strongly
affecting community trajectories (Mills et al., 2022).
This finding implies that active community
management—through selective enrichment,
antimicrobial agents, or operational parameter control
(pH, potential, substrate availability)—is required for
stable product selectivity (Abdollahi et al., 2022;
Mills et al., 2022).

Biofilm thickness and architecture influence electron
transfer efficiency and mass transport (Cabau-
Peinado et al., 2021). Thin, conductive biofilms
maximize electron flux per unit electrode area, while
thick biofilms may suffer from diffusion limitations
and dead zones (Cabau-Peinado et al., 2021; Song et
al., 2021). Periodic biofilm harvesting or controlled
detachment can maintain optimal biofilm thickness
and prevent reactor clogging (Liu et al., 2022).
Spatial arrangement of cathodes and reactor
geometry also affect microorganism-electrode
interactions and biofilm development (Chen et al.,
2022; Zegers et al., 2025).

Anode Oxygen Dilemma

The conventional oxygen evolution reaction at the
anode creates an engineering dilemma for
electromicrobial systems because oxygen is toxic to
many cathodic electrotrophs, particularly strict
anaerobes like acetogens and methanogens
(Abdollahi et al., 2022). Oxygen penetration to the
cathode chamber—through membrane crossover,
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leaks, or incomplete separation—poisons anaerobic
metabolism and reduces coulombic efficiency
(Abdollahi et al., 2022; Rohbohm et al., 2024).
Strategies to address the oxygen dilemma include:
physical separation with gas-tight membranes and
purging oxygen-scavenging chemicals or enzymes
alternative anodic oxidations (e.g., organic waste
oxidation, sulfide oxidation), and use of facultative or
acrotolerant microbes (Abdollahi et al., 2022;
Chandrasekhar et al., 2021; Rohbohm et al., 2024).
Alternative anode reactions that avoid oxygen
generation offer potential solutions but introduce
complexity and may reduce overall system efficiency
(Abdollahi et al., 2022). For example, coupling MES
cathodes with microbial fuel cell anodes that oxidize
organic waste can eliminate oxygen production while
treating wastewater, creating integrated
bioelectrochemical systems (Chandrasekhar et al.,
2021; Horvath-Gonczi et al., 2023). However, such
configurations require careful matching of anode and
cathode kinetics and potentials (Abdollahi et al.,
2022).

Continuous Operation and Modular Manufacturing
Continuous-flow  operation  with  steady-state
substrate supply and product removal enables higher
volumetric productivities and easier process control
compared to batch systems (Cabau-Peinado et al.,
2021; Liu et al., 2022). Continuous MES reactors
with chemostat-mode operation have demonstrated
stable acetate production over extended periods
(weeks to months) with consistent coulombic
efficiencies (Rohbohm et al.,, 2024; Song et al.,
2021). Membrane-less configurations that eliminate
ion-exchange membranes reduce cost and complexity
while maintaining product separation through pH
gradients or selective product recovery (Mirea et al.,
2025).

Modular reactor designs—where electrochemical and
biological modules are staged in cascades or
integrated in single vessels—offer flexibility for
different products and operating conditions (Bakonyi
et al,, 2022; Zegers et al., 2025). Staging allows
independent optimization of electrochemical CO:
reduction (high current density, low pH) and
microbial fermentation (moderate current density,
neutral pH, aerobic or anaerobic) (Tan & Nielsen,
2022; Zhang et al., 2022). Modular manufacturing
approaches, including 3D printing and standardized
electrode assemblies, facilitate scale-up and
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customization for specific applications (Kracke et al.,
2021; Park et al., 2025; Zegers et al., 2025).

VI. TOWARD INDUSTRIAL
DECARBONIZATION

Techno-Economic Considerations

Techno-economic analyses of electromicrobial
systems identify electrode cost, system integration
complexity, and low volumetric productivity as
primary barriers to commercial competitiveness
(Abel et al., 2022; Herkendell, 2021; Sheppard et al.,
2022). Electrode materials account for 20-40% of
capital costs in bioelectrochemical systems, with
precious metal catalysts and ion-exchange
membranes contributing significantly (Herkendell,
2021). Replacing noble metals with earth-abundant
catalysts and developing
configurations are critical cost-reduction strategies
(Abdollahi et al., 2022; Mirea et al., 2025; Zhang et
al., 2022).

Volumetric productivity—the rate of product
formation per unit reactor volume—directly impacts

membrane-less

capital costs and footprint (Park et al., 2025; Singh et
al., 2023). Current MES systems achieve acetate
productivities of 5-15 mmol L™ day ™ (0.3-0.9 g L!
day '), substantially lower than conventional
fermentation (>10 g L' day™') (Liu et al., 2022; Song
et al., 2021). Increasing current densities, improving
electron transfer rates, and optimizing reactor
configurations are essential to close this productivity
gap (Liu et al., 2022; Park et al., 2025). Upper limit
efficiency estimates for electromicrobial production
of drop-in jet fuels suggest theoretical feasibility but
highlight the need for substantial performance
improvements (Sheppard et al., 2022).

Energy efficiency—the fraction of electrical energy
converted to chemical energy in products—
determines operating costs and environmental
benefits (Abel et al., 2022; Bakonyi et al., 2022).
Electromicrobial systems typically operate at 20—
60% energy efficiency, with losses from
overpotentials, side reactions, and metabolic
inefficiencies (Bakonyi et al., 2022; Liu et al., 2022).
Minimizing overpotentials through catalyst and
interface  engineering, = maximizing  Faradaic
efficiency, and coupling to low-cost renewable
electricity are key strategies for improving energy
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economics (Liu et al., 2022; Pan, 2025; Zhang et al.,
2022).

Life Cycle Assessment Perspectives

Life cycle assessment evaluates the environmental
impacts of electromicrobial systems across their
entire lifecycle, from material extraction to end-of-
life disposal (Abel et al., 2022; Bakonyi et al., 2022).
A comparative LCA of electromicrobial production
systems found that electricity source dominates
environmental footprint, with renewable electricity
(wind, solar) providing substantial greenhouse gas
reductions compared to grid electricity (Abel et al.,
2022). However, electrode material production,
particularly for metal catalysts and carbon
nanostructures, contributes significantly to embodied
energy and emissions (Abel et al., 2022; Singh et al.,
2023).

Product recovery and purification—often energy-
intensive processes involving distillation, extraction,
or chromatography—can offset environmental
benefits if not optimized (Bakonyi et al., 2022; Singh
et al., 2023). Integrated product separation strategies,
such as in situ extraction with biocompatible solvents
or membrane-based recovery, reduce downstream
processing burdens (Chandrasekhar et al.,, 2021;
Singh et al., 2023). Circular economy approaches that
recycle electrode materials and utilize waste CO: and
electricity ~ further — improve @ LCA  metrics
(Chandrasekhar et al., 2021; Langsdorf et al., 2021).
Circular Carbon Strategies

Electromicrobial biorefineries enable circular carbon
strategies by converting CO: from industrial point
sources (cement, steel, chemical plants) or direct air
capture into chemicals and fuels that can be used,
combusted, and recaptured (Abel et al., 2022;
Chandrasekhar et al., 2021; M. & A., 2024). This
carbon cycling reduces net CO- emissions compared
to fossil-based production, with the degree of benefit
depending on electricity source, process efficiency,
and product end-use (Abel et al., 2022). For example,
electromicrobial production of sustainable aviation
fuels from CO: and renewable electricity could
reduce aviation emissions by 70-90% compared to
conventional jet fuel (Sheppard et al., 2022).
Integration with renewable energy systems—
particularly intermittent sources like wind and
solar—positions electromicrobial systems as flexible
chemical storage for excess electricity (Abel et al.,
2022; Bakonyi et al., 2022; Rohbohm et al., 2024).
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Modular, distributed electromicrobial plants co-

located with renewable generation or CO: sources

minimize transmission losses and enable rapid
response to electricity price signals (Bakonyi et al.,

2022; Zegers et al.,, 2025). However, intermittent

operation introduces challenges for maintaining

stable microbial communities and may reduce overall
productivity (Abdollahi et al., 2022; Mills et al,

2022; Rohbohm et al., 2024).

Key Limitations and Open Challenges

Despite significant progress, several fundamental

limitations constrain the industrial deployment of

electromicrobial systems:

1. Electron transfer bottlenecks: Low inward EET
rates (typically <1 mA cm™ per unit biofilm
area) limit current densities and favor large
electrode areas per reactor volume, increasing
capital costs (Guo et al., 2024; Zhang et al.,
2023).

2. Mass transfer constraints: Gas-liquid transfer of
CO: and H:, and transport of soluble
intermediates, limit volumetric rates unless
advanced reactor designs (GDEs, flow cells, 3D
electrodes) are employed (Cui et al, 2025;
Kracke et al., 2021; Pang & Zhu, 2025).

3. Oxygen and anode chemistry: OER at
conventional anodes conflicts with anaerobic
cathodic microbes, requiring complex separation
or alternative anode reactions (Abdollahi et al.,
2022; Rohbohm et al., 2024).

4. Community stability and product specificity:
Biofilm  diversification and  methanogen
resurgence require ongoing control strategies to
preserve acetogenic or other productive
operation (Chandrasekhar et al., 2021; Mills et
al., 2022).

5. Materials and  cost: High-performance
nanostructured catalysts improve selectivity but
increase material and fabrication costs, affecting
scale-up feasibility (Gupta et al., 2024;
Herkendell, 2021; Mirea et al., 2025).

6. Insufficient TEA/LCA validation:
Comprehensive, traceable techno-economic and
life cycle analyses tied to experimental metrics
are lacking, limiting quantitative assessment of
decarbonization potential (Abel et al., 2022;
Bakonyi et al., 2022; Sheppard et al., 2022).

INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY 4273


https://jenni.ai/citation?d=z%3AjVY9bxw3EBUMF0HSpE5FpJKD%2Bz6dZLmT7QCGHdtBHMelwSVnd6njkgt%2BnLRKYzhA%2FkB%2BgUvXqlzfP0mVn5FH3io6QToggHDaW3E48968N6OPX%2FbuldapSpl78sy65Ze9b2pe%2BOC4CN39b18q4WyhuGakSQRnfWdCTV55Jkhrz%2FZf%2FvjmAeOOmKSVEuTZmQo1vjTWpFsCSSZ4ywulVehYsCw44oE9eT0bCmsCV0aZilXck42eIYR44xk3knFtTeWVpAGryFC6C0ldCmErriMvNF7U1CiB%2BlpnZRTBD1jLXVAiau50xxoKNTeUEgxQiCvseaeVYFwoiTdcC1tbjScKYsROdKhtrGoGjICUYDXcdEjnFAUFdLZkQLwBiUPKMXtmmDJSrZSMqEPUPHFHTnlUkVNo5jsfCLBqvsKtTNuAECZsA5YGAJ0qBguls01%2FqwTHlck82DZhV9bg9hLcRYc6EpE1sWgkAWYKBg2pVVbbakNITcY2ZPiIveurZT62rXUhoUA70rW4jLWxACU5xYZ5Rzo3zsQGONJlkgc%2BwBXoe8tRD46sFJ31jUJlnU9FIUVjPcA1KQ034brgnjjUjY6aoMqu76pmgYDCiERvuq5N%2FOWsjhJF%2BGtfGxJfCWaD%2F5qo%2FV6f%2BDpA05vCoev%2BweCaPbYPiDUOsNYiY4CoB0mGKJEkrgQ8avJh1AsVPYOsUQ0YRVwCGDwj46NL6bnBM4QlwBJiYCHoRBAUBAyo20cd0FhaZYBL6obK%2B5gAJr6dhVgQCRD76gG6ImAcX0YNwYI6TcAcMl2eQmwRBVvBbul3jkGQjUErCDtxjgp8C%2FhqtSE6vQskapPEkEx3xp3ctKeMLmk71dDYTEsCCe%2BStm1Om%2BPR5%2BRQRyVyuC4dTyWONM%2BlknwKgVSzyexwODmCh0xwqojBOv8nJoo0vKE0WUreKN1Vj%2FnSmk5RhQJN%2BfP6M6QnndW0d%2FswvbDry%2BXmaP3T%2BpO%2F0OvLXYfNL%2BvLC0%2BmAAEXy6sEv%2FIGcbti9AuuebwYvlEwX5%2FnN3LWqCXfFWMfrz9rXqq%2FP%2FwFLOvLTVj1IgkD3t8RtXyFRvqwvgx110e8Wn8y0vbg0wj6sndfSKvOv5tORtPJ9HB8OjoVNo5A7QwvZvODh1L5wnzApzcf1Ww2nQ2PH84mV0%2Fz4xoShwPpfPnuYD6dL%2BaLxcH8NOstt%2Bk03TXE4cliCWXa6AS9dfr8qA6hfTQeY%2BLqURP4clTH8fToYH54NJ6OW46dkI3z%2FvmT12%2Ffb2oZtbKsfCxC1wLoHmZiQOLfb2gl1C7P0H4g3bU78tZ4xE4wAuF7T%2F04YZDjxs9bvh3ctGCeEFt6L4NtMWc%2FyFTSVyIC2A8JmAcyEDuyrhrv5vb2%2Bvv6v%2FV3%2Fs87YhgJ2kL%2FdeeRZVhgT%2BWZANIE5I5xJ2HMzUiQGKolVlInsJg4XOJ9dhQsS3lhYYGBHNqaQFfUXHPV77HkzKutgVUBw%2BBhY20MvatDK%2BxUrC7QDptj56KGwXYRlbYF7oT9m1Ti1uDL1aaP6OlOVx%2FecPUft9UtTwoUn2V9eoLGwuHs%2BWinrU8k9vrmuH6O5dp07CnHGNwZ8AQLvJ8Dp08hKI3h96a%2Ff8s5Ljd3fjyWM6LJZHF4XN0wzPRocTDE21n%2FdDQ53DbM7OFiegzRH9wyzGSKn9taf5ZE2%2BB%2FDIgTy3y743kNQt1o0%2F9o6x3C%2Ff5O4d7A9i8%3D
https://jenni.ai/citation?d=z%3AjVJLbhsxDDWCLoqegujan5mpP3V3Rr0osu0ia41Ez9CWxAGlcTy7tD2Vb9RjlK6NoEUQIIAgENTj0%2BMjf5xHdzsWaijeuUeWw3n0oTV1ymJsPv1%2BQMDQeR6ga4dENk1qk9BBTSyoCBYI7NB7ig2Y6MDTDsEO1iOYlDClgDFDZsCj8b3JCLkVROg46wMZD%2BjRZuFAVri%2BJDph19tMHCENKWNIQBEyiga803okeQYdKQ9jwIjSDOAwqIbxvyIaz7VyPhoJF4nP346vai9Xn3DqjbUqFt1WJTZVUS0nxdJbjlmo7rXN9EuNctEEvBi2M4H84Da1im%2FoiHG%2FibnlOMD91Al7HL1E48aZkK5wf4%2BCYYCtOZJ7teCrN3K48W%2B5b7xJ8P3Gb8ml8%2BiddUxSFtOy%2BLSeuQqxKBbLdeMo1fFJ7xR%2FUrlazCearW7Rqli23GE0Hk%2BHh3n1eVGuy9V8vld4f3Vgrw5Uk6LU06S%2BzkOnukaYKWvNtw1YDp0Ro%2FbjfxNXTt2Sv2N6w1h3mTtdqSd34X9ve%2FGnj23OXfoym2lfU5Zm9rK3Pw%3D%3D
https://jenni.ai/citation?d=z%3AjVJLbhsxDDWCLoqegujan5mpP3V3Rr0osu0ia41Ez9CWxAGlcTy7tD2Vb9RjlK6NoEUQIIAgENTj0%2BMjf5xHdzsWaijeuUeWw3n0oTV1ymJsPv1%2BQMDQeR6ga4dENk1qk9BBTSyoCBYI7NB7ig2Y6MDTDsEO1iOYlDClgDFDZsCj8b3JCLkVROg46wMZD%2BjRZuFAVri%2BJDph19tMHCENKWNIQBEyiga803okeQYdKQ9jwIjSDOAwqIbxvyIaz7VyPhoJF4nP346vai9Xn3DqjbUqFt1WJTZVUS0nxdJbjlmo7rXN9EuNctEEvBi2M4H84Da1im%2FoiHG%2FibnlOMD91Al7HL1E48aZkK5wf4%2BCYYCtOZJ7teCrN3K48W%2B5b7xJ8P3Gb8ml8%2BiddUxSFtOy%2BLSeuQqxKBbLdeMo1fFJ7xR%2FUrlazCearW7Rqli23GE0Hk%2BHh3n1eVGuy9V8vld4f3Vgrw5Uk6LU06S%2BzkOnukaYKWvNtw1YDp0Ro%2FbjfxNXTt2Sv2N6w1h3mTtdqSd34X9ve%2FGnj23OXfoym2lfU5Zm9rK3Pw%3D%3D
https://jenni.ai/citation?d=z%3AjVJLbhsxDDWCLoqegujan5mpP3V3Rr0osu0ia41Ez9CWxAGlcTy7tD2Vb9RjlK6NoEUQIIAgENTj0%2BMjf5xHdzsWaijeuUeWw3n0oTV1ymJsPv1%2BQMDQeR6ga4dENk1qk9BBTSyoCBYI7NB7ig2Y6MDTDsEO1iOYlDClgDFDZsCj8b3JCLkVROg46wMZD%2BjRZuFAVri%2BJDph19tMHCENKWNIQBEyiga803okeQYdKQ9jwIjSDOAwqIbxvyIaz7VyPhoJF4nP346vai9Xn3DqjbUqFt1WJTZVUS0nxdJbjlmo7rXN9EuNctEEvBi2M4H84Da1im%2FoiHG%2FibnlOMD91Al7HL1E48aZkK5wf4%2BCYYCtOZJ7teCrN3K48W%2B5b7xJ8P3Gb8ml8%2BiddUxSFtOy%2BLSeuQqxKBbLdeMo1fFJ7xR%2FUrlazCearW7Rqli23GE0Hk%2BHh3n1eVGuy9V8vld4f3Vgrw5Uk6LU06S%2BzkOnukaYKWvNtw1YDp0Ro%2FbjfxNXTt2Sv2N6w1h3mTtdqSd34X9ve%2FGnj23OXfoym2lfU5Zm9rK3Pw%3D%3D
https://jenni.ai/citation?d=z%3AfVVNb9w2EDWCopf%2BgfbGSwsUsLQfidO0tzh24AQJWsAxfKbI0Yo2RaoktVr15KK%2Fyv%2Bub6jd9dqBc7F3tfPx5r2Zp3%2Fvj17UPpiVcS%2F04MPt%2FdEPjaxiClKl8fvh7faj%2BGxU8BVFMTRGNaKTIRllOplIGCdow1FkbW9lEGRJpeCd6Lskb0n4IC7EUviN0TIZPG%2FkmoTcpvmgjZNhFLIy1qRRJC9a6foabfvA2SvpjBLKt53vnY6ij8attl0AAikyitSQ6IJpuVL0fVDIrEVLSVbeIp0chdVYiktfKGkt6R3MNk9mpEW6173KCJXvrRZVrjHNmidbS9vngbkb1TW6k0uHiYhvRh28kqHC18oSIwbFQJ0z5dpkEkpxSkryQ6TQBsPyUDFJp2XYptQ92S1wocnFPKrTubvyMUXOdTTsi6JBHSQkAxpwdyys%2Bbs3%2BhEkLgoZjbU8nyNFMTJp3JAL4z9FIgnoiJ3KdIGU7aHTSmiDz2nHPhjYTvPXcxw81Qvkj0XnBwrQYCIfa0VtZ%2F3IcbVMPKYC7Dg6IIomFpWMiH7Ms7S30iF1rxVv1F6TliRaY5emJBIA1BUQIFBnsastB91Q2vIxYQwge8iT79blAjCPxQC%2BpeUdwL4zSX3XUQC7rdlTgYAi%2BWIrl%2FJuTSEy1B0mNXEsRes1dN31nnaEE5I0jlG8OfkZixCkWTWpUA2e7mdl9Rf4OVHoyHmjYymuG8KpZfwM7Z20a2SoUbGAaDjJUNRmk6U6npb3WzANn%2Fm%2B6LePmzvsn2Eug3rTlh6U4PMv9vdfii8H54N%2BfGSPpGWET%2FmButAYrPAmQNeD8hz%2B3ofWW6wJI2qhUyFjhD6QjIvCqZpBTsAeozmeTgoFTWpyqWvvdfHppncrLRvYwpQ6oT7AeTDAFlzdB%2BSHHcgKTjTIrttBHMBhcev84MTbsz%2F3kPJSZH1Z1hZmmMtnOLujxM1hXy1swETlQTHKf3538YDtQyYN08cxJmohIGKmPxHLag0ScsVD28wPsI9yA9%2Fks3w4nwgvxnLASln0rvHJr73FhqpjQWswz6gswWsObm7Il0gbRSwRAnLlvn2iNVqJiQaWKptYbrA%2F9xIHyrZE%2BgxCrpbz5eti%2FpvlEwmm6pMP8T%2B8uLSTLfELrJbQeWwuG%2Bpg1ppWWEJ388W0PjWj%2BFji9C0dfZ1RX3akGnTg%2BOYMLqrF22ejV6cyxATjyuHqtP9nioRTxfuj75T2ZvPTYl4uFvPFDJiXJX9ZlieLxe8nSwhXuTv8je6u8TheaWlze%2F3q5fz18mT%2B8s3yBj%2F108Q3nF0s5sXi1S3MOL%2FNroLdXDYpdfGP2WwYhrIyPmzMusT7ccbMQIDZ9tmMZLBjxjBbzGeLV1%2FDKeve2rLT9Sr2VRo7zHlEySSAurrK5vYpm9v5g3LnMWFNElyIt%2FL86dvz8QvgjN32gxMfccXv2WHr5Duj4p3mZj%2F%2BonrM8%2BtuHlCX53iWvf8B
https://jenni.ai/citation?d=z%3AjVZtj9tEED5VVELwJ1b9UIF0duwkl9zRUlRooaCWCigqRXxZezf23K133d11XvqpFPENflB%2FD3%2BEZ9dOL21yaqW7XOydnXnmmWdm7tXro2sLY6kifU2sjL14ffRJzQvnLS%2F9%2Br%2FHnWVWLkmuWE1VrfDrHQunXlYkHcNdJjVuS2lJV0wqWXprNIOJdgtpWSH9SkrN7t995BjXYmsicDs8CnJl5xyefC1ZWXOl4HA4bK1xLcwdM4tw7uRucNJswUtS5Lm%2FDE4lV8AkbbVhVfiLQwAK7spaNuEYKWx0cEcuVbwsJeKLe8HtOBvPkmyuSqPhqei8se5vcCQ0b2TgasEbUhv5e80BsqIlAvzQ6eckrFHyaN%2ByeEi9mfgWaV1lVT6krjer7yGTTQe07zVd%2FETnML7KUPxithDLB9z0ZiUJ9%2FroeikM2TxL82xyNhKT0mXZyWReoBaFfolPp19RNslARZaPKZ%2FOsmQ6n05r00rNlVxfPJ1OznA2m5xNRNuQqCeneT7PT%2FNzXO56Ms9B5iTJx8k4q1xX%2BE0LdEfSk4eHf%2B%2FvqmYd9CaV6hSHnvY01HJfr%2FgmqmA4hTyRGUM5rTG24ppc41ixGSrrqWQFGWUggl6jUQ9viwDqEh38GL3wpqXSvRQB5MdlZ9X6Ru19674YjUBVigijfbr2e%2BfTN72zuf7PTeVvtTcrf%2BtrMgPqbWygdF4CcG1UVHlDkHYAGprAdc5z0rxQcuDA2KZXMQgouS3wTZBZk5Dss28eh0AgOIQah%2B%2Bj4eFz1rlArzY6aWvjzQ43gAjuecruSdeSRyAEBpDKohlYw%2BEZ7SXkUipQc9nZ27aNxBeEVFrFfQDojpmjStMCCWq%2F28mttOg0Hxya1lNDLw6PCg6XCB6QoHYJx0fAShpQ0egyZd%2FDuiY3zKRjtpKAqKAD2Bi8LSUic7HkGj0d5wM0lvhOh4DbnJM3qVy6RlQDkaCryxj83XpdTTLDqFiGBIcZAz8YeXDLOi3w3seXSGk%2F30aCpEG4w5S8Ok6yoHXIoid%2BqMJlUVL2o%2FFRMbysCWVrQEUoSVfWjGPg4a6SCfemgYI8VxAguAsVO2bQhMR4MJXpHJqxDRoY1PbIW2TYtGhZCXex9J1CEY0ALcAfxA5WXwxTtoWGgCDaWlRnmO4iZQ%2FMCrDs8QEixAajC%2F0XO6DhenOoVi2nMCxC8Rt0B2rX4%2FJSbbZcGyOOGTWtFIGqwHo%2F%2FQG1zzWkhPIO7Zeyh8ZcBFMEXnGLyzwMEMwK6BXS26aDYEujlsEy7MEEBBnVxYz3KPCoqqbnXaAgIOzCdooQwJlU8NHT6LmtAB5F3JmEAZ7x9U57vVXm6NDoUFqGNgh7S3tYpexurHpMBc7ACEQP3wf7CNrxkZwGK6GMM1eFRo%2FTqO%2B%2F7UiKXYXUY670Io4JvD7QIW%2FGQMqeEjJYdBa2dtvxkQPIEaa9SpHW7pz7sAZrOKQhQQKARJrhDrlGjmAGzP2LJQWnaXQTR%2FChLT97a8v%2FdWDVfteZYcc%2F6yDLq3f8sjernmHlPqerd%2FcTrgfLJ8T1Sg7%2FNvRb%2BaOwldc3sGdOzub5fHSeouF10q%2BuFJinWEBZNjnZWdN%2F0iTDmp7mp7%2FtLudplk9PTifT2TvreJpkOX4ugn47W8pfseh%2B3i661WqVomQJgpplrFfcewLTYsQtFKTkCMPBWJ%2B0YvEViS9ns%2BJkms3G%2BfxsMuez2aLgJ8XpyWJ%2F3f%2Fx5ANnMJrXGgz0gzP4NvzeGd8OyrizI4sD23t8YHu%2Fh9X%2FAQ%3D%3D
https://jenni.ai/citation?d=z%3AjVZtj9tEED5VVELwJ1b9UIF0duwkl9zRUlRooaCWCigqRXxZezf23K133d11XvqpFPENflB%2FD3%2BEZ9dOL21yaqW7XOydnXnmmWdm7tXro2sLY6kifU2sjL14ffRJzQvnLS%2F9%2Br%2FHnWVWLkmuWE1VrfDrHQunXlYkHcNdJjVuS2lJV0wqWXprNIOJdgtpWSH9SkrN7t995BjXYmsicDs8CnJl5xyefC1ZWXOl4HA4bK1xLcwdM4tw7uRucNJswUtS5Lm%2FDE4lV8AkbbVhVfiLQwAK7spaNuEYKWx0cEcuVbwsJeKLe8HtOBvPkmyuSqPhqei8se5vcCQ0b2TgasEbUhv5e80BsqIlAvzQ6eckrFHyaN%2ByeEi9mfgWaV1lVT6krjer7yGTTQe07zVd%2FETnML7KUPxithDLB9z0ZiUJ9%2FroeikM2TxL82xyNhKT0mXZyWReoBaFfolPp19RNslARZaPKZ%2FOsmQ6n05r00rNlVxfPJ1OznA2m5xNRNuQqCeneT7PT%2FNzXO56Ms9B5iTJx8k4q1xX%2BE0LdEfSk4eHf%2B%2FvqmYd9CaV6hSHnvY01HJfr%2FgmqmA4hTyRGUM5rTG24ppc41ixGSrrqWQFGWUggl6jUQ9viwDqEh38GL3wpqXSvRQB5MdlZ9X6Ru19674YjUBVigijfbr2e%2BfTN72zuf7PTeVvtTcrf%2BtrMgPqbWygdF4CcG1UVHlDkHYAGprAdc5z0rxQcuDA2KZXMQgouS3wTZBZk5Dss28eh0AgOIQah%2B%2Bj4eFz1rlArzY6aWvjzQ43gAjuecruSdeSRyAEBpDKohlYw%2BEZ7SXkUipQc9nZ27aNxBeEVFrFfQDojpmjStMCCWq%2F28mttOg0Hxya1lNDLw6PCg6XCB6QoHYJx0fAShpQ0egyZd%2FDuiY3zKRjtpKAqKAD2Bi8LSUic7HkGj0d5wM0lvhOh4DbnJM3qVy6RlQDkaCryxj83XpdTTLDqFiGBIcZAz8YeXDLOi3w3seXSGk%2F30aCpEG4w5S8Ok6yoHXIoid%2BqMJlUVL2o%2FFRMbysCWVrQEUoSVfWjGPg4a6SCfemgYI8VxAguAsVO2bQhMR4MJXpHJqxDRoY1PbIW2TYtGhZCXex9J1CEY0ALcAfxA5WXwxTtoWGgCDaWlRnmO4iZQ%2FMCrDs8QEixAajC%2F0XO6DhenOoVi2nMCxC8Rt0B2rX4%2FJSbbZcGyOOGTWtFIGqwHo%2F%2FQG1zzWkhPIO7Zeyh8ZcBFMEXnGLyzwMEMwK6BXS26aDYEujlsEy7MEEBBnVxYz3KPCoqqbnXaAgIOzCdooQwJlU8NHT6LmtAB5F3JmEAZ7x9U57vVXm6NDoUFqGNgh7S3tYpexurHpMBc7ACEQP3wf7CNrxkZwGK6GMM1eFRo%2FTqO%2B%2F7UiKXYXUY670Io4JvD7QIW%2FGQMqeEjJYdBa2dtvxkQPIEaa9SpHW7pz7sAZrOKQhQQKARJrhDrlGjmAGzP2LJQWnaXQTR%2FChLT97a8v%2FdWDVfteZYcc%2F6yDLq3f8sjernmHlPqerd%2FcTrgfLJ8T1Sg7%2FNvRb%2BaOwldc3sGdOzub5fHSeouF10q%2BuFJinWEBZNjnZWdN%2F0iTDmp7mp7%2FtLudplk9PTifT2TvreJpkOX4ugn47W8pfseh%2B3i661WqVomQJgpplrFfcewLTYsQtFKTkCMPBWJ%2B0YvEViS9ns%2BJkms3G%2BfxsMuez2aLgJ8XpyWJ%2F3f%2Fx5ANnMJrXGgz0gzP4NvzeGd8OyrizI4sD23t8YHu%2Fh9X%2FAQ%3D%3D

© July 2026 | IJIRT | Volume 13 Issue 2 | ISSN: 2349-6002

VII. FUTURE PERSPECTIVES AND RESEARCH
DIRECTIONS

Interface Engineering Advances

Overcoming electron transfer bottlenecks requires

integrated advances in protein engineering, mediator

design, and electrode functionalization (Guo et al.,

2024; Zhang et al., 2023). Priority research directions

include:

e Protein engineering of EET conduits: Directed
evolution and rational design of multiheme
cytochromes, hydrogenases, and formate
dehydrogenases to increase electron uptake rates
and lower overpotentials (Lai et al., 2023; Rowe
et al., 2021; Zhang et al., 2023).

e Immobilized redox polymers: Development of
conductive polymer coatings with covalently
attached mediators that localize electron carriers
at the interface, reducing diffusional losses
(Agee et al., 2023; Xu et al., 2021).

e Synthetic biology of electron uptake:
Engineering synthetic electron uptake pathways
that bypass native EET limitations, such as direct
coupling of electrode electrons to central
metabolism via engineered quinone pools or
flavoproteins (Lai et al., 2023; Mustafa et al.,
2025; Zhang et al., 2023).

C2 Relay Optimization

C2 intermediate relay strategies have demonstrated

superior performance but require further optimization

of both electrochemical and biological modules

(Mustafa et al., 2025; Tan & Nielsen, 2022; Zhang et

al., 2022):

e Electrocatalyst development: Design of copper-
based catalysts with enhanced C2 selectivity
(>50% Faradaic efficiency) and stability in
biocompatible electrolytes through alloying,
surface structuring, and electrolyte engineering
(Pan, 2025; Tan & Nielsen, 2022; Zhang et al.,
2022).

e Integrated reactor configurations: Development
of single-pot or closely coupled electrochemical-
biological reactors that minimize intermediate
losses and enable continuous transfer of C2
products to fermentation (Cui et al., 2025;
Zegers et al., 2025; Zhang et al., 2022).

e  Metabolic pathway engineering: Optimization of
acetate and ethanol assimilation pathways in
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production strains to maximize carbon flux
toward target products while minimizing
byproduct formation (Boto et al., 2023; Lai et al.,
2023; Mustafa et al., 2025).

Materials-Reactor Co-Design

Synergistic optimization of electrode materials and

reactor  configurations  promises  substantial

performance gains (Gupta et al., 2024; Kracke et al.,

2021; Liu et al., 2022; Zegers et al., 2025):

e Low-cost, high-surface-area carbon assemblies:
Scalable fabrication of 3D carbon structures via
additive manufacturing, templating, or biomass
pyrolysis with integrated catalyst deposition
(Herkendell, 2021; Kracke et al., 2021;
Langsdorf et al., 2021).

e MOF/composite hybrids: Development of
conductive MOF-carbon composites with proven
long-term stability in aqueous electrolytes and
demonstrated biocompatibility (Gupta et al.,
2024; Mirea et al., 2025).

e Modular electrode assemblies: Standardized,
replaceable electrode modules that enable rapid
prototyping, easy maintenance, and incremental
scale-up (Herkendell, 2021; Park et al., 2025;
Zegers et al., 2025).

Operational Strategies

Advanced operational strategies can improve

productivity, stability, and economics (Abdollahi et

al., 2022; Liu et al., 2022; Mills et al., 2022,

Rohbohm et al., 2024):

e Alternative anodic oxidations: Implementation of
waste oxidation (organics, sulfide, ammonia) at
the anode to eliminate oxygen production and
create integrated waste treatment-chemical
production systems (Abdollahi et al., 2022;
Chandrasekhar et al., 2021; Horvath-Gonczi et
al., 2023).

e Biofilm control loops: Real-time monitoring of
biofilm composition via metagenomics or
electrochemical  signatures, coupled with
automated control of operational parameters to
maintain desired community structure (Cabau-
Peinado et al., 2021; Mills et al., 2022; Song et
al., 2021).

e Intermittent operation protocols: Development of
start-up, shutdown, and cycling protocols that
maintain microbial viability and productivity
under intermittent renewable electricity supply
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(Liu et al., 2022; Rohbohm et al., 2024; Song et
al., 2021).

TEA/LCA Validation

Rigorous techno-economic and life cycle analyses

tied to experimental performance metrics are

essential for guiding research priorities and assessing
commercial viability (Abel et al., 2022; Bakonyi et

al., 2022; Sheppard et al., 2022):

e Transparent TEA models: Development of open-
source TEA models with clearly defined
assumptions, sensitivity analyses, and validation
against pilot-scale data (Abel et al., 2022; Park et
al., 2025; Sheppard et al., 2022).

o Experimental LCA data: Collection of primary
data on  material  production, energy
consumption, and emissions for electrode
fabrication, reactor operation, and product
recovery (Abel et al., 2022; Bakonyi et al., 2022;
Singh et al., 2023).

e System-level optimization: Integration of TEA
and LCA with process modeling to identify
optimal operating conditions, material choices,
and system configurations that minimize cost
and environmental impact (Bakonyi et al., 2022;
Liu et al., 2022; Park et al., 2025).

VIII. CONCLUSION

Semi-synthetic electromicrobial systems represent a
paradigm shift in CO. valorization and sustainable
chemical manufacturing, coupling the speed and
selectivity of electrochemistry with the metabolic
versatility of engineered microorganisms. Recent
advances demonstrate that C2 intermediate relay
strategies, optimized bio-abiotic interfaces, advanced
conductive scaffolds, and flow reactor designs can
achieve industrially relevant current densities and
productivities (Kracke et al., 2021; Song et al., 2021;
Zhang et al., 2022). However, significant challenges
remain in electron transfer kinetics, mass transport,
biofilm stability, and techno-economic validation
(Abdollahi et al., 2022; Abel et al., 2022; Guo et al.,
2024; Mills et al., 2022; Rowe et al., 2021).

The path toward industrial electromicrobial
biorefineries requires integrated advances across
multiple disciplines: electrochemistry, microbiology,
synthetic biology, materials science, and chemical
engineering. Priority research directions include
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protein engineering of electron transfer pathways,
development of low-cost high-performance electrode
materials, reactor designs that eliminate oxygen
toxicity, and operational strategies for stable
continuous production (Abdollahi et al., 2022;
Herkendell, 2021; Lai et al., 2023; Rohbohm et al.,
2024; Zhang et al., 2023). Equally important is
rigorous techno-economic and life cycle assessment
to quantify the decarbonization potential and guide
technology development toward commercially viable
systems (Abel et al., 2022; Bakonyi et al., 2022;
Sheppard et al., 2022).

As renewable electricity costs continue to decline and
carbon pricing mechanisms mature, electromicrobial
systems are poised to play a critical role in the
transition to circular carbon economies. By
electrifying biosynthesis and transcending the
limitations of natural photosynthesis, these hybrid
platforms offer a modular, scalable pathway to
produce fuels, chemicals, and materials from CO: and
renewable energy—transforming waste carbon into
valuable products while mitigating climate change.
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