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Abstract

Duakunction electracatalytic andmacrgorous hollowfiber cathodehas recently been
proposed as a promising advanced matéoiamaximizng the conversion of waste streams
such as wastewater and waste GO valuable resource.gQ., clean freshwater, energy,
valueadded chemicalgh microbial electrochemical systemghe firstpart of ths progress
reportreviews recent developments in this type of cathode architeftiutbe simultaneous
recovery of clean frestater and energy from wastewat@ritical insightsare providedon
suitable materials for fabricatirtpese cathodesiswell asaddressingome challenges ¢
fabrication process with proposed strategige overcome them The second and
complementary part of the progress report highligioie theunique aturesof this cathode
architecture can solve one of the imsic bottlenecks (gaquid mass transfelimitation) in
the application of microbial electrochemical systems for, @&luction to valueadded
producs. Strategies to further improve the availability of £ microbial catalyst®n the
cathode ar@roposedThe importance of understanding micretshodenteractions, as well
as electron transfer mechansmat the cathodeell and celicell interfaceto better design
duakunction macroporous hollofiber cathodesare critically discussedwith insights on
how the choice of material is important in facilitating direct electron transfer versus mediated

electron transfer.

1. Introduction
The grand challengesfacing society in the current centuare water energy and food
security, and climate changé/ater, energy and food are interlinked in what is referred to as

the waterenergyfood nexus! Thesechallenges arexacerbatediue to the rapidly growing
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human populationleading to inceased resource (water, enerdggod and chemicals
consumption with concomitamroductionof large volumes ob used r esour ces 0,
recognizedaswaste.Thes e O used potestidyurepoesest@n ecomamic dalue if
theyarerecoveredThere isanemergingnterest worldwide foresourceecovery from waste
streams driven bgnvironmental and economic benefitsid the need for a more sustainable
society In this regard, @astewater(i.e., used water)s no longer vieweds just awaste
materialto treatwith negative energy expendituteut ratheras a valuable resouroé water,
energy, nutrientg¢nitrogen and phosphorous) antterials (e.g.bioplastics, cellulosé i ber s,
al gi, n ameét? &ransforming wastewater treatment plants into resource factiies
currently a keydriver forresearch ahdevelopment of nexgenerationwastewater treatment
technologies. Microbial technologieshold great promise for resource recovery from
wastewatel?! As such microbial electrocheical systembasedon microbial fuel cell (MFC)

and microbial electrolysis cell (MECJigure 1), offer an opportunity tdiologically treat
wastewaterwith the concomitantrecovery of energy % In MFCs or MECs, certain
microorganism&known as electricigens transfer the electrons generated during the oxidation
of organics in wastewater to the ano#e® The electrons and proterthat are generated
during oxidation at the anode are utilized at the cathode for production of electricity (in MFC
via oxygen reduction reaction; ORR) o h MEC via hydrogen evolution reaction; HER)
(Figure ).

In a similarcontext,wastecarbon diaide (CO;) can be regarded as a resource to produce
valueadded productsAnthropogenic and industrial activities have led to a rapid rise in the
atmospheric C@®concentrations (> 400 ppms ofearly 2017) leadingo increased global
warming® The European UnionEU) emissions of C@i equivalents account for about 13%
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of the global greenhouse gas (GHG) emitted annually. Moreover, in 2014, the atmospheric
level of CQ reached concentrations of 3800 ppm, an increase of about 14% with respect
to the last two decadé&$.Earlier efforts to counter this solely focused on the capture and
storage of CQ commonly referred to as Carbon Capture and Storage (CCS). However, CCS
simply stores CQ, mostly undergroundand does not recognize it as a valualdarse of
carbonthatcan be utilized in the productiai easily storable chemical§he later approach,
known as Carbon Capture and Utilization (CCU), is currently being investigated globally.
CCU is mainly suitable for C&taken from point sourcesuch as industrial flue gasemd
converting it into commercially valuable products through different approaches such as
catalytic conversion, carbonaticand bioconversions using algae or bacteria. Biologicat CO
mitigation, which includs CO; fixation by cyanobacteria, green algamd some autotrophic
bacteriais a wellestablished practice and is considered more efficient inf@&tion than
higher plans due to their fast growtlil However, the practical application is still limited by
photobioreactodesignand upscalig issues. Gas fermentations have also been explored by
using of specific chemotrophic bacteria, suchCapriavidus necatofRalstonia eutrophg

for converting CQinto biopolymers such as polyhydroxybutyrate (PI¥BMore recently,
erzymeelectrode based systems have also beentoseohvertCO; into chemicals such as
formic acid and alcohols in a process defined as enzymatic electrosyfthesisew
approach that has emerged in recent years is that of microbial electrosynthesigRNJ&S)

1), which relies on chemolithoautotrophic bacteria that have the ability to uptake electrons
from the cathode of an electrochemical d¢elicatalyzethe reduction of C®into fuels or
valueadded chemicals at low potentiétfs 12 Since MES use electricity as the energy source,

it can be coupled to renewabémergy sourcegeg. wind and solar), allowing foa fast
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switch on/off or adjustments in capacitifiqure 2). The concept of MES thus directly
addresses the cirlan economy challenge, taking advantage of the excess electricity from
renewable sources to maintain electrigitjven bioproduction Bioelectrochemistry of
which MES is a part, is a burgeoning area with an active scientific commaxptgring a
multitude of research avenué3

Cathode are integral parts of any microbial electrochemical systeamsequently
improvemend in the cathodematerial andarchitecture catead to significant enhancements i
the performance of these syster@sveral cathode materials (carHmased, metdbased and
composite materials made of carbon and metal)camdiguratiors (planar material such as
plate, rod, paper, clothnd meshthreedimensional porous materials suchfeaam and felf
have been employed in microbial electrochemical systems that witnessed improved
performances in terms of HER and biofuel/chemical productiblese are discussed in detail
in many existing reviewand so they will not béhe focus of this progress rep8ft 3 In this
progress reportve will only focuson therecentdevelopmert of the threedimensional (3D)
electricaly conductive, catalytic anthacrgoroushollow-fiber cathode herein referred to as
CCPHF cathodeas a promising advanced matefi@ engineeringnicrobial electrochemical
systemsto maximize their potentiain addressingwater and energy sustainabilignd
mitigating climate changeTheunique aspect of these cathodes is, ihaddition to their role
ascathods for HER, they can also function as a porous membrane for filtration of treated
water and direct C&delivery to microbial catalysts in ME&nportantly, the two functions
can occur simultaneously without interfering with each other. Atke, hollow fiber
architecture of the CCPHF cathode wiilgh surfaceareato-volume ratiois desirable for
reducing the footprints required for scale of tre technology.
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The progress repofiegirs with a description of the superior performance of microbial

electrochemical systems witlual function macneorous hollow-fiber cathode architecture

over macrgorous flat cathodesfor wate and energy recovery from wastewatdihe
importance of porous hollow fiber cathode architecture in overcoming some bottlenecks in the
application of MES for C@reductionis also discussedruture research aspecttsovercome
technological bottlenecks ithe engineeringof these porous hollow fiber cathodes are
introduced. The report also sheds lighttbe importance of understandingicrobecathode
interactions and electron transfer mechasisththe cathodeell and celicell interfaceto

better selectathode materials for thaesign ofCCPHFcathodedor MES applications

2. Dual-Function Macroporous Cathode Architectures for Simultaneous Recovery of
Clean Water and Energy from Wastewater

2.1.Macroporous Flat Sheet Cathode vs.Macroporous Hollow Fiber Cathode
Architecture

The arobic membrane bioreactor (MBR) is the stit¢he-art biotechnology for biological

wastewater treatment and reuse, where microfiltration (MF) or ultrafiltration (UF) membranes

are used to separate suspended salidksbacteria from the biologically treated wakéth a

considerable energy penalty-21IkWh/n?).2él A large fraction of the energy used to operate

MBRs is due toaerationto supply oxygerfor bacterial respiratigras well as to ®ur the

surface of the membrandsr fouling control Therefore, there is a need to devefopre

sustainable biotechnologies based on anaerobic prodessasximizewastewater resource

recovery whilstreducing energy demand. Anaerobic proesbased orMFCs or MECs offer

an alternative approach to biologically treat wastewater with concomitant recovery of the
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inherent chemical energy in wastewater. HowelCs or MECs alone cannot produce
high-quality water suitable for reusdor that purpose they havto be integrated with
membrane filtration processes. The ideadeiveloping hybridMFC/membrane filtration
systens has been considerdaowever, these systerds not present a true integration of these
two processes (i.e., biological treatment a&helttricity generation processes were separated
from the filtration process}’! Full integrationrequires the development of dual function
cathodesto function asboth cathode(for ORR or HER and porous membrane(for the
filtration of the treated water). Dual function cathodes have several advantages inttieding
reduction in operation and capital gaatd the footprint required for treatment.

The concept of developingF or UF flat sheet cathodes (submerged or as air catfade)
MFC application has been coneidd by several research groff§s® For example, our
group developed an electrically conductiftet sheet UF membranby dispersing multi
walled carbon nanotubes WICNTs) as a multilayer on top of polyester nonwoven
membrane basé? The developed UF membrane functioresi acathode for ORR and a
membraneo filter the treated water ia singlechambered aicathode MFCThis novel and
truly integrated MFC/membrane filtration system avoided the need for a separate membrane
module while achieving ahigh-quality permeate comparable to conventional MBRs. The
majority of these custothuilt dual function cathodes were fabricatedhmitrogendoped
carbon nanotubes (CNTSs), Ippyrrole (PPy), reduced graphemxide (RGO)/PPy, catalysts
(C, Mn, Fe and O) and RGO using eitlagporouspolymeric, carbon fiber or stainless steel
(SS) mesh as substratuiraple 1).

Duakfunction cathodealso hold benefits for membrane biofouling mitigativfembrane
biofouling is an unavoidable phenomenon in membrane filtration processesibuting
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significantly to both operation and capital costs that arise from the need to clean or replace the
membraes.Recent studies showed that cari@sed electrodes reduce © H.O. via a 2e
reduction mechanisit! while platinum Pt) and Febased cathodes reducet® H:Ovia a 4e
reduction mechanisi?l. Therefore the fabrication of carborbasedflat sheet MF or UF
cathodes is advantageansMFC-MBRs, asthein-situ chemical cleaning bi>O> generated

on the surface ahemembrane during the OREnmitigatemembrandiofouling 53!

A major disadvantage of using MF or UF flat sheet cathodes is their low sarkzate-
volume ratio. Increasing the packing density of the cathoderii@lcaspect of the design of
microbial electrochemical systemfor practical applicationsin wastewater treatment.
Additionally, the current density in MFCs is low and has to be increased considerably for
commercial applications, whereas MECs have dirdeeenapplied at a commercial scas
their current density can be increased by increasing the applied Véttake overcome the
limitations of cathode packing densityve haverecently developed a novel anaerobic
biotechnologyby integratingCCPHF cathode made of pure nickel (Ni) with the operating
principles of MEC to recover clean water for reuse and eresdyogas from wastewater, in
what is referred to aan electrochemicaimembrane bioreactor (EMBRFigure 3).1* In
addition to water and energy recovery, the hollow fiber architecture of the cathodenaith s
radial dimensions providea high surfaceareato-volume ratio, combininggcompactnessa
simple and modular reactor desigmd high performand@! Biofouling in the EMBR system
was mitigatedvia the in-situ cleaning by the hydrogen bubble formation the cathode
surface. Other factors associated with HER activiyhich can contribute to biofouling
mitigation includethe localized high pH at theathode surface due to protoansumption,
low cathode potential, and electrostatic repuldiorces betwea the negatively charged
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CCPHFcathode and similarly chargédulants(Figure 4).* 16 31 Therefore, theEMBR is a
perfect example of integrating advancensentmaterial science witlapplied microbiology
and electrochemistrjo createa novel biotechnologyhat addressesvo grand challenges
facing societyproviding anadequate supply aieanfresiwater and energio the increasing
world population.

Porous metabased hollow fibers composed of copper (Cu) have also been used recently
as cathodes in aqueous electrolytes for, @&luction® Unlike other HER and C©O
reduction electrocatalystssing precious metals, the CCPHF electrodes waesle entirely
using eartrabundant and neprecious metatatalysts like Ni and Cu. Both the Cu and Ni
CCPHF cathodes were fabricated using a contbipteasenversion/sintering methdtl 3¢
and the same fabrication procedure can be apfaiether eartrabundantmetalcatalystdike
iron (Fe). The fabrication of these metiddsed CCPHF cathodes is simpted costeffective
and the material is robust undée harsh conditions (for example, environments associated
with the cathodigeactions); and the CCPHF cathodes can be eventually aqalied EMBR
and MES application (se&ection 3.2 for harnessing resources from waste streams.
Neverthelessthe main disadvantage of using these méted CCPHF cathodesin the
EMBR systemis their default formation of pore structure, size, and density during fabrication.
These parameters ultimately affect the filtering properties of the CCPHF cathode, such as flux
and recovery of higiquality permeate due to the passage of bacteria throughih fores
Further optimization of the fabrication procedure is needed to generate fibers wihgogh
densites and smaller pore size (< 0.5 um)to yield higher quality permeateéAnother
bottleneck of metabased CCPHF cathodes is the possibility oftahéeaching intothe
solution.To addresshis, we synthesized graphendayer directly on the Ni CCPHF cathode
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through chemical vapor deposition (CVD) technifileThe graphenealyer served athe
HER catalyst instead of Ni. The graphene CCPHF cathexlkibited asimilar HER
overpotential (~1 0.5 V) compared tdhe Ni CCPHF cathode. At 1.0 V, the maximum
current density of the graphene CCPHF cathode was only 20% tihatNif CCPHF cathode.
Co-doping graphene with eartibundant met8f: 8 or nonmetal®® HER catalysts (such as
nitrogen and sulfuryould serve to further improve the HER performance of graphene CCPHF
cathodes

Although CCPHF electrodes have the potential to solve some intrinsic bottlenecks related
to membrane prasses (membrane fouling) and microbial electrochemical systems (cathode
specificsurfacearea), theymustbe affordable an@asilyfabricated at darge scale. Porous
polymerbased hollow fibersare flexible, cheaper andimpler to manufacture using
conventional polymeric membrane manufacturing methods (i.e., phase inversion), as well as
easier to integrate ia modules. Phase inversion net difficult to upscale and is the most
applied method to manufacture polymeric membré&iiealso, protocols are well established
for tuning the membrane properties (e.g., pore size and pore density) to improve the efficiency
of the separation process IBMBR systems The following section describes the possible

routes for fabrication of CCPHF cathodes using polymeric membranes as a platform.

2.2.Polymer-Based CCPHF Cathode

Transforming porous polymeric hollow fiteeinto CCPHF electrodes without affecting the
structural integrity of the membrane architecture is an attractive approach. However, most of
the polymers used in the membrane casting are electricallycomatuctive, and the few
existing conductive polyméfé such as PPy, polyacetylene, and polythiophene are difficult

10



WILEY-VCH

to process in solutiorRecently, there has been an increasgerest in the development of
electrically conductive polymeric membranes aheir integration with electrochemical
techniques for fouling mitigation in membrane filtration processes.,(MF, UF,
nanofiltration and forward osmos#é) Reviews of recent developments in the fabrication of
electrically conductive polymeric membranes for fouling mitigation in water treatment and
desalinationare availablé’® 42 Generally the fabrication of these electrically conductive
polymeric membranes involved eitherixing electrically conductive materials (like CNsJ
with polymers and then membrane castimy layering thin films of the electrically
conductive materialon precasted polymeric porous membranes. However, these fabrication
approaches are mainly restricted to the development obHEgt polymeric membranes,
which suffer from low surfacareato-volume ratioas previously mentioned

Combining high electdal conductivity and catalytic activity witthe processabilityof
porous polymeritollow fiber is a challenge. Recentlye demonstrated for the first time the
preparation of polymeric CCPHF cathodesfalricatingporousfluorinatedpolyoxadiazole
hollow fibers by phase inversion, followed kye deposition ofa very thin Pt layer on the
outer surface by atomic layer deposition (ALD)to rende the porous fluorinated
polyoxadiazolehollow fibers electrecatalytic®® These porous hollow fiber cathodes served
as a MF membrane to block passage of suspended solids asmdahachile the outer surface
was electrecatalytic serving as a cathode for HER. The developed polymeric CCPHF cathode
was applied in anEMBR for clean water and energy recovery from dorganic strength
wastewaters. This novel approach of polymeric CERtdthode fabrication using ALD
allows precise tuning of pore size and pore architecture to effectively block the passage of
bacterial cells during the filtration process, aodnsequentlyhigh-quality water (permeate)
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with turbidity of < 0.1 nephelomefriturbidity units enabling reclamation of treated effluent.
Additionally, ALD is a robust deposition method for uniform and precise catalyst loading on
3D hollow fibers as thin films. Our resukfiowedthat 200 ALD cycles of Pt formed a thin
layer (26 +5 nm) of nanesized catalysts without blocking the pagrékis thickness was
sufficient to achieve excellent electronic conductivity and electrochemical aclitiéyHER
activity of the CCPHF cathodes fabricated with 200 ALD cycles of Pt (0.2 mg P} cm
showed similar electrochemical performance as observed with the benchmark
platinum/carbon (Pt/C3athode (0.5 mg Pt cfin MEC mode of operatiof® Theseresults

are quite promising for facilitating cathodic reaction in EMBR with a minimal amount of
catalyst concentration, i,e60% lower than the tFoading of benchmark cathosleThe Pt
nanostructures (5 nm) in the catalisyer increasedhe number of active cagaic sites per
mass of catalysteading to ehigh HER activity with low Pt loadingnd thusminimizing the
costs associated with the usepoéciousmetal catalysts.

The ALD technique is not limited to Pearthabundant and inexpensive HER catalysts
like Ni are viable alternative® precious metal catalystdowever, using this technique poses
some challenges in CCPHF fabricati@®ince he processing temperature within the ALD
coating chamber can reach as high as 180th(S limits its applicationto heat resistant
polymeric membranes (e,gfluorinated polyoxadiazole). Also, currently there is no
commercially availableALD devicethat enablethe fabrication of polymebased CCPHF
cathodes at large scale. Additionally, the intrinsic lowtability (chemica) thermal and
mechanicgl and norelectrical conductivity of polymeric hollow fibenembranes limits the
usage of traditional surface coating methods such as andelectrochemical depositicio
transformthem into CCPHF electrodes. These tradisil surfacecoatingmethodsmay not
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allow for therequiredprecise formation of a thin electoatalystlayeronthe 3D hollow fiber
membranedeading to pore blockage.

An alternative for making CCPHF cathodes is using ceramic hollow fiber membranes as
support material (i.e., substratum) for immobilizing the desired eleatayst layer
peripherally as a thin layer. Ceramic membranes can be easily fabrasabedlow fiber
membranes using conventional polymeric membrane manufacturing equipment hodsnet
Although ceramic membranes are more expensive than polymeric membranes, their high
mechanical stability, resistance to harsh environments (high temperatures, chemical
degradation, pH, etc.), and seaunducting electrical behavior are advantagdouseating
CCPHF cathodes using various surface modification techni@aesion 2.3elow describes
possible routes for fabrication of CCPHF cathodes using ceramic hollow fiber membranes as

a platform.

2.3.Ceramic-Based CCPHF Cathods
Ceramic membranes enjayich abundance of ramaterialswith high stability in acidic and
alkaline environmesst The filtration and gas separation properties of several ceramic
membranes, such aduminum oxide Al20s), titanium dioxide TiOz), zirconium dioxide
(ZrOy), silicon dioxide Gi0y) and their composites, have been widely stutiédHowever,
the electric insulation of ceramic hollow fiber membranes is a big challenge fosétsas
CCPHF cathode material in EMBRystems Below we propose severatrategiesto
overcome this challenge.

The first approach is to deposit a thin laye830 nm) of metal catalysts onto the surface
of ceramichollow fiber membranes. Neexpensive mial catalysts including Ni, Fe and
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cobalt (Co), usually possess high conductivity ahigh HER catalytic activity**, and thus
are ideal for thirfilm catalyst deposition. ALD is a fagfrowing technique for ultrathin film
coating® Several studies have already explored the possibilitynefal deposition on
ceramic particles or flat substrates using Aldhae et df®! usedALD to deposita thin film
of Ni on TiN/SiO/Si wafers by sequentially supplying Ni(erecursoy watervapor and
hydrogen. Espejo et P! further developedhe ALD process to coaliFe thin films on Si
wafers with 110 nm SiG layer on top In 2013, Gould et &t/ utilized alumina pwders as Ni
thin film support, which opened the door for ALD deposition of-e&pensive metals onto
ceramicsThe ALD approach for depositing a thiitm of metal catalysts quite promising if
parameters are optimized to develop a uniform and conduatree on ceramic hollow fiber
membranesHowever, as previously mentioned, this requaesALD infrastructure forthe
fabrication of ceramiebased CCPHF cathodes darge scale Apart from ALD, various
physical vapor deposition (PVD) techniques have b®densively used to synthesize thin
metallic/alloy films, such as sputterii§ *% flash evaporation pulse laser deposifiinand
electron beam depositid’! The main challenges of these techniques are usually uniformity
and composition control throughout the thin filpommonly usindgSi wafers as substrates due
to their compatibility with MicroElectroMechanical Systems (MEMS) technology. Also,
electroless plating has been widely used for metal coating on cefaimi@sBy carefully
tuning the plating time and components, uniform thin layers of metals could be deposited onto
ceramic membrane surfaoeithout blocking the pores!!

The second approach aepositingCNTs on the surfacef ceramic membranedt has
beenreportedthat CNTs candirectly transfer electrons fromlectrode to microbes® Thus,
CNT coatings onporous hollow fibers(Figure 5) are believed to greatly enhance the
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coulombic efficiency and catalytic properties of electrode materials in microbial
electrochemical systemdazumder et dP*, deposited both molecular sievashich could
be used to enhance g¢@dsorptiof and CNTs via catalytic chemical vapor deposition
(CCVD) methods ont@ porous ceramic plat&ith an average pore size of ~10 nm. A high
yield of CNTs (~17%) was achieverming a thick conductivéayer onthe ceramic surface.
CNTs could also be deposited onto the ceramic membrane surface via spray°goating
vacuumfiltration. ¢ CNT-Polyvinyl alcohol(CNT-PVA) layers with excellent conductivity
and stability were spray coated on flat ceramic memisfamkichserved as Joule heaters in
membrane distillatiof® Fan et al®® mixed CNTs with polyacrylonitrile (PAN) to cast CNT
layers ontoa porousceramic hollow fiber substrate veavacuumfiltration process After
pyrolysis in a hydrogen atmosphere, the conductive hollow fiber membrane exhibited
effective membrane fouling mitigation am electric field. With electric field driving the low
membrane fouling, this ceramic/CNT hollow fiber membrane could fisdapplication in
EMBR. The gasma enhanced chemical vapor deposition-QP) reactor referred to as
At he -RRoylcles of R&D facil it yha$heen suweaesshlly nskdn an o st
growing mono and muHiayer graphene and CNTs on subssaiée precise layeiormation
by PECVD enhances the electrical conductivity of the carbon framework, which is one of the
prerequisites for minimizing the electrical resistance of CCPHF electrodes. This approach is,
of courseadvantageous formingan eletrically conductive carbon foundation layer on non
conductive and porous 3D structures ldezamichollow fiber membranes.

CNT deposition orporousceramic hollow fiber membranes is also essential to form 3D
structures on thenembranesurfacewith the possibility of further surfacenodificatiors like
catalyst decoratidt* ®! and functionalizatiof® (Figure5). Many non-noble metal catalysts
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have been developed and encapsulated in CRft$o achieve efficient catalytic properties
for HER.Ni, Co, and Fenanopatrticles and their composites are the most common alternatives
for HER as theyare highly abundarit’ 6 ¢1.62Deng et al®’! reported one kind of FeCo alloy
catalyst onto CNTs with loaterm durability to obtain ~70nV onsetoverpotential and
optimized electronic structure of CNTs, the performances of which could compete with
commercial 40%Pt/C cathode CoP®Y and NipP®? nanocrystals, as well as Co/keS
nanosheet¥], hybridized with CNTs also exhibited similar low onset overpotentials (< 120
mV). Thus, hgh-efficiency HER could be expecteding cerami¢oasedCCPHF cathodes

In this context, iis worthy to highlight the role of different electrochemical technigoes
improve cathode design aedaluatether performancé®: 83 84For example, lectrochemical
techniques suchas linear sweep voltammetry (LSVand electrochemical impedance
spectroscopy (EISyvere used as powerful tools tdetectdefectsduring the fabrication
process of custom built polymebased CCPHF cathodeadimprovethdr design®® The EIS
technique caprovide insights on thelectron transferesistancehrough theCCPHF cathode
and this information can aid fine-tuningfabrication process® LSV analysis is useful to
determinethe onset potentiabf different HER catalysts(carbon or metalbased)usedin
fabricating CCPHF cathodeB® %% andto assessheir electrochemical performance through
the generation of Tafel plotsThe Tafel slope and exchangerrent densitgxtractedrom the
Tafel plot provide an indication of the performance of HER electrocasalyatierstanding
ORR kinetics is crucial to design higierformingMF or UF flat sheetathales for MFC
MBR applications. TypicallyORR follows two pathways for Oreduction; 2ereduction
pathway (HO: production) and 4eeduction pathway (M0 production).Rotating ring disc
electrode (RRDE) assembly extremely useful to determine thgsathways®! Similarly,
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instrumental techniques like porometer and pdyasieasurementsj(act as essential tools to
assess the pore size distribution and pore density of the CGRHPBdes Reliable
performance evaluation is vital for comparability and-weatld applicability to push forward
the improvement and optimizatiami CCPHF cathodefr wastewater resource recovery, or

COz conversion to valuaddedproducts, which is the main topic $&ction 3

3. Converting Waste CQ:to Value-Added Products byMES

3.1 Natural Photosynthesis vs. MES

Natural photosynthesis isuaique process in which sunlight is harvested to convert water and
CQ; into energy in the form of organic molecules (chemical bofielg).is worth noting that

1 hour of sunlight reaching Earth is enough to support anthropogenic energy demands for an
entire yeaf® Photmsynthesis proceeds through the combination of two different
photosystemsgphotosystem Il (PSIl) and photosystem | (PSI). PSII triggers water splitting by
producing oxygen and hydrogen equivalents with the aid of light, while PSI accelerates the
energy of Bll-energized electrons/protons using light to fix:2CThe electrons generated by
water splitting in PSIl move to PSI through a series of protein networks, mainly via
cytochromes. Indeedhe natural photosynthetisystem is a paradigm to draw a bluepfort

the development of artificial photosynthetic systems such as MES to produce energy from
CO, feedstock Figure 2). However, natural photosynthesis suffers from multiple drawbacks
that deteriorate the efficiency of the systéPotential mismatches in the photosynthetic
systems lower the efficiency of photosynthesigh®poor capture of incident sunlight (0.R5

1 %) Here, MES offers more efficient solar energy capture to produce -adiled
products from C@Y MES mimics photosynthesis by employing photovoltaics for water
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splitting at the anodexndto provide electrons telectroautotroph$or CO; fixation at the
cathode(Figure 3. The ®lar-to-electricity efficiency of photovoltaics is more than 408ad
their cost is expected to reduce significantlythe near futut€®!, which can be beneficial to
setup lowcost MES systems. The molecular machinery involved in photosynthesis shares
many similarities withphotovoltaiepowered MES such as in light harvesting, electron
transfer and C®fixation. A comparison othe molecular machinerpf photosynthesisnd
MES gives us an opportunity to address the inefficiency of photosyntheasis,this
information can be helpful to design an efficient MES system for fixing QO
fuels/chemicals. The MES technology allows asréplacethe low efficiency COx-fixing
Calvin cycle witha faster and more efficient carbon fixation cycle (eWood Ljungdahl
pathway).

Recently there is an emerging interest in coupling sunlight witihoorganismgo reduce
COz to highvalue chemida (Figure 6).1% 7% "UFor exampleLiu et all’® developed a water
splitting-biosynthetic system with COreduction by wiring an KHgenerating inorganic
arti fici al 2dxidianf @utotwophichmicrabeRaldtbnia eutropha The H
produced by the inorganic leaf was consumedRbgutrophao synthesize liquid fuels. This
proposed biosynthetic system exceeded the efficiency of natural photosynthesis. Sakimoto et
all’”? developed anin-situ synthesizedcadmium sulfide €dS-bacteria hybrid system to
produce acetic acid from Gy harvestinglight. This study demonstrated that the light
harvesting capability of semiconductazsuld trigger bio-catalytic activities of bact& to
produce highvalue chemicals and fuel§aken together, thesesultsshowthat integration of

sunlight, inorganic catalyst andicrobial catalysfor the production of chemicals/fuels from
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CO, feedstock has a great potential in the field of green energy and cliroasage
mitigation.

From a biological perspectivea major challenge to overcome in microbial
electrochemical CCU using the MES approacls increasing the biomass density of
electroautotrophgi.e., microbial catalyst), and hence biocatalysis efficiency, on the cathode
surface. Generally, a biocompatible and high surface area cathode is advantageous for the
growth of electroautotrophs as well as for increasing biomass dEfsithe high surface
area associated with an appropriate cathode architecture enables a reduction of cathode
overpotentidl¥, and also improves the current density and carbon capture efficiency of
MES "3l Cathode surface area is one important design aspect, another is the development of a
cathode architecture with a thrpbase interface (i.e., between £gas, cathodic biofilm and
electrolyte) to achieve a balance between variougpbysicochemical phenomenon during
microbial electrochemical CCU. This is important becausdiga®sl mass transfer is one of
the limiting factors in MES for C®reduction, mainly because of the low solubility of
gaseous C@in solution and the fact that CQs orly available to electroautotrophs in
aqueous forms (i.e., G@y HCOs, and CG@*) (Figure 7). In the following section we
presenta new cathode architectunecently proposed by our group for MES applicatiéh
basedon theconceptof CCPHF cathode developed for EMBR applicati®edtion 2.2, to

address the gdguid mass transfer limitation in MES

3.2. CCPHF Cathode Architecture and Materials for CO2 Adsorption to EnhanceCCU

in MES
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Recently, the application @@u-based CCPHF cathodes in the electrochemical conversion of
CO: presented significant advantages over conventional apprdd@hEse CQ gas purged
through these hierarchically structured materials wittvreephase interface lead to a ca. two
folds increase in cathodic current density. Decent ©3CO conversion efficiencies (~72%
Faradaic efficiency) with very high CO production rates comparable to those achieved using
noble metals were obtained usiihgs approach.

Our group has proposedthe application of Nbased CCPHF cathodes MES for
microbial electrochemical CCIF! The CCPHF cathode acts as an electron donor (direct or
indirect through H) for electroautotrophs asell as a diffusive material to facilitawdirect
delivery of CQ gas into the biocathode through the pores in the hollow f{(b&gsre 8). The
use of CCPHF cathoden MES research is a significant breakthrough. The high specific
surface area of the CEfF cathode maximizes the diffusion of €@as, and the high surface
areato-volume ratio of the CCPHF cathode architecture solves the issue of cathode packing
density for largescale applications. Also, direct delivery of £gas to the biofilm attachead
the cathode avoids the ghguid mass transfer limitations that occur in other MES
configurations where gaseous £ bubbled intathe solution. Using the Nibased CCPH
cathode we observed a Faradic efficiency of 77 % for the production offféH CQO
through hydrogenotrophic methanogens when ®@és delivered directly through the pores of
the hollow fiber cathodegsompared to 36 when gaseous G@vas bubbled into the solution.

[751 Most importantly, usingoCPHF cathodes maltee MES proceshkighly attractive for on
site CCU of CQ gas generated from various industrial sourteggeneral, delivering CO
directly through the pores d@he hollow fibers decreases the pH of electrdifte however,
this is counterbalanced by the consumption of protons at the cathode for HER, thus
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maintaining a pH balance at the biofiefectrolyte nterface.

Integrating CNTS"®! or metallic nanoparticles for HER such @s1 nanoparticlé§? on
porous hollow fibers(Figure 5 could improve their performances in MESMetal
nanoparticles offer a high surface area and stalfilityhe HER catalytic activit}?®!, leadng
to a high microbial electrosynthesis ratedekired productg the majorpathwayof electron
transfer from the cathode toicrobial catalystfiappens through HOn the other hand, CNTs
provide high conductivity and excellent biocompatibili, which allow for better
attachment and growth aficrobial catalyst®n the cathode surfa€é Recently, Cui et df”!
described an inexpensive, and «tep method to fabricate ferric oxide graphitized
nanostructures on carbon fdth createa 3D hierarchical porous structure electrode for
increasingVIES efficiency. This effectivestrategy might provoke further research to find new
simple methods for fabricating nanwetal particles, to reduce cost and tiffe.

Using cathode electrodesade of composite materials (e.gonformal coating of thin
layer of HER metald.g, Ni) on carbon electrodiés advantageouis enhancingIES-based
CCU. The localized Hgenerated through HER, which is an indirect route responsible for
microbial electrochemicalCCU, favors biomass growth and activity microbial catalysts
during the MES process. Also, the composite mategaincreaseboth thebiocompatibility
andelectrical conductivityof cathodes™ 8! For exampleSSfelt coated by carbon achieved
a highly biocompatiblesurfacel®! carbon cloth decorated with metallic nanoparticles such as
gold (Au), palladium Pd), and Ni reached high electrosynthesis rEfésiowever, selection
of the fabrication techniques for makimgmposite cathodes depends the architecture
scak. Also, varioudactors thatffect the composite cathode fabricatibke dopng strength
andhomogeneity of metal depositiomeed to be taken into consideration.
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For the practical application of CCPHF cathode fmicrobial electrochemicaCCU in
MES, the input CQ source maye the atmosphere or combustigases. Several separation
and adsorption techniques have been developed to capture and segregatEmCixed
gases, such as chemisorptdn adsorptio®!, membrang®¥ and microbial systeni®!
However, most separation processes come with irreversibility, Vs toinefficiencies.

CO, storage and conversion in porous materials such as molecular sievdtiidrganic
Frameworks(MOFs) havethus become an attractive option for environmental applications
and resource recovery in closedlume setting€®! Forthe MES applications, gas separation
through a thin layer of molecular sieves or MOFs may proaidigher concentration of GO

for resource recovery.

Zeolites, microporous aluminosilicate materials, are the mostlwidsed molecular
sieves for C@adsorption, which is basically related to van der Waals forces. Even in low
pressure gas conditions, zeolites were reported to have complete reversibility, high CO
uptake capacity, selectivity and thermal stahifilyHundreds of zeolite materials have been
tested for their capabilitfor CO, separéion from N, H2 and CH. Such high selectivity and
adsorption of C@over N could be used for the formation of higher ncentration at the
interface between microbes amthodes and the slow release o0, for microbial
consumption would probably rgmote the recovery efficiency in MES. Also, mild
temperatures for C£N. separation, ranging from 2K3to 313K, indicate the great potential
of application for CQadsorption and recovery in MES.

Most zeolite materials based on aluminosilicate could be biocompatible because of their
inherenthigh stability and excellent celidhesion®® Several zeolite materials have thus

found their application in microbial electrochemisgbtens, serving as anod, cathod€&”
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or proton exchange membr&hkin MFCs. Wu et all® modified graphite felt anodes with
NaX in duatchamber MFCsnd achieve@d maximum power densitgshigh as215.4 m\Wm
2, 152.1% higher thathe unmodified anodeScanning electron microscog8EM) images
exhibited the improve&SA biocompatibility and superhydrophilicity of the NaX zealite
modified anode, for thick anode biofilm formation. Another egbamof NaX zeolite
utilization for biocathode modification in MFCs was also reported by Wu'# &eduction
of hexavalent chromium (Cr(VI1)) was examined together with current production aftes HNO
pretreatment of Né coated anodeHigher Cr(V1) removal rate (1@ + 0.28 mgl*h?) was
achieved compared to the unmodified graphite felt, which waswtdko the strong affinity
of NaX zeolite particles for microorganisms and Cr(VI) iofsese studies demonstrated that
modifying electrode materials in microbial electrochemical systems with zeolites could
greatly enhance theactor performacewithoutloss of conductivityand biocompatibility

MOFs are recently emerging as a new type of microporous materials, with a permanent
porosity and functional linkers. The potential applications of MOFs are similar to that of
zeolites, including the most convemtad areas of gas storage, separation, and heterogeneous
catalysis for C@ conversiori?? MOFs usually possess a flexible framework due to bond
angle, linker twisting and cluster deformation, which means surface modification or
functionalization could occur and open metal sites, ke Fe, Co, are accessible for £€0
adsorption and catalysiRecently MOFs with openCo or alloy sites were developed as
cathalic catalysts for bioelectricity generation in MFCs. You et®34l successfully
synthesized a new type of M@ferived electrocatalyst (Z167, watefresist) ontainingCo
and Ndoped carbon in a singithamber MFCachievinga maximum power density of 1665
mW/n? attributed to increased active sites amgrovedmass transfer byne introductiorof
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N and CospeciesTang et al®¥ further developed this kind of MOF material by dual metal
and nitrogen caloping on graphite carbon matrix (M/CoNC). The Ni/CoNC catalyst
exhibitedthe best ORR performance and dba@ stability in MFCs, producing power
density of 4335.6 mW/Awith adurability of more than 75B.

Although both molecular sieves and MORave exhibited great potential as cathode
catalysts, studies utilizing these microporous membrane materials migrobial
electrochemicaCCU in MES are lacking due therr low corductivity andthe instability of
MOF membrane@n water However, based on thenderstanding that MOF structures must
possess strong bonds and steric hindrance to prevent water melgouieintrusior®®],
research on water stable MOFs is booming with plenty of water stable MOFs synthesized in
recent year8®

A practical route for integrating MOFs or molecular sievestiarobial electrochemical
CCU in MES is to fabricate CCPHF cathodes with continuous vetate MOF or molecular
sieve layers grown on thHaner or outer surfa€&! (Figure 5. The depositiorof molecular
sieves and MOF membranks CO, adsorptionon the outer layer of CCPHF cathode could
enhance the CQOconcentration at the aitic-biotic interface, which greatly increases £0O
availability for bacterial growth and conversion. Another advantageetdtdopedzeolite or
MOF coatingon CCPHF cathodes is that they provide extra @Qivation sites for C®
conversion, which is expeed to further reduce the energy input in MES. Since i€Quite
stable at room temperature (C=0O bonding energy: 750 K))/ef@itient CQ capture and
activation isa prerequisite for high CPrecovery. Several cheap mebalsed MOFs have
been demonsttad to exhibit high catalytic properties for €@ctivationand reductionn
electrochemicalsystems including CuznDTAR®8 M-MOF-74 (M=Co, Ni, zZnP% CR-
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MOF1%I andFe-PorphyrinBased MOEL, Most of these materials coated on the surface of
electrically onductive substrates show very high selectivity for.@&xovery over K and

high surface coverage of catalytic sites in electrochemical systems. However, these
electrochemical systems for G@duction usually have lowdaradaicefficiency (FE)[02

than MES systemsintegrating MOFs or molecular sievesijith their excellent CQ
adsorption and activation capabilities, with CCPHF cathodes might increase the coulombic
efficiencyandCO; conversion rates in MES.

The traditional thinking of developing efficient electrodes for M&aS mainly focused on
electrode type (for improved hiompatibility, cell adherence and superior intrinsic
conductivity) and architecture (increasing specific surface area and enhancing mass transfer),
while ignoring other crucial phenomena taking place at the akiatitc interface such as
how electrode tpographyand materiakan induce molecular changes in micrqleesd the
electron transfer mechanisms occurring at the catbhelieand celcell interface as they are
the driving force for all the relevant prodtforming reactions. Thereforea prior
undestanding of the role of cathode surface properties and matenmicoobial metabolism
andthe mechanisms of electron transfer at the catlodequired torationally design more
efficient and effectivecathodes for MES, and currentlhis critical information is largely
neglected or underestimated in the field of microbial electrochemical systanthe
subsequentwo sections (i.e.Sections 3.3and 3.4) we will critically discussthe role of
electrode material and surface propertieshemetabolism and electron transfer processes of
microbes and we will propo® some candidate cathode materials tban facilitate direct

electron transfebetween cathodeell and celicell interface
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3.3. Understanding Surface-Microbe and Material -Microbe Interactions: A Key to
Rational Design of HighPerforming CCPHF Cathodes for MES

Understanding the molecular mecharssimvolved in the interaction of microbes with
materials and solid surfaces is the Keythe rational design of novel and mordiaént
cathodes for MES. Numerous studieave shownthat solid surface can regulate cell
response and influencthe social behavior of bacteri® Therefore, to develop high
performing electrodes for MES, it is pivotal to get a prior understarafihgw to design an
electrode surfacéo induce a desired behavior in microbes (eafility to reduce Cg@).
Nanofabricated structures can be employed as toolkits to investigate the role of surface
topography on bacterial metaboli$fif! Rizzello et all%! revealed nanoscale topography
inducel variations inthe morphology, genomi¢sand proteomics of bacteria. Au substrates
with various naneoughness were used to investigate the role of surf@megtaphy on
bacterial biological responses. The study showed that-rmgthnesscritically altered the
protein expression for biosynthesis, metabolic pathway and peptide transport. Similarly, a
studyby Helbig et al}°®! revealed that bacteriagld sense subtle structural modifications on
asolid surface and can adapt their metabolism accordingly. Similarly, Hsli®t mported

that surface topography can influence the expression of different types of appendages that
might be involved inbiofilm formation. Surfaceroughness is also believed to stimulate
bacteriasurface interactions during biofilformation*°® An elegant studyy Jeong et &f%
revealed that bacteria can recognizearmmpography during biofilnformation The authors
employed precisely controlled Si nanowire arrays developed on a Si substrate to visualize

bacterial attachmenand it was observed thtite majority of bacterial cellattached to the Si
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nanowires insteadf the Si substraté={gure 9). This observation sheds light on the fact that
bacterial attachment is very sensitive tdate structures and properties

Graphene andCNT-based materials are commonlysed as electrodesn microbial
electrochemicabystemd!® High conductivity and surface area are usually attributed io the
enhanced performan€é!! However, the role of CNBr graphene on bacterial metaboligsn
scarcely addressed. A receattidy suggests that CNTs can alter the respiratory pathway of
Shewanella oneidensisIR-1.2*2 Bacterial reduction of nitrobenzene (NB) is usually an
intracellular processout the addition of CNTs changed the intracellular reduction of NB to
extracellular by promoting extracellular electraansfer (EET) pathway ir5. oneidensis
(Figure 10A). This finding reveals an unprecedented role of nanomaterialsacterial
respiration. Salvador et BF! recently observed that CNTs cadirectly accelerate
methanogens to produce methane by reducing redox potential (creating more negative redox
potential). The enhancement in the methane production was directly proportional to CNT
concentration and no methanogenic activity was observetiemalbsence of CNTs. This
observation offers a novel strategyaoceleratenydrogenotrophieanethaneproduction from
CQO; at the cathode of MEBy employing CNT network&~igure5). Modification of our Ni
based CCPHF cathodes with CNT resulted in 70% iner@ascetate production rate from
CQOz in MES usinga pure culture othe homoacetogenic bacteriudporomusa ovatd!* A
recent study showed that nanomaterials such as CNTs, $iQ, and Al2Os nanopatrticles
influence bacterial respiration and production of extracellular poigmaubstances?®
Experimental and molecular dynamic simulation analyses demonstrated that CNT can
enhance dect EET inS. oneidensi®y developing a strong electronic conduit with OM ¢
Cyts Figure 10B).['1¢l Cell-secreted flavin mediated EET process is usually dominat&d in
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oneidensis™’! Here, CNTs directly extract electrons from OMCgts by promoting direct
EET in S.oneidensiswhichis energetically more farable than mediated EET process. It is
reasonable to predict that CNTs can facilitate bacterial electron uptake mechasitmey
function in the EET process.

Like CNTs, graphene also affects bacterial metabolism and resp@nggaphene
bioanode stimalted the production of phenazine (elicreted mediator) ifPsuedomonas
aeruginosacatalyzed MFQ!® The cellexcreted phenaze improved MFC performance by
acceleratinghe EET process iP. aeruginosdike the role of flavin inS. oneidensig!’: 11
Magnetite nanoparticlé€” and Au nanoparticl&$Y can act as substitutes foiQyts to lead
EET processsin Geobacter sulfurreducerend S. oneidensjsrespectively. Tasefindings
areextremely important as it is speculatedttieCyts have a crucial role inastron uptake
from the cathod&'® 22 Taken together, athese findings lead us tmncludethat electrode
material and surface propertiptay a majorrole in the metabolism and EET processes of

microbes

3.4. Possible Electron Transfer Mechanisms at the Bio-cathode and Conductive
Materials that Facilitate Direct Electron Transfer

Much like artificial photosynthesiSMIES drawsinspration from natural mechanismae can

look to natureto aid in designng cathodeshat mimic natural electron transfer procesees
improved reaction kinetic®irect biocorrosion is known to occur in sulfaegucing bacteria

in sedimentary environments, where they directly accept free electrons from a solid iron
surfaceto circumvent ratdimiting dissociations and directly reduce protons to hydrdtfén.

By observing this natural direttansfer/uptake mechanism, it is expected that some anaerobic
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microorganisms can directly use electrodes as electron donors, which can be exploited within
the context of ME$?4! Two modesof electrontransferhave been demonstratea) direct
electron transfer and b) indirect electron tran&férDirect electron transfer encompasses the
transfer offree electrons from the cathode to céiigyure 11A), andbetween species through
direct connections or electrically conductive mater{gigure 11B). The latter is referred to
as direct interspecies electron transfer (DIE®). Indirect or mediatedelectrontransfer
involves the electron movement between the cathecl and cell-cell interfaces via
extracellular electron shuttles that can include molecular hydrogen and formate or excreted
shuttles such as phenazine and riboflafigre 11C).*%6 2"1Hydrogen evolvs from the
surface of many cathode materials through HER, while formate evalseanorganic
oxidation intermediate or oncathodesurfaces in the presence of COand protons as
determinedy the cathodic poised potentigt! 1261

Indirectelectron transfer ratesre highly dependent omediator concentration gradients
and are regulated by the energy available from catabolic reactions by the microorgghisms
1281 The low solubility of H and CQ directly affects their availability tanicrobial catalysts.
For H, a high rate of evolution that is beyond the raterma€robial consumption (for
example methanoge: half-saturation constant: 0.004 g kin®) in the biofilm would result
in the escape of H limiting its availability to thebiofiim.[*6! This would not have a
significant effect if direct electron transfer proesslominateat the biecathode but it is
worth consideringwhen designingoCPHFcathods wherematerials withexceptionally high
HER capabilities my be unnecessary to purs@&ncedirect electron transfas independent

of metabolite formationit is favorable to promote in MES systertts eliminate undesired
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side products, thus facilitating the stoichiometric conversion of t6@alueadded products
[129]

While cathodecell electron transfer is relevant at the interface of the biofilm attachment
to the electrode, cetiell electron transfef*? is relevant as a mechanism for the entire
thickness of the biofilmElectron transfer rates can reach up tox4@ithin the biofilm as
compared to from electrodes to the biofilff! Since DIET is independent of mediator
concentration gradientshere may be a substantial effect on reaction rates if DIET is a
significant contributor to electron trefies, especially sincéhermodynamicallyit is more
favorable compared tmediated transfeior longrange transport in biofilmé?8 While DIET
is mainly limited by redox afactor activation losse&2% 128. 130. 132t hasheen calculated to
have a higher external electron transfer rate per cell pair (cp) comparét-teediated
electron transfe(44.9 x 16 e/cp/s vs. 5.24 x f0e/cpls, respectively}?® Cytochomes and
pili areprimary components in the DIET procgss 133 1341351 gnd they also play a role in
direct cathodeell electron transferFgure 13A. Cytochromes, key components in many
metatreducing bacteria, are membraamsociated hemeproteins that transfer electrons during
redox reaction83¢l Pjli are proteins that extend from the cell membrahney tare involved in
cell adhesion, motility and DNA transfer, though in some cases they have exhibited
conductive char act &iri88 m$ omy which mayrhe atributed ® ¢ m
metalliclike conductivity'*”! or electron hopping via cytochromes located along thé'{li.
Table 2 outlines several coultured studies that demonstrate DIET between different
microorganism pairdNot only has direcsolid-cell electron transfebeen observedyutit has
alsobeen shownhatcell-cell DIET is possible in microbial electrochemical systems, whether
directly (i.e., cytochromes and pilgr via conductive material§ éble 3.
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Studiesinvestigatingmprovedconversion rateand shorter start up lag timesanaerobic
processeswith the addition of conductive material$'3®142 143l |ay the groundwork for
rational design ofcathode material for CCPHF since conductive and sergonductive
materials are believed to serve as electrical conduits between spgeieTompensatingf
the lack of conductive membrane proteiff@tfle 9 as depicted inFigure 11B.144 These
include carborbased materials like CN¥8&Y, carbon cloth*®, carbon felt®l, biochal4®
1471 granular activated carbon (GAEY 148 graphité*> 46t and metabased materials like
stainless ste@fd haematité**®!, and magnetite3® 140 Theseconductivematerials can be
usal in the fabrication and decoration of CCPHF cathodes to facilitate the occurrence of
DIET, for exampleby creating CNT forests on porous ceramic hollow fibéfigfre 3. An
added advantage wWitBNT (or other nanopatrticles) foresssincreased surfageughness and
porosity, thereby increasing the interfacial area of the cathndéheinteractions at the cell
solid interface This couldultimately lead toimproved conversion rates as has been shown
with Ni nanowirenetwork coated graphite cathod®& Such networks may also promote
direct electron transfer by interacting with cytochrome heme groups, reducing the distance
from the active site to the electrofite rapid electron transfér>%

While theabovementioned materials gmomisingcandidates to investigate and build on
for an improved cathode desifor CCPHE it is important to understand how they interact
with relevant microbial communitiesnce these communitieare complex and difficult to
predictdie to differences in speciesd physiology
bio-cathode [**4 There is no single, generalized quantitative model for different electron
transfer processes in mixed community microbial electrochemical systgpasifically
desigred experimentsare requiredo unequivocallydeterminethe presence and contribution
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of direct electron transfer within complex microbial communities, especially with the
presence of HERt the cathode surfad@lolecular genetic techniques and metas@iptional
data can be helpful in understanding the fundamentals of the probgsdestifying unique
gene expression patterngo distinguish between transfer mechanisms dpecific
microorganisms Multi-omic data, coupled with modeling frameworks, are useful to
understand the energetics of electron transfer, as witlleaslaptive responses and dynamics
of the interactions involved in the syntrophic growth of relevaathodic microbial
catalystd'?® SUHER-incapable athode materialsuch asndium tin oxide(ITO) or fluorine
doped tin oxide (FTOJFigure 12) can be used teimplify investigations byliminaing the
possibility ofan H>-mediated pathway, only allomg for direct transfer routethroughout the
biofilm. Such cathodegould also be applied ienrichment strategies that apply strong
selective pressure falectroautotrophs thalirectly interact with solid electrodes akectron
donors.

It is evident thatrationally designed cathode matesidbr CCPHF are crucial in
improving the performance of MES cellBnd the fundamental understanding of how
microbial electrochemical systems function. Work with pure cultures has laid the groundwork
for our understandingf electron transfer mechanisms in MES, but these conclusions are
rarely realized in mixed community reactors as a systematic understanding is lacking.
Ultimately, cathodic MES biofilms involve complex community dynamiaed abetter
understanding is envisioned to ultimately aid in the rational design of more effXPidF

cathodes for MES applications.

4. Conclusions and Perspectives
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This progress repopgresentsecent developments oluatfunction macroporous holloviber
cathode architecturéor converting waste streammainly wastewater and waste &Qo
valuable resourcessing microbial electrochemical systemghe first part of the progress
report presents and discusses the recent application of 3D CCPHF hieracelimale
architecture as a new functional material for simultaneous recovery of clean freshwater and
energy from wastewateén EMBR systemsThe second part of the progress report also
discusses the advantage of us€@PHF cathode architectufer MES appicationsto solve

the issue of packing density for largeale applications, increase the specific surface area of
the cathode, avoid the ghguid mass transfer limitations that occur in other MES reactor
configurations and nost importantly they are ideally suitable for on-site microbial
electrochemicaCCU of CQ gas generated from various industries.

Our early efforts for thelevelopment of polymebasedCCPHF cathode!® have been
very promising, and subsequent developments in this kind of functional material design may
lead to a new generation of multifunctional CCPHF electrode matdaalsiore efficient
recovery of resources from wastewaters and recycling of ©Ovalueadded products
However, transforming polymeric hollow fiber membranes into CCPHF cathadldarge
scaleusing ALD and other traditional coating methods is a challenge becatlse iofrinsic
low chemical, thermal and mechanical stability of polymeric hollow fiber memhbranes
Alternatively, due to their high thermal, chemical and mechanical stabiéitgnac hollow
fiber membranes could e suitableplatform to fabricate CCPHF cathodes, using various
surface modification techniques, including those that require harsh environfesaggle
routes for transforming ceramic hollow fiber membranes IGGPHF cathodeswvere
presented in this reporThe surface of theeramicbased CCPHF cathodskould perform
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HER for EMBR applicationor bebiocompatible folMES application Even thoughPt is the
most active electrocatalyst for HER, its high cost andc#igaprecludeits applicationat a
large scaleNon-expensive abundant and efficient metal catalysts for HER such as Ni, Co
and Fe could be ideal for thin film catalyst deposition on ceramic hollow fiber membranes.
Costeffective 3D porouscarborbasedmaterialssuch as CNwith easy synthesis route can
further accelerate the efficiency @CPHF cathodes foEMBR/MES systemsFurther
improvement in performance could be achielagencapsulatingCNTs with Ni, Co and Fe
nanoparticlesand their compositéor high-efficiency HER. The use of composite materials
combining HER metal catalyst and carbdmased material are advantageous for enhancing the
microbial electrochemical CCU in ME®y increasing biocompatibility and electrical
conductivity

Improving theavailability of CQ from the atmosphere and combustion gases to microbial
catalysts is an important aspect to consider tf@ commercial application of CCPHF
cathodes in MESIntegratingCOz-adsorbing materials such as water stable molecular sieves
(e.g., zeolites) and MOFs with CCPHF cathodes can promote the co®versionby
providing sufficient CQ for the bacterial conversionn this regard Cu-based MOFs are
promising candidates for the design of CCPHF cathtatddES application

In MES, the interactions taking place at the abibtatic interface are the driving force
for all the relevant produdbrming reactions. Therefor&knowledge onhow electrode
topographyand materialcan affect the physiology of microbial catalysts, dhe electron
transfer mechanisms occurring at thigiotic-biotic interfacewill be useful for the rational
design of high-performing cathodes for MESIn this progress report we presentdu
possible electron transfer mechanisms (direct and indirect) that akddolaceat the bie
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cathode andliscussed the role of certain carb@nd metabased materials in enhancing
DIET between microbial species. The role of these materials in enharicéng electron
transfer in MES systems is yet to be determined

Hybrid systemsinspired by natural photosynthesis, combining inorganic and microbial
components to convert GQo valueadded productsre recently gaining attentionin the
scientific commurty.[’® 71 1521 The development of photocathodes in MES$stemsis a
sustainable approach to produce solar biofuels from S@larenergyis the most abundant
source of renewable energy, and when solar light is used to ih&v®ES process it
represents an alternative orof natural photosynthesis. A recent classical study has already
demonstrated that the phedotive semiconductor bassdlarhybrid MES system could
exceed the efficiency of natural photosynth&8lsturther advances in treathode material
and architecturecould significantly improve the efficiency of MES for converting solar

energy to valuadded chemical®ito a range where lareggeale applications become possible.
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Table 1.Microfiltration and ultrafiltration flat sheet cathodes in microbial fuel cells

Electrically Pore size Membrane  Substrate Fabrication approach Ref.

conductive area support where

membrane applicable

Stainless steel (SS) 40 um 494 cnt - NA [19]

mesh

SS mesh Not 75 cntf - NA [20]
provided

Polypyrrole (PPy) Not 800 cn? Polyester filter cloth  Vapor phase polymerization [21]

polymerized polyeste provided

filter cloth

Multiwalled carbon  0.065 pm 7 cn? Polyester nonwoven Dispersing MVCNTSs as a multilayer on [22]

nanotubes membrane porous membrane through vacuum filtration

(MWCNTS) (pore si ze

membrane

SS mesh 48 um 32 cntf - NA [23]

PPy modified SS Not 27 cnft SS mesh Electropolymerization [24)

membrane provided

SS mesh 13 um 30 cnt - NA [25]

SS mesh 15 pm 800 cn? - NA [26]
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Carbon membrane 0.5 um

Carbon fiber cathode Not

7 cn? Carboxymethyl

cellulose binder
Not available

Carbon fiber cloth

WILEY-VCH

Membrane casting in mould followed by [27]
pressing at 25 MPa

Casting solution (Polyvinylidene fluoride (28]

membrane with provided (PVDF) and catalyst) dispersed on the carbc
catalyst fiber cloth followed by phase inversion
Nitrogen doped Not 7 cnv Polytetrafluoroethyle Dispersing MVCNTs and NCNT on porous 29
carbon nanotube provided ne (PTFE) membrane membrane through vacuum filtration
(CNT) membrane (pore si ze
Carbon and SS Not 7 cnt SS mesh Carbon layer casted on SS mesh through B9
composite membrane provided rolling-press method
Reduce graphene 0.09 um 7 cnt SS mesh and Immersionprecipitation phase transformatior 8l
oxide (RGOjcarbon polypropylene noh  PVDF solution containing RGO casted on a
membrane woven base mesh and polypropylene n@oven base using

a coating machine
Dashesafe used to indicate that NAmaavalablg€olumo5) substrat e
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Table 2. Co-cultured studies investigating DIET with @@r HCG;™ as electron acceptor

WILEY-VCH

Co-cultured organisms Conductive material Electron donor  Electron acceptor  Aggregates DIET reported? Ref.
G. metallireduceng. Yes accelerated metabolism with
Methanosarcina barkeilDSM Carboncloth 10 mM ethanol  CO,or HCGOy No Sl”) loth [153]
800 carbon clot
G. metallireducen& M. barkeri a ) Yes accelerated metabolism with
DSM 800 GAC 20 mM ethanol CO; or HCOs No GAC [154]
G. metallireducengwild type,
mp i) & Methanosaeta - . . .
harundinaceal CM-13211 20 mMethanol  CO;or HCGs Yes Yes but only with wild type [155]
G. metallireducengwild type,
p i) & Methanospirillum - . i
hungateiDSM-13809 20 mM ethanol CO; or HCOs No [155]
G. metallireducengwild type,
p i) & Methanobacterium - . )
formicicumDSM-1535 20 mM ethanol  CQ; or HCOs No [155]
G._ metalllreo!ucen(;ATCC 53744 Yes, rescue activity by GAC for
wi | d pilgqretype apilA andep G m el 868
cytochromegp G m €l868) & M. GAC 20 mM ethanol CO;or HCOy Yes — : [134]

. GAC also reduces lag time to
barkeriDSM 800 o

convert ethanol in wild type

M. barkeriDSM 800 &P. i 20 mM ethanol CO; or HCOs No No [134]

carbinolicusDSM 2380
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G. metallireducen§&S-15 & M.
barkeriDSM 800 Biochar

Thermacetogenium phaeuB &
Methanothermobacter
thermautotrophicugM

T. phaeunPB & M.
thermautotrophicusp H
Methanobacterium formicicum MWCNT 0.1, 0.5, 1.0

(DSM 1535T and 5.0 g/L
Methanospirillum hungatei (DSM MWCNT 0.1, 0.5, 1.0
864T) and 5.0 g/L
Methanosaeta concilii (DSM MWCNT 0.1, 0.5, 1.0
3671T) and 5.0 g/L
Methanosarcina mazei (DSM MWCNT 0.1, 0.5, 1.0
2053T and 5.0 g/L
M. hungateDSM 864T) & MWCNT 0.1, 0.5, 1.0

Syntrophomonas wolfei (DSM  and 5.0 g/L
102351T

20 mM ethanol

40 mM acetate

40 mM acetate

2 mM acetate

2 mM acetate

10 mM acetate

20 mM acetate

20 mM butyrate

CO;or HCOy

HCGOs

HCGOs

H./CO;

H./CO;

CO

CO

CQO,

WILEY-VCH

No Yes, only in presence of biochar

- No, only via HIT/FIT°

- No, only via HIT

Yes, enhanced rates and fastizirt
up with CNTs

Yes, enhanced rates and faster st
up with CNTs

Yes, slight enhanced rates and
faster start up with CNTs up to 1gi

Yes, slight enhanced rates and

Yes faster start up with CNTs up to 1gi

- Perhaps, HIT more significant

[147]

[156]

[156]

[113]

[113]

[113]

[113]

[113]

3GAC: granular activated carboidI T: hydrogen involved transfer; FIT: formate involved transfer
D a s h-@éase used to indicate: no addition of conductive material (Column 2); no mention of aggregation (Column 5)
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WfSINEC Ang \WEC-Cathog,
//'Orgar s B P
Power generation

aan
Power input

W =S Ar[oqe

Product

Figure 1. A cartoon representation of thé@ferentapplicatiors of microbial electrochemical
systems for converting waste streams (wastewater aapt€@@aluable resources. MFC:
microbial fuel cell; MEC: microbial electrolysis cell; MES: microbial electrosynth@&%d:

proton exchange membrane.
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Figure 2. Schematic o microbial electrosynthesis (MESgll poweredwith different energy

sourcegwind, solar or electrical gridREM: protonexchange membrane.
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Permeate

External Resistor

.~ Power source

Wastewater

Figure 3. Schematic of the electrochemical membrane bioreactor (EMBR)elEutrically
conductive, catalytic and porous hollow fill€CPHB cathode contains microfiltration pores

that allow water to pass through while blocking the passage of batteaidditionto its role

as a filter, the CCPHF cathode catalyzes the hydrogen evolution reaction (HER) at the
cathode surface. The hydrogen generated at the cathode surface aailizbd by
hydrogenotrophic methanogens to generate methaneRmgsroduced with perrssiont* 16l

Copyright 2014 and 2018 merican Chemical Society.
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Negative charge

CCPHF cathode surface

[4
H, gas bubbles

Bacterial cells

CCPHF cathode

Negative surface charge

Electrolyte

Figure 4. A cartoon representation obiofouling mitigation mechanisms inthe

electrochemical membrane bioreacttMBR). CCPHF:electrically conductive, catalytic and

porous hollow fiber
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Materials for
CO, capture

CNT - Forest

Graphene
Functionalization with dopant(s)

Figure 5. Schematicillustration showing possibleurface modificatios on poroushollow

fiber membranesCNT: carbon nanotube.
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Cathode
chamber

Anode
chamber Products

Figure 6. Schematicrepresentation o€oupling solar light with microorganismsto reduce

COz to high-value chemicals.
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CO, (ag)
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Figure 7. Cartoon representatiaf electroautotrophxing different forms of CQ.
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Porous hollow
fiber cathode

Figure 8. Schematicof electrically conductive, catalytic and porous hollow filfeCPHF)
cathodewith dual functios. cathode for hydrogen evolution reactiifiER) and for direct

delivery of CQ gas to electroautotroptisrough the pores in the hollow fibers.
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Figure 9. Shows bacterial sensing of natapographyBacterial cells are attached sdicon
(Si) nanowires instead of sitting on the planar Si substrate by sensing nanotopography

Reproduced with permissidt?® Copyright2013 American Chemical Society
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Electrode

CymA

i QAR

@ nitrobenzene reductase @ nitrobenzene szzmz== CNT

(B)

Figure 10. (A) Schematic of the role of carbon nanotube (CNT) in extracellular electron
transfer (EET). Reproduced with permissiétt? Copyright 2014, American Chemical
Society.(B) Cartoon representation of intimate confaetweenCNT and outer membrane of
S. oneidensisMR-1. Reproduced with permissiét® Copyright 2014, Nature Publishing

Group.
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B. DIET | C. IET

' CO; product CO,  product
co,

product

product
e product

e'\ﬁ\_coz

Figure 11. Schematic diagram of electron transfer at the cathode via (A) Direct electron
transfer (DET),(B) Direct interspecies electron transfer (DIE&pd (C) Indirectelectron
transfer (IET). The different electron transfer pathways shown are (1) DET from the cathode
to the microbial catalystvia cytochromes, or conductive nanowire®) DIET via
cytochromes or conductiveanowires, §) DIET between different microbialatalyst species

via a conductive materiald) IET via an exogenous electron shuttle-(hlediated in this case)

and 6) IET via shuttles excreted from the microbial catalyst (@lgenazine and flava).
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Figure 12. A schematic representation of cathodes coated with either an ITO/FTO layer,
which only allows for direct electron transfieom the cathode to electroautotrogdis CO;
reduction to valuadded products, or a HER catalyst layer, where both direct (blmssgror
Ho-mediated electron transfer (green arrows) can take pla€e.indium tin oxide;FTO:

fluorine doped tin oxideHER: hydrogen evolution reaction.
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