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ABSTRACT 

Carbon Dioxide Valorization through Microbial Electrosynthesis in the 

Context of Circular Bioeconomy 

Bin Bian 

Microbial electrosynthesis (MES) has recently emerged as a novel biotechnology platform 

for value-added product generation from waste CO2 stream. Integrating MES technology 

with renewable energy sources for both CO2 valorization and renewable energy storage is 

regarded as one type of artificial photosynthesis and a perfect example of circular 

bioeconomy. However, several challenges remain to be addressed to scale-up MES as a 

feasible process for chemical production, which include enhanced production rate, reduced 

energy consumption and excellent resistance to external fluctuations. To fill these 

knowledge gaps, different in-depth approaches were proposed in this dissertation by 

optimizing the cathode architecture, CO2 flow rates and utilizing efficient photoelectrode 

to improve MES performance and stability. A novel cathode design, made of conductive 

hollow fiber membrane, was developed in this dissertation to improve CO2 availability at 

MES cathode surface via direct CO2 delivery to chemolithoautotrophs through the pores in 

the hollow fibers. By modifying the hollow fiber surface with carbon nanotubes (CNTs), 

higher bioproduct formation was achieved with excellent faradaic efficiencies, which could 

be attributed to the improved surface area for bacterial adhesion and the reduction of 

cathodic electron transfer resistance. Since CO2 flow rate from industrial facilities typically 

varies over time, this hollow-fiber architecture was also applied to test the resistance of 

MES systems to CO2 flow rate fluctuation. Stepwise increase of CO2 flow rates from 0.3 

ml/min to 10 ml/min was tested and the effect of CO2 flow rate fluctuations was evaluated 
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in terms of biochemical generation and microbial community. MES was further integrated 

with renewable energy supply for both energy storage and CO2 transformation into biofuels 

and biochemicals. Stable MES photoanode, based on molybdenum-doped bismuth 

vanadate deposited on fluorine-doped tin oxide glass (FTO/BiVO4/Mo), was prepared for 

efficient solar energy harvesting and overpotential reduction for oxygen evolution reaction 

(OER), which contributed to one of the highest solar-to-biochemical conversion 

efficiencies ever reported for photo-assisted MES systems. The applied nature of this 

dissertation with fundamental insights is of great importance to bring MES one step closer 

to full-scale applications and enable MES technology to be economically more viable for 

renewable energy storage and CO2 valorization. 
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1.1 Carbon dioxide emissions and mitigation strategies 

Global warming, mainly due to the greenhouse effect induced by the accumulation of 

CO2, CH4 and N2O in the atmosphere, is becoming a severe problem [1]. CO2 represents 

the majority of greenhouse gas (GHG) emissions (63% CO2, 24% CH4 and 3% N2O), and 

main contributor for global warming [2]. The annual CO2 emission has exhibited a 

continuous growth trend since 1971, increasing dramatically from 14.1 gigaton to 38.2 

gigaton in 2014 [1]. In order to restrain the global temperature rise within 2 C according 

to the Paris Agreement [3] and achieve worldwide carbon balance, effective control of CO2 

emissions and gradual reduction of CO2 concentration in the atmosphere have become a 

priority of research and technological development. Three main strategies have been 

proposed to combat global warming: (1) reduction of fossil fuel usage [4], (2) development 

of low-carbon renewable energy source [5] and (3) CO2 mitigation technologies including 

carbon capture and storage (CCS) and carbon capture and utilization (CCU) [6]. 

So far, consensus has been reached that renewable energy could be utilized to partially 

replace fossil fuel consumption [7]. However, developing novel technologies to reduce 

CO2 concentration in the atmosphere and thus achieve “negative” CO2 emissions is yet a 

great challenge. Several techniques have emerged for CCU to transform waste CO2 stream 

into value-added resources, which represents a shift in our perception by considering CO2 

as a resource, and hence contributing to circular economy. Unlike CCS which treats CO2 

as a waste stream that requires efficient adsorption and storage [8], CCU through catalytic 

or biological CO2 conversion at large industrial sites is now becoming an attractive solution 

to diverse chemical production in circular carbon economy globally. The thermo/electro 

catalytic CO2 reduction with mainly metal-based catalysts has been widely studied to 
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convert CO2 into mono-carbon compounds (mostly CO or CH4) [9-11]. Even though 

longer-chain hydrocarbons could be generated via CO and/or methanol mediator [12], the 

long-term stability of the catalysts and novel techniques for further energy reduction are 

still under investigation [11]. To efficiently reduce human dependence on fossil fuels, 

biological CO2 conversion into value-added chemicals [13, 14] has been regarded as a cost-

effective approach to achieve circular carbon economy.  

1.2 Microbial electrosynthesis from CO2  

Bioelectrochemical system (BES) has been proposed in the past for waste stream treatment 

and resource recovery [15]. Microbial electrosynthesis (MES) has been specifically 

designed for cathodic CO2 reduction and diverse product generation by utilizing 

chemolithoautotrophs as self-sustaining and economic biocatalysts [16, 17]. This system 

does not face the problem of lipid extraction from microalgae cells as in microalgae-based 

photo-reactors, or unstable catalysts for generating organic products with relatively short 

carbon-chain from thermo/electro catalytic CO2 reduction. The long-term stability of MES 

reactors and the high coulombic efficiency (CE) of CO2 reduction to products make MES 

a potentially scalable technology for CO2 utilization in the circular bioeconomy and high-

value biofuel generation [18]. Currently microbial electrosynthesis of acetate from CO2 has 

been progressing towards high production (> 10 g/L) [16, 19], which is approaching the 

lower limit of acetic acid concentration in Chinese vinegar (3.5-4.5%) [20] and indicates 

the great potential of MES technology for the CO2 transformation into value-added 

biochemicals in food industry. Apart from acetate, more valuable bioproducts, such as 

butyrate [21], caproate [22] and polyhydroxybutyrate (PHB) [23], could be generated from 

CO2 in MES system. The wide diversity of biochemicals generated from CO2 in MES 
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represents another strategical approach for material and chemical synthesis, potentially 

positioning biotechnology, especially MES, as an effective supplement for circular 

bioeconomy. 

1.3 Anode and cathode materials used in MES 

MES for CO2 reduction is an electricity-driven bioproduction process catalyzed by 

microbes. The reactor configuration usually consists of two main compartments, anode and 

biocathode chambers, separated with a proton exchange membrane (Fig. 1.1). Currently 

most MES studies focus on the cathodic CO2 reduction using various microbial inocula, 

different cathode materials and configurations [24]. Cathodic CO2 conversion into acetate 

has been reported feasible with microbial catalysis at a relatively low cathode potential of 

~ -0.4 V vs. standard hydrogen electrode (SHE) [25, 26], which represents an overpotential 

of 110 mV compared to the standard CO2 redox potential (-0.29 V vs. SHE). However, an 

applied voltage of at least 3 V is usually required to boost the current density and acetate 

production [27], most of which is believed to bias at the MES anode to drive water splitting 

[28].  

Oxygen evolution reaction (OER) from water is widely used in MES for 

proton/electron generation at the anode. OER consumes a large amount of electricity 

because the reaction is not kinetically favorable, which involves four-electron transfer and 

is believed to be much more complicated than the hydrogen evolution reaction (HER) at 

the cathode [29]. However, despite its relevance, the development of effective MES anode 

is not gaining attention in MES research. Most MES anodes are made of carbonaceous 

materials, such as graphite stick [26, 30], graphite plate [31], carbon cloth  and carbon fiber 

brush [32]. However, carbon electrodes exhibits intrinsic electrocatalytic OER activity 
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with an overpotential of more than 600 mV to drive a current density of 5 mA cm-2 [33]. 

To avoid the high energy input and/or reduce the cost of electrode for anodic OER in MES, 

several strategies have been developed as shown in Fig. 1.2 such as (1) small amounts of 

stable noble catalyst deposition on non-noble electrode for efficient OER; (2) the utilization 

of photoanodes; (3) the use of anodic reactions other than OER for electron generation; 

and (4) the use of biotic anode for organic or sulfide oxidation. These strategies are 

discussed in more detail below. 

 

Figure 1.1 Schematic of a microbial electrosynthesis (MES) cell. PEM: proton exchange 

membrane. Reproduced with permission [15]. Copyright 2018, John Wiley & Sons, Inc. 

Several metal electrodes, instead of carbonaceous materials, have been utilized as MES 

anodes to initiate better OER. Ti and Pt metal anodes have been reported to efficiently 
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drive the OER and maintain long-term MES performance without corrosion [16, 34]. As 

(noble)-metal electrodes are usually more expensive than carbon, small amount of noble 

metal catalysts (Ir or Pt) have been deposited onto cheap substrates to serve as MES anodes 

[35]. To further reduce the cost for catalyst preparation, biosynthesized reduced graphene 

oxide doped with transition-metals has been developed for OER with long stability and 

proposed for potential application in MES [36]. However, since current MES studies 

mainly focused on the biocathodes with chemolithoautotrophs for CO2 reduction, no results 

regarding the anodic OER overpotential have been reported for these MES anodes with 

noble metal catalysts, which makes it difficult to identify their long-term stability.  

Figure 1.2 A scheme of different anode strategies in MES to reduce energy input. All the 

values included in this scheme are based on the standard redox potential (vs. SHE) of the 

different anodic reactions for electron generation. a -0.28 V vs SHE represents the oxidation 

potential of acetate, which is a common organic compound present in wastewater. 

Light energy, one of the most abundant renewable resources, can be additionally used 

at the anode to overcome the overpotential of OER in MES and thus achieving so-called 

artificial photosynthesis [37]. Photo-electrochemical (PEC) systems in recent years have 

been widely reported for hydrogen production through water splitting [38, 39]. To 

efficiently harvest solar energy, titanium dioxide (TiO2) nanowire arrays have been utilized 

as photo-absorber and OER catalyst in MES by Liu et al. [18] and Fu et al. [37], 

respectively. An instant photo-response from the MES photoanode induced a current of 
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~1.2 mA in the absence of external bias, demonstrating the feasibility of minimized energy 

input for the photo-assisted MES [37]. Thus it is promising to utilize solar energy in MES 

for efficient OER and reduced energy input at the same time. 

Oxygen was reported to be able to diffuse from the anode to the cathode in a two-

chamber MES reactor [40]. Previous studies using two-chamber MFCs revealed the 

negative effects of oxygen diffusion, using ion-exchange membrane, on MFC performance 

and electricity generation [41]. To reduce the energy input for OER and minimize the 

negative impacts of oxygen intrusion on chemolithoautotrophic enrichment, chlorine 

evolution reaction (ClER) could potentially serve as the substitute for OER. The 

electrochemical formation of chlorine and oxygen gas at the anode occurs according to the 

following reactions [42, 43]: 

2Cl- → Cl2 + 2e-, E°=1.358V vs. SHE      (1) 

2H2O → O2 + 4H+ + 4e-, E°=1.229V vs. SHE     (2) 

By comparing the standard potentials of reaction (1), (2), it is obvious that OER 

requires less activation energy versus ClER. However, high ClER selectivity over OER has 

been already reported with electrocatalysts, since it is more kinetically favorable with only 

two electrons involved in chlorine evolution [43]. Finke et al. [44] systematically studied 

the activity of oxygen-evolution and chlorine-evolution through TiO2 electrocatalysts 

synthesized by atomic layer deposition (ALD). Lower anode overpotential towards ClER 

induced higher current density (700 mV, ~2 mA/cm2) compared to OER (900 mV, ~0.05 

mA/cm2) with the same fluorine-doped tin oxide (FTO) electrode coated at 10 ALD cycles 

of TiO2. Considering the much lower overpotential to initiate ClER and the huge market 

size (50–60 million ton/year) of chlorine gas [45], developing cost-effective anode 
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materials for efficient ClER could be a suitable alternative for OER in MES to achieve 

circular bioeconomy. 

Bioanodes are typically used in BESs such as MECs for the removal of chemical 

oxygen demand (COD) in wastewater with generation of electrons and protons [46]. An 

applied voltage as low as 0.7 V, which is commonly not high enough to drive OER and 

HER in MES, has been demonstrated to sufficiently drive HER in MEC [46]. The main 

reason for this low voltage is due to the low potential established at the bioanode from the 

oxidation of organic matter (for example, acetate/HCO3
−, E'0 = −0.28 V vs. SHE), instead 

of the energy-demanding water splitting (H2O/O2, E
'0 = 0.82 V vs. SHE). Since MES has 

been proposed to purify the biogas (mainly CH4 and CO2) from anaerobic digestion (AD) 

[17] and the digested effluent from AD usually contains high strength of persistent organic 

substances [47], combining bioanodes with biocathodes in MES for AD effluent treatment 

and biogas upgrading, respectively, could enhance the role of AD in circular bioeconomy 

and help reduce the energy input in MES by replacing the anodic OER reaction [48]. The 

utilization of bioanode has recently been reported in MES reactors with a bipolar 

membrane [49], however, no details about the anode potential was provided. Another study 

reported that the bioanode potential could reach as low as -0.2 V vs. SHE to generate 

electron/proton with higher current density compared with abiotic anode in MES [50]. Both 

studies reported a COD removal efficiency of > 45% and a coulombic efficiency of over 

60%, demonstrating the feasibility of integrating bioanode in MES systems for both 

treating wastewater and reducing energy input.  

Apart from electron generation via organic oxidation at bioanode [51, 52], some 

reduced inorganic compounds (for example, S2-, HS-) could also serve as electron donors 
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through anodic oxidation at lower overpotentials. Sulfide has been converted by microbes 

to sulfur with electron generation to reduce the anodic overpotential in BESs [31, 53, 54]. 

The electrochemical oxidation of S2- is shown below [54]: 

HS
-
 → S(s)+2e-+H+, Eanode= -0.262V vs. SHE (pH=9; 1M Na+)  (3) 

It is obvious that sulfide oxidation is much more thermodynamically favorable than OER 

and ClER as shown above. Recent studies showed the electron transfer from sulfide to 

bioanode inoculated with sulfide-oxiding bacteria (SOB) at anode potential of 305 mV [53] 

or 503 mV vs SHE [54]. Sulfide-driven MES process at 503 mV vs SHE has been 

successfully demonstrated using SOB-inoculated (Desulfobulbus propionicus and 

Desulfuromonas) bioanode [31]. 

MES cathode represents the core of MES system as it is the central platform for CO2 

recycling and biochemical production. One of the key elements affecting the chemical 

production from CO2 in MES is the selection of cathode materials because it governs the 

electroactivity and biocompatibility. Chemically stable cathodes with low cost, high 

conductivity, high HER capability, and large biocompatible surface area for cell 

adherence/biofilm formation are preferable for CO2 reduction in MES [24].  
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Table 1.1 Overview of cathode materials, products and production rates in microbial electrosynthesis from CO2. 

Type of 

cathode 

Cathode 

materials  

Microbial 

inoculum  

Cathode 

potential (V 

vs SHE) 

Current 

density § 

(Am-2) 

Acetate 

production 

rate (gm-2d-1) 

CE in 

acetate 

(%) 

Other VFAs 

and alcohols 

(gm-2d-1) 

Reference 

UNMODIFI

ED 

CARBON 

BASED 

CATHODE 

 

Graphite granules Enriched 

brewery WW 

sludge 

-0.59 -0.8 (kA 

m-3) 

1.03£  69 - [55] 

Graphite disk  S. ovata -0.68 -

0.25±0.06 

2.25 79±6 - [27] 

Gas diffusion 

cathode VITO-

CoRE 

Enriched 

Anaerobic 

sludge 

-1 -20 36.6 35±8 nC4 & EtOH [16] 

RVC foam 

(Continuous 

mode) 

Enriched 

acetogenic 

culture 

-1.1 to -1.3 -83.3 196.8 35 - [56] 

3 Carbon felts 

stacked together 

(flow through, 

continuous) 

Enriched 

mixed 

culture  

-0.85 -110±20 371± 5 91±9 (all 

organics) 

nC4 (160±29), 

nC6 (46± 1) 

VFAs 

[22] 

3 Carbon felts 

stacked together, 

flow through, 

continuous, at 

high rate CO2 

feed 

Enriched 

mixed 

culture  

-1.02 -126 234±57.7  

 

29±6.8  

 

nC4 (125±45), 

nC6 (42±10) 

VFAs 

[57] 

-0.9 -100.8 157±25.6  

 

24±4.9 nC4 (106±6), 

nC6 (64±3) 

VFAs 

[57] 

CC-SS-AC 

CC-SS 

CC 

Enriched 

mixed 

culture  

-0.6 -6 mA 

-2.3 mA 

-2 mA 

1.7£  

1.7£ 

1.4£ 

47 

44 

40 

nC4 VFA & 

EtOH 

[58] 
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Carbon felt (with 

5 g L-1 EtOH in 

media) 

Raw + 

acclimated 

activated 

sludge 

~ -0.95 -10  - 80.3 ± 0.5 nC6 (2.1 ± 

0.01£) VFA 

[59] 

MODIFIED 

CARBON 

CATHODE

S 

Chitosan on 

Carbon cloth 

S. ovata -0.4 -0.47 13.5±3.3 86 ± 12 - [25] 

3D RVC with 

MWCNT 

Enriched 

mixed 

culture  

-0.85 -102 685±30 100±4 - [60] 

MWCNT-RVC Enriched 

mixed 

culture  

-1.1 -200 1330 84±2 - [17] 

CC-rGO-TEPA S. ovata 

adapted on 

Methanol 

-0.69 -0.23  62.4±26.6 83 ±3 - [30] 

3D-Graphene 

carbon felt 

composite  

S. ovata -0.69 -2.4 54.6± 1.7 86 ± 3 - [61] 

Graphene Paper  S. ovata -0.69 -2.5 39.8 90.7 - [62] 

CC coated with 

PEDOT:PSS 

S. ovata -0.69 -3.2 59.5 87.2 - [63] 

MODIFIED 

WITH 

METAL/M

ETAL 

OXIDE 

MXene Ti3C2Tx-

coated carbon felt 

electrode 

Mixed 

culture from 

WWTP 

sludge 

-0.6 -0.1742 12.24† 

 

41 C3 (13.95†), 

nC4 (25.08†) 

VFA 

[64] 

Graphite Stick -Ni 

Nano wire 

S. ovata -0.4 -0.63 3.4 82 ± 14 - [26] 
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Si-TiO2 nanowire 

photocathode 

S. ovata -0.595 -3.5 ng 86 ± 9 - [18] 

3D Iron oxide 

modified carbon 

felt   

 S. ovata  -0.69 ng 25.4 * 86 ± 9 - [65] 

3D Graphene Ni-

foam 

Mix culture 

from MFC 

-0.85 -10.2 ~ 0.15* £  70 nC4, i-C4, nC6 

VFAs and their 

alcohols 

[66] 

NiMo deposition 

on doped Si wafer 

S. ovata -0.7 -10  6.7† 95-100 - [67] 

NiMo deposition 

on doped Si wafer 

A. woodii -0.7 -10  6† ~100 - [67] 

§ Projected surface area based current densities, £ unit in g L-1 d-1, * calculated from the provided graphs of the products, † calculated from g L-1 d-1 value. CE- 

Coulombic efficiency, VFAs-Volatile fatty acids; ng-not given, 3D-Three dimensional, RVC-reticulated vitreous carbon, CC-Carbon cloth; SS-Stainless steel; AC-

Activated carbon; WWTP-Wastewater treatment plant; EtOH-Ethanol; VFA C3 -propionate, nC4-n-Butyrate; i-C4-isobutyrate; nC6-n-Caproate; MWCNT-Multi-

walled Carbon nanotube, rGO-reduced graphene oxide, TEPA-tetraethylene pentamine, PEDOT:PSS-poly(3,4-ethylenedioxythiophene):polystyrene sulfonate 

polymer
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The proof of principle for microbial CO2 reduction at the cathode was reported with a graphite 

stick cathode using Sporomusa ovata as biocatalyst [68]. The planar graphite block as a cathode 

in MES was not able to achieve high acetate production due to its limited surface area for biofilm 

development. A number of MES cathodes made from carbonaceous, metallic, and carbon-metallic 

materials have been recently developed in MES. These materials can come in different 

configurations including planar (such as cloth, plate, and rod) and porous 3D configuration (such 

as foam and felt). Porous 3D materials with large specific surface area can enhance microbial-

electrode interaction and substrate mobility within the electrode even without surface modification 

[22]. Other configurations such as flow through [22, 69] and gas diffusion cathodes [16, 32] are 

also beneficial in enhancing CO2 reduction rate in MES. To further enhance the cathode-microbial 

interactions, cathode surface modifications have been employed [25, 70]. An overview of different 

cathode materials for CO2 reduction in MES is presented in Table 1.1.  

Modifications in cathode surface are intended to enhance the electrocatalytic activity and 

microbial cell adherence to the cathode. For example, carbon cloth electrode after modification 

with chitosan, an amino and hydroxyl-group rich polysaccharide, increased the acetate production 

rate by 7.6 folds [25]. Production of acetate from CO2 reduction was boosted as a result of CO2 

adsorption on the porous chitosan, enhanced electron transfer pertaining to biocompatible cathode 

surface, and better interaction between the positive charges on chitosan and the negative charges 

on the external surface of bacteria. Besides, carbon nanomaterials have been widely used for the 

enhancement of conductivity, specific surface area and biocompatibility of MES cathodes. Multi-

walled carbon nanotube (MWCNT) coating on reticulated vitreous carbon (RVC) was first utilized 

to efficiently provide a high specific surface area for bacterial growth and the corresponding 

acetate production [70]. The high conductivity of the RVC-based cathodes induced by MWCNTs 
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also led to ~100% electron recovery in MES [60]. Modifying the carbon-based electrode with 

reduced graphene oxide (rGO) also improved the CO2 reduction rates using S. ovata [30], 

enhancing the acetate formation by 11.8 times as compared to the unmodified carbon cloth cathode 

in MES [30]. Likewise, metal-carbon complex cathodes were also applied in MES for CO2 

reduction. Nickel (Ni) nanowire [26], Fe2O3 [65] and Fe3O4 [71] were reported to combine with 

carbonaceous materials as MES cathodes and contribute to the enhanced CO2 reduction rates in 

MES due to the improved electrocatalytic property of cathode material. A photocathode based on 

silicon-titanium oxide nanowires (Si-TiO2 NWs) has also been specifically designed to enrich S. 

ovata cells, which resulted in 4.4 ± 1.0 times higher cell loading compared to the planar Si 

electrode [18].  

In addition to cathode surface modifications, there is a need to design a better cathode 

architecture to address the mass transfer limitation in MES (See Table 1.1). Gas diffusion electrode 

(GDE) made from activated carbon and Polytetrafluoroethylene (PTFE), VITO-CoRE®, was thus 

employed in MES. The VITO-CoRE® GDE provided a gas–liquid–solid interface for the CO2 

diffusion, which improved CO2 mass transfer [16]. Likewise, a forced flow-through configuration 

of carbon felt cathodes enhanced the production rates in MES by improving the mass transfer and 

electrode surface area [22, 69]. Remarkably, three layers of non-modified carbon felts as the flow-

through cathode at -0.85 V vs SHE produced the highest rate of acetate production at 371 ± 5 g 

m−2d−1 [22]. This system also produced longer chain organic compounds such as n-butyrate and n-

caproate at the rate of 160 ± 29 g m−2d−1 and 46 ± 1 g m−2d−1, respectively.  

In the latest modification of cathode architecture to address CO2 mass transfer limitation, direct 

CO2 supply in dual-functional porous Ni-hollow fiber (Ni-HF) membrane cathode was 

demonstrated to enhance the bioelectrochemical CO2 reduction in MES [32]. Almost 84% of the 
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electrons were recovered as methane via CO2 delivery through Ni-HFs, achieving almost 4 times 

higher CO2 conversion efficiency compared to CO2 sparging into MES electrolyte [32]. As CO2 

concentration and bubble sizes at the cathode surface may also bring variations in the performances 

of CO2 utilization and bacterial growth in MES [72], novel porous membrane electrodes with small 

pore sizes (<1 μm) may further reduce the CO2 bubble size and can thus lead to better CO2 mass 

transfer. Not only the CO2 mass transfer and availability will be enhanced, but the local pH at the 

electrode surface could be adjusted by direct CO2 delivery through the porous membrane cathodes 

in MES. The pH level in MES utilizing bicarbonate as the carbon source usually increases with 

time, as protons are consumed to produce VFAs, methane or hydrogen [21]. Acetate production in 

MES was analyzed with stepwise change in media pH (from 6.7 to 3) and the largest acetate 

production value was reported at a pH of 5.2 [17]. It is evident that a slightly acidic environment 

(pH 5-6) promotes the production of multi-carbon VFAs and inhibit the methane generation at the 

cathode [73]. Since CO2 sparging into media was reported to be able to create slightly acidic pH 

[16], continuous CO2 sparging along with bicarbonate in media could be an excellent alternative 

for maintaining pH at 5-6 in MES. Considering all these findings, the future developments on 

cathode architecture in MES could focus more on porous membrane electrodes for direct gas 

delivery and small bubble production in order to achieve high CO2 concentrations, fast mass 

transfer and slightly acidic pH at the cathode surface [15]. 

1.4 Chemolithoautotrophs at MES biocathodes for CO2 reduction 

Chemolithoautotrophs can use H2, formate, sulfide and reduced metal ions as electron donors 

for CO2 reduction through Wood–Ljungdahl (WL), reverse tricarboxylic acid and variants of 

hydroxypropionate/hydroxybutyrate pathways. Reduced electron donors, especially H2, could be 

generated through HER at the cathode surface when sufficient reductive potential is imposed under 
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electrochemical settings. In addition, microorganisms may uptake electrons directly from the 

cathode. Direct uptake of electrons from the cathode has been reported for some species of 

methanogens [74] and sulfate reducing bacteria [75]. In recent literature, the archaellum of 

Methanospirillum hungatei was reported to be electrically conductive [74], which may facilitate 

the direct electron transfer from cathode to microbes. Thus, chemolithoautotrophs could efficiently 

attach to the electrodes for CO2 reduction with the electricity input. Homoacetogens represent a 

group of taxonomically diverse chemolithoautotrophs that can use CO2 and H2 (electron donor) 

for anaerobic-autotrophic growth. Several species of homoacetogens from the genus Sporomusa, 

Moorella, Clostridium have been investigated for CO2 reduction to multi-carbon products in MES 

[76]. Besides pure cultures of homoacetogens, mixed microbial communities are widely employed 

as biocatalysts in MES. In mixed cultures, the interactions among various microorganisms can 

result in a final microbiome adapted towards the intended process. The functional shift towards 

the desired process and the adaptive nature of mixed cultures to the operational condition in the 

reactors make the use of mixed culture communities advantageous for MES applications [77, 78].  

MES are usually inoculated with i) mixed culture inocula from anaerobic environments [70]; 

ii) previously enriched inocula from parent MESs [17]; or iii) selective cultivation of targeted 

species from mixed culture [77]. Various sources of mixed culture inoculum used in MES for CO2 

reduction are detailed in Table 1.1. A group of CO2 reducing bacteria from the phylum Firmicutes 

such as Acetobacterium spp., Acetoanaerobium spp., Trichococcus spp. and Clostridium spp. were 

predominantly enriched in mixed culture MES biocathodes [79, 80]. High rates of CO2 reduction 

have been reported at the biocathode of MES, where chain-elongating microbes also became active 

for the bioelectrochemical conversion of CO2 to medium chain VFA production [66, 81]. 
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In recent development in MES research, inocula from hypersaline environments using brine 

pool sediment and interface electrolyte have been tested for the enrichment of homoacetogens at 

the cathode [40]. Genome analysis revealed novel halophilic homoacetogens for CO2 fixation via 

WL pathway [40]. The operation of MES system under saline conditions might be advantageous 

for scaling up as seawater is abundant and can be used as highly conductive electrolyte to reduce 

ohmic resistance. Selecting a robust and effective CO2 reducing communities from saline 

environments, that are diverse in microbial composition such as salt marsh, mangrove, and deep 

sea sediments, can be useful for MES study in this aspect.  

1.5 Diverse products generated from MES 

In general, acetate is the most common bioproduct generated from CO2 conversion in MES. 

However, some other products such as butyrate, oxo-butyrate, ethanol, iso-propanol have also been 

produced as minor products [21, 73, 76]. More reduced products were formed as a result of further 

reduction of the accumulated acetate produced in MES [23]. Production of ethanol from CO2 was 

reported using S. ovata pure culture when the condition became highly reductive with excess 

availability of hydrogen [34]. Microbial chain elongation could be thus initiated to produce up to 

C4-C8 products at the presence of acetate and ethanol [81]. The production of longer chain fatty 

acids from acetate needs ethanol as an electron donor, but in MES under highly reductive condition 

the cathode or hydrogen also serves as an electron donor for chain elongation [82]. Ethanol could 

be produced as an intermediate through the reduction of acetate using hydrogen as depicted in Fig. 

1.3. Van Eerten-Jansen et al. [83] first reported the chain elongation of acetate to caproate (C6) 

using cathode as the electron donor.  
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Figure 1.3 A scheme of direct CO2 delivery through the pores on hollow fiber membrane 

electrode. The generation of diverse bioproducts from CO2 could be achieved through the activity 

of different microbes. 

Acetate and other VFAs produced from CO2 in MES could be the precursor compounds for the 

bioproduction of other raw chemicals. Production of butyrate (0.16 g L−1 d−1) as the main product 

from CO2 reduction was reported in MES [21]. Butyrate production rate from CO2 in MES was 

increased to 0.21 g L−1 d−1 under microbial adaptation [81]. Butyrate and caproate production rates 

reached as high as 160 ± 29 g m-2 d-1 and 46 ± 1 g m-2 d-1, respectively, when the acetate production 

was as high as 370 g m-2 d-1 in continuous mode using forced flow-through carbon felt cathode 

[22]. Various other VFAs and alcohols have been discovered in MES and production rates have 

been enhanced with improvements in cathode material and configuration (Table 2). The 

aforementioned results demonstrate that MES is an attractive approach to supply in-situ electrons 

or H2 for electrode-driven chain elongation process at the cathode. 
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Figure 1.4 The prospect of producing high-value products in microbial electrosynthesis (MES) 

from CO2 by further bioprocessing of primary products. (HER: hydrogen evolution reaction; PHB: 

Poly-hydroxybutyrate, PHA: Poly-hydroxyalkanoates) 

MES as a production platform becomes attractive in the context of circular economy when the 

production can be established at high rate, and the end-product can be diversified to special and 

economically valuable commodities. In CO2 reduction via Wood-Ljungdahl (WL) pathway, 

acetyl-CoA is a central precursor that may undergo further metabolic conversion to generate 

various commodity chemicals such as ethanol, butyrate, lactate, 2,3-butanediol and butanol under 
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the appropriate conditions [84]. Solventogenesis metabolism can be introduced into the MES 

process by changing operational conditions to produce respective alcohols from VFAs [66]. In 

addition, lactate (C3) and succinate (C4) could also be generated from the intermediate products 

of CO2 reduction through Krebs cycle [85]. The perspective of production of various value-added 

products from CO2 by integrating MES with chain elongation mechanism and other bioconversion 

systems is depicted in Figure 1.4. Such perspective presents the MES as the producer of precursory 

compounds such as H2, CH4 and acetate/short chain fatty acids (SCFA) which can be further 

upgraded to longer chain carboxylates, biofuels, bioplastics, polysaccharides and protein with 

multi-step bioconversions [86]. For example, CH4 produced in MES can be used as a feedstock in 

syngas platform to produce methanol, formaldehyde, and ethylene [87]. In case of acetate 

production in MES along with other SCFAs, further upgrading has been reported mainly via chain 

elongation platform to produce butyrate and caproate as mentioned above [22]. In other approaches 

of further conversion of SCFAs, production of polyhydroxyalkanoates and single-cell proteins 

(SCPs) has been reported [88, 89]. 

1.6 Current bottlenecks for MES 

Despite the advances of MES technology in terms of the enhancement of product formation 

rate and diverse chemical generation, however, several bottlenecks, such as the high energy input, 

poor CO2 utilization efficiency, and end-product inhibition, are still lacking systematic analysis, 

which currently restrain the production rates of volatile fatty acids (VFAs) from CO2 at low costs 

and large scale [19].  

The limited availability of CO2 molecules in the medium, due to the low solubility of gaseous 

CO2 in water is a limiting factor for MES from CO2. So far, CO2 is either bubbled into the MES 

electrolyte [30, 61], or present in the form of bicarbonate [19, 90]. The limited CO2 molecules 



39 
 

 

reaching the microbe-cathode interface reduce CO2 availability for the bio-catalysts on the cathode 

and decrease the CO2 reduction current, which result in the low electron recovery in terms of 

organic products. Another great challenge for future scale-up of MES is the high energy 

consumption, partially attributed to the water oxidation at MES anode. As oxygen evolution 

reaction (OER) is usually kinetically unfavorable due to the four electron transfer during the 

formation of one oxygen molecule [29], higher overpotential for OER must be biased to MES 

anode, which leads to the high energy input to MES. Therefore, it is essential to develop cost-

effective electrode materials and configurations for reduced energy input, enhanced bacterial 

colonization, excellent CO2 mass transfer and bioproduct extraction in MES [19, 35]. 

The overall objective of my Ph.D. research was to address the aforementioned knowledge gaps 

associated with MES processes. This objective was met by integrating advancements in materials 

science with applied microbiology and electrochemistry. The following specific tasks were 

addressed in my dissertation:  

i. The feasibility of using dual function macroporous hollow fiber as MES cathode and direct 

CO2 delivery channel was tested. This cathode architecture was developed and modified to 

solve the issue of CO2 availability to the biofilm and enhances the electroautotroph activity of 

chemolithoautotrophs in MES reactors. 

ii. The robustness and resistance of MES system and microbial community to the changes in CO2 

delivery methods and CO2 flow rates was examined via comparing direct (though pores in 

hollow fiber cathode) vs. indirect (sparging into MES media) CO2 delivery and varying CO2 

flow rates. 

iii. Efficient and stable photoanode was developed for photo-assisted MES system to mimic 

artificial photosynthesis, aiming for both renewable energy storage and CO2 valorization.   
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1.7 Objectives of this dissertation 

The goal of this dissertation is to examine the robustness of MES system and develop novel 

electrode configurations and materials for enhanced microbial activity, improved bioproduct 

formation and reduced energy consumption in MES. This dissertation is divided into five chapters; 

including the introduction (chapter 1), followed by three chapters (chapters 2, 3 and 4) addressing 

the above objectives and a conclusion (chapter 5). 

In Chapter 2, we aim to overcome a major challenge in MES, which is to increase the biomass 

density as microbial catalyst on the cathode surface, and hence biocatalysis efficiency. Generally, 

a biocompatible and high surface area cathode is advantageous for the growth of microbial 

catalysts as well as for increasing biomass density. Cathode surface area is one important design 

aspect, while another is the development of a cathode architecture with a three-phase interface 

(i.e., between CO2 gas, cathodic biofilm and electrolyte) to achieve a balance between various bio-

physico-chemical phenomenon during microbial electrochemical carbon capture and utilization. 

To address these challenges, we developed a hybrid biosystem for CO2 reduction to acetate by 

coupling a new electrode design with the chemolithoautotrophic bacterium S. ovata (microbial 

catalyst). The novel electrode design consisted of porous nickel hollow fibers coated with carbon 

nanotubes (Ni-HF/CNT). The Ni-HF/CNT acted as a cathode and gas-transfer membrane for direct 

CO2 delivery to S. ovata on the cathode through the pores of the hollow fibers. The performance 

of the Ni-HF/CNT cathode was tested in MES reactors operated at a cathode potential of –600 mV 

vs. Ag/AgCl. A control MES reactor was operated in parallel using Ni-HF cathode without CNT 

coating. A unique feature of the Ni-HF/CNT cathode is that it created a suitable environment for 

increasing the density and activity of S. ovata, which utilized the reducing equivalents from the 

cathode for the conversion of CO2 to acetate. Also, compared to the control reactor, the MES 
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reactor operated with Ni-HF/CNT showed 11-fold higher CO2 adsorption capability and 76.3% 

lower electron transfer resistance, which further increased the acetate production from CO2 (246.8 

± 17.4 mM/d/m2) and coulombic efficiency (~ 83%). These results demonstrate that using porous 

hollow fiber electrode design and modifying cathode morphology with CNT to enhance the 

microbe-electrode interactions and CO2 availability for bacterial growth are effective approaches 

to increase the rates of CO2 reduction in MES.  

In Chapter 3, the robustness of the MES system and the resistance of microbial community to 

fluctuations in CO2 gas diffusion and flow rates were tested for the purpose of practical application 

of MES system. Two sets of experiments were conducted in this study: (1) direct CO2 delivery 

(through the pores of the ceramic hollow tube wrapped with Ni foam/CNT (CHT/Ni foam/CNT) 

cathode) vs. indirect CO2 delivery (via CO2 diffusion in medium) to chemolithoautotrophs on 

cathode surface, to study the impact of CO2 diffusion and availability on MES performance and 

microbial community; (2) stepwise increase in CO2 flow rates (0.3 ml/min to 10 ml/min) to MES 

reactors, to evaluate the influence of CO2 flow fluctuation on both MES performance and microbial 

community. Higher acetate (45%) and methane (77%) production rates were achieved by direct 

CO2 delivery through CHT/Ni foam/CNT biocathode, clearly demonstrating the advantage of 

minimizing the distance of CO2 mass transfer. Also, highest production rates were observed at 10 

ml/min with over 90% electron recovery into acetate (47.0 ± 18.4 mmol/m2/day) and methane 

(240.0 ± 32.2 mmol/m2/day). Methanobacterium and Acetobacterium accounted for 80% of the 

total microbial community on biocathode and in suspension in both experiments, suggesting high 

resistance of chemolithoautotrophs to changes in delivery methods and CO2 flow rates in MES. 

In Chapter 4, we further developed MES system to couple with renewable energy for the 

reduction of energy consumption and the enhancement of MES sustainability. To mimic natural 
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photosynthesis for biochemical production, we utilized FTO/BiVO4/Mo photoanode for enhanced 

solar energy harvesting and photocurrent generation in MES. A theoretical solar-to-acetate 

conversion efficiency as high as ~1% was achieved, which is among the highest ever reported for 

photo-assisted MES. Also, the inter relationship between anode potential for OER and cathode 

potential for microbe-catalyzed CO2 reduction were systematically discussed for the first time in 

MES study. The feasibility of coupling renewable energy with MES was highlighted in this study, 

which makes the solar-powered MES process highly attractive for on-site carbon capture and 

utilization of CO2 gas generated from various industrial sources.   

In Chapter 5, the main findings in chapters 2 to 4 were summarized, and future perspectives 

of MES research were provided. 
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Abstract 

Microbial electrosynthesis (MES) allows recycling of CO2 into value added products by 

coupling renewable energy to the microbial ability for complex product formation. To 

improve biofilm formation on the cathode and the rates of product generation, the design 

of cathodes possessing a high specific surface area and enhanced electrode–microbe 

electron transfer is needed. This study aimed to demonstrate a novel cathode design that is 

made of porous nickel hollow fibers (Ni-PHFs), for facilitating direct delivery of CO2 to 

Sporomusa ovata in MES through the pores in the hollow fibers. Modification of the 

surface of Ni-PHFs with carbon nanotubes (CNTs) resulted in an 11-fold increase in the 

CO2 adsorption capability at atmospheric pressure, as well as 76.3% reduction of cathode 

electron transfer resistance. This cathode surface modification partially explained the 

higher acetate production rate of 247 ± 17 mM d−1 m−2 from direct CO2 delivery through 

the pores of the Ni-PHF/CNT cathode, compared to 145 ± 4 mM d−1 m−2 for the Ni-PHF 

cathode. Higher electron recovery in the form of acetate (∼83%) was also observed for the 

Ni-PHF/CNT cathode. As for the tests where CO2 was sparged into the medium, acetate 

production was 36% lower than tests with direct CO2 delivery to S. ovata through the pores 

of the Ni-PHF/CNT cathode. These results demonstrate that using the PHF electrode design 

and modifying the cathode morphology to enhance the microbe–electrode interactions and 

CO2 availability for bacterial growth are effective approaches to increase the rates of CO2 

reduction in MES. 
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2.1 Introduction 

Carbon dioxide (CO2) emissions are reported to have near-linear relationship with the 

global rising of temperature [1]. The need to reduce the level of CO2 emissions from fossil 

fuel burning are expediting the development of novel technologies for renewable energy 

generation besides novel approaches for chemical production. Microbial electrosynthesis 

(MES) has been realized as a technology to reduce CO2, a greenhouse gas, into value-added 

products, e.g. methane and acetate, through microbial catalysis with little electrical energy 

input [2, 3]. In MES, chemolithoautotrophic microbes growing on the surface of the MES 

cathode utilize the electrons (directly or indirectly as hydrogen) generated from the cathode 

to reduce CO2 to multi-carbon organics [4, 5]. Various strategies have been adopted to 

enhance cathode specific surface area and cathode-microbe interaction in order to facilitate 

the bacterial biofilm formation and electron transfer efficiency [6-9]. These efforts mainly 

focused on surface modification of cathode and optimization of cathode architecture to 

enhance biocompatibility, porosity, catalytic properties and effective bacterial colonization 

area [6-9]. In previous MES studies using submerged cathode materials, CO2 was usually 

bubbled or sparged into the MES catholyte to serve as carbon source for 

chemolithoautotrops on the cathode [8, 10-12]. In these configurations, gas-liquid mass 

transfer could be one of the limiting factors for the CO2 reduction process, mainly because 

of the low solubility of gaseous CO2 in water [13, 14]. Gas diffusion electrodes (GDEs) in 

MES are able to enhance the direct CO2 transfer to chemolithoautotrophs and thus improve 

the production of volatile fatty acids (VFAs), emphasizing the importance of direct mass 

transfer from the cathode to microbes in CO2 conversion [15]. However, the low specific 

surface area of flat GDEs makes them unsuitable for scale up of MES technology where 
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high surface-to-volume ratio of the cathodes is desirable. Therefore, the design of cathodes 

possessing high specific surface area and optimum gas-liquid mass transfer are required 

for CO2 reduction in MES systems. 

Porous nickel (Ni)-based hollow fiber (PHF) cathodes have been recently developed to 

recover clean water and biogas in electrochemical membrane bioreactors (EMBRs) [16-

18]. Applying porous Ni-PHF cathodes with small radial dimensions in MES can allow for 

direct delivery of CO2 to chemolithoautotrophs through the pores of PHFs, thus reducing 

mass-transfer limitation [18]. In addition to solving the issue of gas-liquid mass transfer 

limitations, the application of this type of cathode architecture in MES has several other 

advantages summarized as follows: (1) the high specific surface area of the cathode 

maximizes the diffusion of CO2 gas; (2) the small radial dimensions of the hollow fiber 

cathodes maximize the surface-area-to-volume ratio, thus solving the issue of cathode 

packing density for large-scale applications; and (3) most importantly, this cathode 

architecture makes the MES process highly attractive for on-site carbon capture and 

utilization of CO2 gas generated from various industrial sources. 

In addition to mass-transfer limitation, low bacterial density on the cathode due to poor 

biocompatibility and insufficient electron transfer rates from the electrode to microbes can 

limit CO2 conversion rates [19]. Carbon nanotubes (CNTs) are known to be highly 

conductive and can promote electron transfer [20-22], which makes CNTs excellent 

electrocatalyst for hydrogen evolution reaction [23, 24]. Also, they have high specific 

surface area, excellent mechanical strength and chemical stability [22, 25]. Jourdin et al. 

[7, 26] demonstrated the biocompatibility of multi-walled carbon nanotubes (MWCNTs) 
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for mixed microbial cultures in CO2 reducing MES showing uniform biofilm formation 

and high electro-catalytic currents.  

In this study, Ni-PHF cathodes were fabricated and modified by electrophoretic 

deposition of MWCNTs, creating a conductive fiber with potentially high biocompatibility. 

The electrodes were explored for their CO2 reduction performance in MES systems 

inoculated with Sporomusa ovata, which is commonly used species in MES studies for 

acetate production [8, 27]. The combined advantages of Ni-PHFs and CNTs (Ni-

PHFs/CNTs) were investigated with regards to specific surface area, electron transfer 

capacity, CO2 adsorption and delivery methods which can lead to the improved CO2 

conversion rates to value-added products. 

2.2 Experimental 

2.2.1 Fabrication of the Ni-PHF/CNT cathode 

Fabrication of Ni-PHF cathode by a combined phase-inversion/sintering method 

has been previously reported [16, 28, 29]. Briefly, Ni powders with an average 

particle size of ~1 µm were used as raw material and mixed with N-methyl-2-

pyrrolidone (NMP, HPLC grade, 99.5%, Alfa Aesar) and Polyether Sulfone (PES, 

Ultrason E6020P, BASF) with stirring for 18 h. Polyvinylpyrrolidone (PVP, Alfa 

Aesar, Mw = 630, 000) was added to adjust the viscosity of the polymer solution. 

After degassing for overnight at room temperature and pressurizing with N2 at 20 

psi, the suspension was extruded through a tube-in-orifice spinneret with tap water 

as inner and outer coagulant. The PHF green body was dried at room temperature 

and then heated to 560 °C to remove the polymer compounds, followed by PHF 

reduction in H2 atmosphere at 810 °C. 
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MWCNTs (MWNT-10, Shenzhen Nanotech) were deposited onto Ni-PHF surface 

through electrophoretic deposition (EPD), using a similar approach described in Jourdin et 

al. [26] After plasma-treatment in air and H2SO4/HNO3 (1:3 in volume) acid etching, the 

negatively charged MWCNTs were repeatedly harvested by centrifugation (Sorvall ST 

16R, Thermo Fisher) and washed with deionized (DI) water before air drying. The 

MWCNTs were then suspended in DI water at a concentration of 200 mg/L using a 

sonicator (Qsonica, USA) with a ¼ inch microtip and 40% amplitude for 1 h. A voltage of 

35 V was applied (3645A, Circuit Specialists) to carry out EPD of MWCNT with Ni-PHFs 

serving as the anode and stainless-steel mesh bent in a cylinder shape as the cathode 

(Scheme A1). The distance between Ni-PHFs and stainless-steel mesh was ~2 cm. Since 

the voltage applied was high enough for oxygen evolution reaction on the active surface of 

Ni-PHFs, a large amount of small oxygen bubbles began to accumulate and detach from 

the anode surface along with some CNTs after 10 mins of EPD, resulting in inefficient 

CNT coating on Ni-PHFs. Thus, the CNT-coated Ni-PHFs were oven-dried every 10 min 

of EPD to avoid violent oxygen evolution reaction and detachment of CNTs from the Ni-

PHF surface while MWCNT suspension was sonicated during the Ni-PHF drying period. 

The EPD process was repeated six times to obtain a thick layer of MWCNT coating on 

PHF surface. 

2.2.2 Characterization of Ni-PHF based cathode  

The functional groups introduced onto the MWCNT surface after plasma and acid 

treatment were detected with Fourier-transform infrared spectroscopy (FT-IR, NICOLET 

iS10, Thermo Fisher). Prior to FT-IR analysis, treated MWCNT samples were vacuum-

dried at room temperature for 4 h and ground into fine powders. The analysis was repeated 
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3 times for each sample. The CO2 adsorption capability and specific surface area of Ni-

PHFs before and after MWCNT deposition were measured using a pressure sorption 

analyzer (ASAP 2050, Micromeritics) and a mercury porosimeter (AutoPore IV 9500, 

Micromeritics), respectively. The samples were first vacuum-dried at 150 °C for 3 h to 

remove the adhered moisture and gases on the sample surface before the final adsorption 

test. All the calculations were based on the weight of vacuum-dried cathode materials. 

Before the start of the MES experiments, linear sweep voltammetry (LSV) was used to 

evaluate the cathode properties of the Ni-PHF/CNT compared to Ni-PHF at a scan rate of 

1 mV s−1 from −0.1 V to −1 V (vs. Ag/AgCl). Electrochemical impedance spectroscopy 

(EIS) was carried out to analyze the electron transfer properties of the cathode by applying 

a sine signal of 5 mV amplitude between the cathode and anode, with the frequency ranging 

from 100 kHz to 0.01 Hz. The same medium used during the MES experiments (see below) 

was purged with pure N2 for 20 min before LSV and EIS analysis. LSV and EIS were 

carried out using a potentiostat (VMP3, Biologic Science instruments). 

2.2.3 Construction and operation of MES cells  

The MES cells were constructed using a dual-chamber reactor separated by a Nafion 

117 ion-exchange membrane (VWR, UK). All reactors were run in duplicate. The anode 

was made of IrO2-coated carbon cloth (0.5 mg cm−2 IrO2/C, 24 cm2). Ni-based PHF 

cathodes (four Ni-PHFs or Ni-PHFs/CNT with a projected surface area of 13.5 cm2 or 14.5 

cm2, respectively) were bundled together using a nickel wire and conductive epoxy. The 

bottom end of each fiber was sealed with epoxy, while the other end was inserted into 

silicone tubing connected to a 250 ml gasbag filled with 20% CO2. The junction of silicone 

tubing and the hollow fiber bundle was covered with epoxy glue to make the PHF module 
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gas-tight before submersion into 125 ml of Deutsche Sammlung Mikroorganismen und 

Zellkulturen (DSMZ) 311 medium. The cathode potential was set at −600 mV vs. the 

Ag/AgCl reference electrode using a VMP3 BioLogic potentiostat.  

S. ovata DSM 2662 was acquired from DSMZ and initially grown in DSMZ 311 

medium. Followed by growth, cells were activated for autotrophic growth in a separate 

serum vial under a H2 : CO2 (80 : 20) atmosphere. Casitone, betaine and yeast extract were 

omitted from the growth medium during the enrichment with CO2 as the only carbon 

source and H2 as the electron donor. H2/CO2-enriched S. ovata was transferred to the 

cathodic chamber under a H2 : CO2 (80 : 20) atmosphere with mild stirring (150 rpm). The 

mixed gas was switched to N2 : CO2 (80 : 20) stored in the gasbag connected to the silicone 

tubing after the first batch and delivered through the pores of the Ni-based PHF cathodes 

(Scheme 2.1). The MES cells were operated for over 100 days in a fed-batch mode before 

we took a small piece from the Ni-PHF/CNT cathode for SEM imaging and before 

changing the CO2 delivery method. In the last two batches, the gas delivery method was 

changed from direct delivery of N2 : CO2 (80 : 20) through the pores of Ni-PHF/CNT 

cathodes to sparging of 50 ml of N2 : CO2 (80 : 20) into the medium every 1.5 days. Each 

batch lasted for about 7–8 days and new DSMZ 311 medium (lacking betaine, casitone, 

yeast extract, cysteine, Na2S and resazurin) was used for each batch test. 

https://pubs.rsc.org/en/content/articlehtml/2018/ta/c8ta05322g#imgsch1
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Scheme 2.1 Microbial electrosynthesis cell with the Ni-PHF/CNT cathode. (1) Anode 

compartment; (2) cathode compartment; (3) reference electrode; (4) gasbag for collecting 

oxygen; (5) gasbag for collecting biogas; (6) potentiostat; (7) gasbag for delivering CO2. 

2.2.4 Bioproduct analysis and cathodic biofilm characterization  

The samples (1~2 ml) were collected every 1 or 2 days from the cathode chambers for 

measuring acetate concentration. The acetate concentration in the MES was measured with 

HPLC (Accela, Thermo Fisher) as previously reported [30]. A solution of 5 mM H2SO4 

(0.5 ml/min) was used as a flow carrier. Where mentioned, acetate production rates were 

normalized to the outer projected surface area of Ni-based PHF cathodes.  



62 
 

 

For off-gas analysis, a GC (310C, SRI Instruments) was used [17] to quantify the 

volume of hydrogen gas produced in the reactor headspace and the gasbag connected to 

the top of the reactor at the end of each batch cycle. 

The surface of the cathodes before and after MES operation with direct CO2 delivery 

were analyzed with scanning electron microscopy (SEM) equipped with an Everhart-

Thornley detector (Quanta 600, FEI). Energy-dispersive X-ray spectroscopy (EDS) was 

used to determine the elemental composition on the surface of Ni-PHF and Ni-PHF/CNT 

cathodes. Biofilms on Ni-PHF and Ni-PHF/CNT cathodes were first fixed with a phosphate 

buffer solution (PBS) containing 3% glutaraldehyde overnight at 4 °C and then dehydrated 

in a series of graded ethanol solutions. After 4 nm iridium coating, samples were 

characterized with SEM at an accelerating voltage of 5 V under high vacuum condition.  

The LIVE/DEAD® BacLightTM Bacterial Viability Kit (Thermo Fisher) was used to 

determine the viability of S. ovata cells on Ni-PHF and Ni-PHF/CNT cathodes, as 

previously reported [31] and CLSM (LSM 710 upright, Zeiss) images were taken.  

Biomass on the surface of Ni-based biocathodes was measured based on Lowry method 

[32] and previous reports by Chen et al. [33, 34] Briefly, protein in cathodic biofilm was 

harvested and determined by DC-protein assay kit (BIO-RAD Laboratories, Inc.) after 

being re-suspended in DI water, with a series of graded Bovine Serum Albumin (BSA, 

Sigma) solution as standards. 

2.3 Results and discussion 

2.3.1 Fabrication and characterization of the Ni PHF-based cathode 

MWCNTs were plasma oxidized and acid treated to create a negatively charged surface by 

introducing hydrophilic sites and some functional groups, such as –COOH, –OH and C
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O, which were essential for the preparation of a homogeneous deposition solution [35, 

36]. The FT-IR spectrum of the acid-treated MWCNTs clearly showed two significantly 

enhanced absorption peaks at 1635.42 and 3444.24 cm−1 (Fig. 2.1), which typically 

resulted from the C O carbonyl vibrations of carboxylic groups and the –OH stretching 

vibration, respectively. This means that the –COOH group was introduced to the surface 

of MWCNTs and thus the hydrophilic sites were successfully created. 

 

Figure 2.1 Fourier-transform infrared spectroscopy (FT-IR) spectra of the original and 

oxidized MWCNTs after plasma and acid treatment. 

https://pubs.rsc.org/en/content/articlehtml/2018/ta/c8ta05322g#imgfig1
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Figure 2.2 Scanning electron micrograph (SEM) images of the surface morphology of the 

(A and B) Ni-PHF cathode and (C and D) Ni-PHF/CNT cathode. SEM images of the cross-

sections of the (E) Ni-PHF and (F) Ni-PHF/CNT cathode. 
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After EPD of MWCNTs, the Ni-PHF and Ni-PHF/CNT cathodes were characterized 

with SEM. A uniform distribution of macropores (average pore size: 1–2 μm) was observed 

on the Ni-PHF surface before CNT coating (Fig. 2.2A and B). EDS analysis indicated that 

the Ni-PHF surface was composed of 97.6 wt% Ni, 1.6 wt% O and 0.8 wt% C (Fig. A1A), 

demonstrating excellent reduction of the Ni element with H2 at high temperature during its 

fabrication. After EPD, the Ni-PHF surface was fully covered by a uniform layer of 

MWCNTs (Fig. 2.2C and D) with 93.22 wt% C, 4.65 wt% Ni and 2.13 wt% O as shown 

in EDS analysis (Fig. A1B). This further enhanced the surface roughness and pore density 

of PHFs (average pore size: 500 nm to 3 μm). The cross-section of Ni-PHF/CNT cathodes 

exhibited a ∼50 μm thick CNT layer closely attached to the Ni-PHF surface (Fig. 2.2F) 

after 60 min of EPD. Sixty minutes was sufficient to obtain a full coverage of MWCNTs 

on the Ni-PHFs. The specific surface area of Ni-PHF/CNT cathodes (20.6 m2 g−1) 

measured with a mercury porosimeter increased by 5.02 m2 g−1 compared to Ni-PHF 

cathodes (15.6 m2 g−1). Since the specific surface area and roughness play an important 

role in enhancing bacterial adhesion and colonization [37-39], thick MWCNT layers are 

expected to attract more biomass on the cathode surface and thus improve the 

CO2 conversion efficiency. 

The CO2 adsorption of Ni-PHF and Ni-PHF/CNT cathodes was analyzed using a 

pressure sorption analyzer, to test the capability of the cathode to capture CO2. The 

CO2 adsorption capability was significantly improved after CNT deposition on Ni-PHFs, 

and at around atmospheric pressure the CO2 adsorption of the Ni-PHF/CNT cathode was 

11.1 ± 0.3 times higher than that of Ni-PHF (Fig. A2), suggesting more CO2 could be 

available on the cathode surface for chemolithoautotrophic activities. Since most of the 

https://pubs.rsc.org/en/content/articlehtml/2018/ta/c8ta05322g#imgfig2
https://pubs.rsc.org/en/content/articlehtml/2018/ta/c8ta05322g#imgfig2
https://pubs.rsc.org/en/content/articlehtml/2018/ta/c8ta05322g#imgfig2
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CO2 adsorption is a combination of physisorption and chemisorption, strong van der Waals 

forces between adsorbents and CO2 molecules are required for high CO2 adsorption if no 

chemical interaction occurs at room temperature [40]. Since CO2 has been reported to 

easily desorb from the nickel surface due to weak van der Waals forces and chemical 

interactions [41], the 11.1 times higher CO2 adsorption in the Ni-PHF/CNT cathode is 

possibly due to the deposited CNT layers, which show strong physical interactions with 

CO2 molecules [40, 42]. Also, improved CO2 adsorption on the Ni-PHF/CNT could be due 

to the large surface area and geometry of CNTs, which exhibit different regions and sites 

for adsorption [43]. 

Since VFA production from CO2 could be achieved through direct electron transfer 

and/or hydrogen-mediated electron transfer in MES [4, 5, 44], LSV and EIS were 

performed in the double-chamber reactors before MES operation, to characterize the 

hydrogen evolution reaction and electron transfer resistance of Ni-PHF and Ni-PHF/CNT 

cathodes, respectively. LSV curves showed that the Ni-PHF/CNT cathode had similar 

onset potentials to Ni-PHF (sharp increase of current at ∼−0.55 V vs. Ag/AgCl, Fig. 2.3A). 

However, Ni-PHF/CNT had much better catalytic activity for the hydrogen evolution 

reaction (HER) with regard to the current density at −1.0 V, which was 1.66-fold higher 

than that of the Ni-PHF (2 vs. 1.2 mA cm−2, Fig. 2.3A). The influence of MWCNT layers 

on the HER activity of the Ni-PHF cathode was further proven with Tafel plots (Fig. 2.3B), 

since Tafel slopes derived from LSV data are commonly believed to be an indication of 

HER catalytic properties of electrode materials [45]. The Ni-PHF/CNT cathode exhibited 

a 15% lower Tafel slope (342 mV dec−1) compared to Ni-PHFs (393 mV dec−1), 

demonstrating Ni-PHF/CNT as a better HER catalyst. The lower Tafel slope of Ni-

https://pubs.rsc.org/en/content/articlehtml/2018/ta/c8ta05322g#imgfig3
https://pubs.rsc.org/en/content/articlehtml/2018/ta/c8ta05322g#imgfig3
https://pubs.rsc.org/en/content/articlehtml/2018/ta/c8ta05322g#imgfig3
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PHF/CNT could be attributed to low electron transfer resistance after MWCNT coating 

and more electro-catalytically active sites formed on the surface of Ni-PHF/CNT networks 

for the hydrogen evolution reaction [23, 46].  

 

Figure 2.3 (A) Linear sweep voltammetry (LSV) obtained for the Ni-PHF and Ni-

PHF/CNT electrode in sterile DSMZ 311 medium after omitting all organic carbon sources, 

with a potential window of −0.1 to −1 V vs. Ag/AgCl and a scan rate of 1 mV s−1. (B) 

Corresponding Tafel plots derived from LSV data of the Ni-PHF and Ni-PHF/CNT 

cathodes. The curves in the low current density region were considered for Tafel plots. (C) 

Nyquist plots of Ni-PHF and Ni-PHF/CNT in sterile blank medium. The inset is the 

equivalent circuit for EIS fitting. 
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The electron transfer resistance of the cathodes was estimated by best fitting the Nyquist 

plots with EC-Lab software (Fig. 2.3C). It is stated that a slope of the Nyquist plot in the 

low-frequency region close to 90° exhibits excellent capacitive behavior, which means 

better electron charge–discharge capability of the electrode [47]. The fitting curve for Ni-

PHF/CNT cathodes displayed a steeper slope compared to Ni-PHF cathodes, indicating 

better capacitive behavior for Ni-PHF/CNT (5.83 × 10−4 F for Ni-PHF/CNT vs. 4.98 × 

10−4 F for Ni-PHF obtained from the equivalent circuit). The real–component axis intercept 

in the high-frequency region represents the sum (Rs, which is R1 in the equivalent circuit) 

of the solution resistance and the contact resistance between the electrode and current 

collector, and the diameter of the semicircle impedance loop (Rct, which is R2 in the 

equivalent circuit) could be interpreted as the faradaic charge-transfer resistance in the 

electrode materials. It was clear that the Ni-PHF cathodes exhibited lower Rs (∼2.80 ohm) 

than Ni-PHF/CNT (∼5.06 ohm), owing to the lower contact resistance (Fig. 2.3C). 

However, the Ni-PHF/CNT cathode showed a much smaller semicircle than Ni-PHF in the 

Nyquist plot, which indicates lower charge-transfer resistance (0.66 ohm for Ni-

PHF/CNT vs. 2.79 ohm for Ni-PHFs) between the electrolyte and CNT layer and within 

CNTs. The low charge-transfer resistance is expected to enhance the electron transfer 

between the cathode and microbes in MES [47, 48].  

2.3.2 Microbial electrosynthesis of acetate with Ni-PHF and Ni-PHF/CNT cathodes 

Both types of cathodes were tested abiotically (free of bacterial cells) in MES reactors 

for H2 production from the HER and acetate production from CO2 with the cathode 

potential set at −0.6 V vs. Ag/AgCl. No acetate was detected in the abiotic experiments. 

After 7.5 days, small amounts of H2 were produced by the Ni-PHF/CNT (0.23 ± 0.10 ml) 

https://pubs.rsc.org/en/content/articlehtml/2018/ta/c8ta05322g#imgfig3
https://pubs.rsc.org/en/content/articlehtml/2018/ta/c8ta05322g#imgfig3
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and Ni-PHF (0.14 ± 0.03 ml) cathodes, which were much lower than the minimum 

threshold for acetate production from hydrogen by acetogens [5]. The very small hydrogen 

production was due to the relatively high cathode potential (−0.6 V vs. Ag/AgCl) tested in 

this study, which was close to the onset HER potential of both electrodes (−0.55 

V vs. Ag/AgCl from LSV curves, Fig. 2.3A). Since S. ovata is presumably able to bio-

electrochemically produce acetate with no H2 involved, the reactors were then inoculated 

with pure culture of S. ovata. The acetate production in MES became obvious after 2 month 

enrichment of S. ovata on Ni-based PHF cathodes. The volumetric acetate and biogas 

production rates were calculated based on the cathode chamber volume (125 ml) and the 

outer projected surface area (Ni-PHF: 13.5 cm2, Ni-PHF/CNT: 14.5 cm2) of the cylindrical 

cathode morphology. The acetate production rate for the Ni-PHF/CNT cathode in the MES 

reactor was 247 ± 17 mM per m2 per day compared to 145 ± 4 mM per m2 per day for the 

Ni-PHF cathode (Table 2.1 and Fig. 2.4), which means a 1.7-fold faster acetate production 

rate. A higher current density was also observed for Ni-PHF/CNT cathodes (332 ± 24 mA 

m−2 vs. 214 ± 14 mA m−2 for Ni-PHF). Since Ni-PHF/CNT has lower electron transfer 

resistance in EIS analysis and little or no hydrogen was observed in the abiotic and biotic 

experiments at −0.6 V vs. Ag/AgCl, the increase in acetate production rates and current 

densities of the Ni-PHF/CNT cathodes could be largely attributed to a combination of 

factors including lower electron transfer resistance, higher specific surface area and better 

CO2 adsorption capability, even though we could not rule out completely the possibility of 

H2-mediated acetate production. It should be noted that a deeper mechanistic understanding 

of CO2 reduction (i.e. direct electron transfer or H2-mediated) via S. ovata was not within 

the scope of this study. Jourdin et al. [7, 26, 49] compared reticulated vitreous carbon/CNT 

https://pubs.rsc.org/en/content/articlehtml/2018/ta/c8ta05322g#imgfig3
https://pubs.rsc.org/en/content/articlehtml/2018/ta/c8ta05322g#tab1
https://pubs.rsc.org/en/content/articlehtml/2018/ta/c8ta05322g#imgfig4
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(RVC/CNT) cathodes with bare RVC cathodes for CO2 reduction to acetate in MES. The 

authors suggested that better biocompatibility and higher specific surface area induced by 

CNTs were responsible for the higher acetate production from CO2 compared with the bare 

RVC cathode. However, it has been reported that better CO2 adsorption is one of the key 

factors determining the CO2 conversion efficiency and probably leads to enhanced 

electrochemical or photocatalytic CO2 reduction [50-52]. This principle could be applied 

in aqueous MES reactors as well. For example, Zhang et al. [51] reported high 

CO2 reduction to formate and high coulombic efficiency (CE: 87%) in aqueous medium 

using nitrogen-doped carbon nanotube/polyethylenimine (PEI) composite materials. 

Several reasons for the CO2 reduction enhancement, such as the excellent CO2 adsorption 

capability based on van der Waals forces and greatly reduced overpotential of the N-doped 

CNT/PEI, were deduced from their analysis. Also, higher volatile fatty acid (VFA) 

production in MES [53] and power output in MFC [54] were reported due to the reduced 

overpotential and improved charge transfer of the biocathodes. All of these reports reveal 

the importance of enhanced CO2 adsorption, and reduced charge transfer resistance and 

overpotential in MES operations. 

The average acetate production rates reported in the current study using S. ovata and by 

delivering CO2 directly through the pores of Ni-based PHF cathodes are much higher than 

those of carbon cloth (88 ± 8 mM per m2 per day), carbon felt (136 ± 43 mM per m2 per 

day) or graphite stick cathodes (137.2 ± 28 mM per m2 per day) using also S. ovata as 

inoculum [6, 8, 27]. Higher acetate production rates indicate the advantage of the porous 

PHF cathode architecture for direct CO2 delivery over flat electrodes. Considering the 

somewhat less negative set-potential for the cathodes (−0.6 V vs. Ag/AgCl), the acetate 
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production with the Ni-based PHF cathode in S. ovata MES reactors is at least 2 times 

higher compared with the carbon cloth (30 ± 7 mM per m2 per day) or graphite stick 

cathode (76 mM per m2 per day) under similar growth conditions (i.e., set potential) [55, 

56].  

Table 2.1 Average current density and acetate production rate from CO2 in MES 

Cathode 
Acetate production ratea Current densitya 

(mA/m2) 
Coulombic 

efficiencyb mM/m2/day g/m2/day 

Ni-PHF 145 ± 4 1.09 ± 0.03 214 ± 15 75 ± 5 

Ni-PHF/CNT 247 ± 17 1.85 ± 0.13 332 ± 24 83 ± 8 

Ni-PHF/CNT with CO2 

diffusion from media 
158 ± 3 1.19 ± 0.02 244 ± 12 69 ± 1 

a Each value is the mean and standard deviation of two duplicate reactors, and is calculated 

based on cumulative acetate concentration from HPLC after 7.5 days or 8 days and the 

projected surface area of the corresponding cathode material. b Coulombic efficiency is 

calculated based on the equation: 𝐶𝐸 =
Q acetate

Q total
 (where Q acetate is the coulomb required for 

the acetate production (measured by HPLC) in one batch, Q total is the total coulomb 

produced by current in the corresponding batch).  

In the last two batches of the experiment, the method of CO2 delivery was changed from 

direct delivery through the pores of the Ni-PHF/CNT cathode to CO2 bubbling into the 

medium every 1.5 days. The pH of the MES medium changed from 7.35 to 8.5 before the 

next CO2 sparging. To maintain the pH and enhance the CO2 dissolubility, the 

CO2 sparging was conducted at a slower rate (<1 ml min−1). The acetate production rate 

obtained with CO2 diffusion through the medium to S. ovata cells on the Ni-PHF/CNT 

surface was 158 ± 3 mM acetate per m2 per day with a CE of 69 ± 1% (Fig. 2.4C and Table 

2.1). The acetate production rate (Student's t-test, P < 0.05) was significantly lower 

https://pubs.rsc.org/en/content/articlehtml/2018/ta/c8ta05322g#imgfig4
https://pubs.rsc.org/en/content/articlehtml/2018/ta/c8ta05322g#tab1
https://pubs.rsc.org/en/content/articlehtml/2018/ta/c8ta05322g#tab1
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compared to that obtained with CO2 delivered directly through the pores of the Ni-

PHF/CNT cathode, clearly illustrating the importance of direct CO2 delivery through PHF 

pores for enhancing conversion rates in MES systems. 

 

Figure 2.4 Electron transfer, measured acetate production and current consumption of (A) 

the Ni-PHF cathode and (B) the Ni-PHF/CNT cathode, both with direct CO2 delivery 

through the pores of the hollow fibers. (C) MES performance of the Ni PHF/CNT cathode 

with CO2 bubbled into the medium. The electron transfer curves represent the acetate 

production if all the transferred electrons are converted into acetate. The acetate 

concentration curves correspond to the actual acetate production detected by HPLC in the 

MES reactors. 

The current consumption of the Ni-PHF/CNT cathode was also enhanced by 1.55 times 

with a CE of 83 ± 8%, which was slightly higher than that of the Ni-PHF cathode (75 ± 
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5%) (Table 2.1). The higher coulombic efficiency of Ni-PHF/CNT is due to the combined 

effect of higher CO2 adsorption and enhancement of electron transfer between cathode 

materials and the S. ovata biofilm at the electrolyte–electrode interface [2, 57]. Since 

ohmic losses and biomass growth were proposed to consume electrons [57], lower EIS 

charge transfer resistance means fewer electrons would be wasted before microbial 

catalytic CO2 conversion, while higher CO2 adsorption and mass transfer on the 

hydrophilic surface indicate more CO2 available for bacterial growth and faster 

CO2 conversion possibility. 

The biofilm coverage on the surface of the cathodes after MES operation with direct 

CO2 delivery through PHF pores was characterized using SEM and CLSM images. By 

comparing Fig. 2.5A and C, we could clearly observe more S. ovata cells (rod-shaped) on 

the Ni-PHF/CNT surface, indicating enhanced biocompatibility with CNT layers [7, 

26]. Bacterial cells in higher-resolution SEM images (Fig. 2.5B and D) exhibited complete 

cellular structures without any detectable cell membrane damage. Apart from a more 

clumped biofilm, white solid particles were more visible on the Ni-PHF/CNT surface (Fig. 

2.5). Further EDS analysis indicated that the white dots mainly originated from calcium 

carbonate (CaCO3) and calcium phosphate precipitates (40.9 at% C, 35.41 at% O, 8.9 at% 

P and 7.12 at% Ca). Given the low concentration of soluble CO2, acetate production by 

microbial electrochemical reduction of CO2 resulted in a pH increase (from 7.35 to 8.55 

due to proton consumption) and this may have resulted in the precipitation of CaCO3 and 

calcium phosphate. Probably due to the excellent salt and CO2 adsorption capability of 

MWCNTs induced by the high surface area and negatively charged functional groups of 

https://pubs.rsc.org/en/content/articlehtml/2018/ta/c8ta05322g#tab1
https://pubs.rsc.org/en/content/articlehtml/2018/ta/c8ta05322g#imgfig5
https://pubs.rsc.org/en/content/articlehtml/2018/ta/c8ta05322g#imgfig5
https://pubs.rsc.org/en/content/articlehtml/2018/ta/c8ta05322g#imgfig5
https://pubs.rsc.org/en/content/articlehtml/2018/ta/c8ta05322g#imgfig5
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MWCNTs [58, 59], calcium-related precipitates are much easier to precipitate on the Ni-

PHF/CNT surface than on Ni-PHF. 

 

Figure 2.5 Scanning electron micrograph (SEM) images of (A and B) the Ni-PHF cathode 

and (C and D) the Ni-PHF/CNT cathode after 80 days of fed-batch operation showing a 

well-colonized S. ovata biofilm on the surface of the cathodes. 

The biocathodes were cut into thin slices after fixation using a microtome (CM3050 S, 

Leica) to check the biofilm thickness and uniformity by CLSM imaging. CLSM images 
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with live S. ovata cells stained in green confirmed that a thicker active biofilm was 

enriched on the Ni-PHF/CNT cathode (∼10 μm) than on the Ni-PHF cathode (∼5 μm) (Fig. 

2.6A and B). Dead bacterial cells stained in red were more continuous and uniformly 

distributed on the Ni-PHF/CNT surface (Fig. 2.6C and D). The concentration of protein on 

the Ni-PHF/CNT cathode was 157 ± 13 μg protein per cm2 compared to 62 ± 38 μg protein 

per cm2 on the Ni-PHF surface. These values suggest that the growth of S. ovata on Ni-

PHF/CNT was greatly enhanced compared to the Ni-PHF electrode since the protein 

concentration is usually correlated with biomass growth [60]. Upadhyayula and 

Gadhamshetty [61] reported that bulk CNT aggregates might produce interstitial space and 

groove space between CNT bundles, which fall in the range of mesopores or macropores 

and would be suitable for the adsorption of microbes. This agrees with our SEM 

observation where interstitial and groove pores formed between CNT bundles with pore 

sizes ranging from a few hundred nanometers to 1–5 micrometers (Fig. 2.2D), which are 

large enough for bacterial colonization (Fig. 2.5D). Since the biomass density on the MES 

cathode, CO2 availability and microbe-cathode electron transfer are crucial for VFA 

production from CO2, the Ni-PHF/CNT cathode proved to have much better performances 

than Ni-PHF. 

https://pubs.rsc.org/en/content/articlehtml/2018/ta/c8ta05322g#imgfig6
https://pubs.rsc.org/en/content/articlehtml/2018/ta/c8ta05322g#imgfig6
https://pubs.rsc.org/en/content/articlehtml/2018/ta/c8ta05322g#imgfig6
https://pubs.rsc.org/en/content/articlehtml/2018/ta/c8ta05322g#imgfig2
https://pubs.rsc.org/en/content/articlehtml/2018/ta/c8ta05322g#imgfig5
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Figure 2.6 Confocal laser scanning microscopy (CLSM) images of live S. ovata cells 

(green) at the edge surface of (A) the Ni-PHF cathode and (C) the Ni-PHF/CNT cathode 

in MES reactors. (B) and (D) are the cross-section views of dead S. ovata cells (red) on the 

Ni-PHF and Ni-PHF/CNT biocathodes, respectively. 

2.4 Conclusions 

This study developed a simple but effective method to fabricate porous PHF cathodes 

for direct CO2 delivery to chemolithoautotrophs in MES systems. By functionalizing the 

Ni-PHFs with superconductive MWCNTs, the specific surface area, CO2 adsorption 
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capability and charge transfer of the cathode were significantly enhanced, and these in turn 

facilitated bacterial adhesion and acetate production rates, as well as electron utilization. 

Besides improving acetate production rates, the integration of porous PHF cathodes in 

the MES system allowed for the direct CO2 delivery to chemolithoautotrophs and this could 

address the needs in industries for direct utilization of flue gas, since no further 

CO2 treatment is required. The key challenges are now to create a suitable reactor 

architecture that minimizes anode/cathode spacings, to limit ohmic drop, and to further 

develop these types of electro-catalytic and porous PHFs to achieve a higher level of 

performance at an increasing scale. 

2.5 Acknowledgements 

This work was supported by the Competitive Research Grant (URF/1/2985-01-01) from 

the King Abdullah University of Science and Technology (KAUST). We thank Omar El 

Tall, a research scientist in the Core Lab at KAUST, for helping with the CO2 adsorption 

and mercury porosimetry analysis. 



 78 

2.6 References 

[1] R. Knutti, J. Rogelj, J. Sedlacek and E. M. Fischer, Nat. Geosci., 2016, 9, 13–19. 

[2] K. Rabaey and R. A. Rozendal, Nat. Rev. Microbiol., 2010, 8, 706–716. 

[3] D. R. Lovley and K. P. Nevin, Curr. Opin. Biotechnol., 2013, 24, 385–390. 

[4] K. P. Nevin, S. A. Hensley, A. E. Franks, Z. M. Summers, J. H. Ou, T. L. Woodard, 

O. L. Snoeyenbos-West and D. R. Lovley, Appl. Environ. Microbiol., 2011, 77, 2882–

2886. 

[5] K. P. Nevin, T. L. Woodard, A. E. Franks, Z. M. Summers and D. R. Lovley, mBio, 

2010, 1, 1–4. 

[6] N. Aryal, A. Halder, P. L. Tremblay, Q. J. Chi and T. Zhang, Electrochim. Acta, 

2016, 217, 117–122. 

[7] L. Jourdin, S. Freguia, B. C. Donose, J. Chen, G. G. Wallace, J. Keller and V. 

Flexer, J. Mater. Chem. A, 2014, 2, 13093–13102. 

[8] L. F. Chen, P. L. Tremblay, S. Mohanty, K. Xu and T. Zhang, J. Mater. Chem. A, 

2016, 4, 8395–8401. 

[9] M. Cui, H. Nie, T. Zhang, D. Lovley and T. P. Russell, Sustainable Energy Fuels, 

2017, 1, 1171–1176. 

[10] G. Y. Zhen, T. Kobayashi, X. Q. Lu and K. Q. Xu, Bioresour. Technol., 2015, 186, 

141–148. 

[11] S. A. Patil, J. B. A. Arends, I. Vanwonterghem, J. van Meerbergen, K. Guo, G. W. 

Tyson and K. Rabaey, Environ. Sci. Technol., 2015, 49, 8833–8843.  

[12] G. Y. Zhen, X. Q. Lu, T. Kobayashi, G. Kumar and K. Q. Xu, Chem. Eng. J., 

2016, 284, 1146–1155. 

[13] J. J. Carroll, J. D. Slupsky and A. E. Mather, J. Phys. Chem. Ref. Data, 1991, 20, 

1201–1209. 

[14] Z. Duan and R. Sun, Chem. Geol., 2003, 193, 257–271. 

[15] S. Bajracharya, K. Vanbroekhoven, C. J. N. Buisman, D. Pant and D. P. B. T. B. 

Strik, Environ. Sci. Pollut. Res., 2016, 23, 22292–22308. 

[16] K. P. Katuri, C. M. Werner, R. J. Jimenez-Sandoval, W. Chen, S. Jeon, B. E. Logan, 

Z. P. Lai, G. L. Arny and P. E. Saikaly, Environ. Sci. Technol., 2014, 48, 12833–12841. 



79 
 

 

[17] C. M. Werner, K. P. Katuri, A. R. Hari, W. Chen, Z. P. Lai, B. E. Logan, G. L. Amy 

and P. E. Saikaly, Environ. Sci. Technol., 2016, 50, 4439–4447. 

[18] K. P. Katuri, S. Kalathil, A. a. Ragab, B. Bian, M. F. Alqahtani, D. Pant and P. E. 

Saikaly, Adv. Mater., 2018, 30, 1707072. 

[19] S. Bajracharya, M. Sharma, G. Mohanakrishna, X. D. Benneton, D. P. B. T. B. 

Strik, P. M. Sarma and D. Pant, Renewable Energy, 2016, 98, 153–170. 

[20] L. Peng, S. J. You and J. Y. Wang, Biosens. Bioelectron., 2010, 25, 1248–1251. 

[21] C. X. Cai and J. Chen, Anal. Biochem., 2004, 332, 75–83. 

[22] X. W. Liu, J. J. Chen, Y. X. Huang, X. F. Sun, G. P. Sheng, D. B. Li, L. Xiong, Y. 

Y. Zhang, F. Zhao and H. Q. Yu, Sci. Rep., 2014, 4, 1–4. 

[23] P. S. Fernandez, E. B. Castro, S. G. Real and M. E. Martins, Int. J. Hydrogen 

Energy, 2009, 34, 8115–8126. 

[24] P. P. Prosini, A. Pozio, S. Botti and R. Ciardi, J. Power Sources, 2003, 118, 265–

269. 

[25] Q. Liu, J. Q. Tian, W. Cui, P. Jiang, N. Y. Cheng, A. M. Asiri and X. P. Sun, Angew. 

Chem., Int. Ed., 2014, 53, 6710–6714. 

[26] L. Jourdin, T. Grieger, J. Monetti, V. Flexer, S. Freguia, Y. Lu, J. Chen, M. 

Romano, G. G. Wallace and J. Keller, Environ. Sci. Technol., 2015, 49, 13566–13574. 

[27] N. Aryal, P. L. Tremblay, D. M. Lizak and T. Zhang, Bioresour. Technol., 

2017, 233, 184–190. 

[28] M. A. Rahman, M. A. Ghazali, W. M. S. W. Abd Aziz, M. H. D. Othman, J. Jaafar 

and A. F. Ismail, Sains Malays., 2015, 44, 1195–1201. 

[29] B. Meng, X. Y. Tana, X. X. Menga, S. Z. Qiao and S. M. Liu, J. Alloys Compd., 

2009, 470, 461–464. 

[30] L. J. Zhang, J. Ong, J. Y. Liu and S. F. Y. Li, Renewable Energy, 2017, 108, 581–

588. 

[31] W. Hu, K. Murata and D. Z. Zhang, J. Environ. Sci., 2017, 51, 202–213. 

[32] O. H. Lowry, N. J. Rosebrough, A. L. Farr and R. J. Randall, J. Biol. Chem., 

1951, 193, 265–275. 

[33] H. Cheng, Y. H. Xie, L. F. Villalobos, L. Y. Song, K. V. Peinemann, S. Nunes and 

P. Y. Hong, Sci. Rep., 2016, 6, 24289. 



80 
 

 

[34] H. Cheng and P. Y. Hong, Environ. Sci. Technol., 2017, 51, 12200–12209. 

[35] C. S. Du and N. Pan, J. Power Sources, 2006, 160, 1487–1494. 

[36] J. J. Sun, H. Z. Zhao, Q. Z. Yang, J. Song and A. Xue, Electrochim. Acta, 2010, 55, 

3041–3047. 

[37] V. K. Truong, R. Lapovok, Y. S. Estrin, S. Rundell, J. Y. Wang, C. J. Fluke, R. J. 

Crawford and E. R. Ivanova, Biomaterials, 2010, 31, 3674–3683. 

[38] R. Helbig, D. Gunther, J. Friedrichs, F. Rossler, A. Lasagni and C. 

Werner, Biomater. Sci., 2016, 4, 1074–1078. 

[39] K. Bohinc, G. Drazic, R. Fink, M. Oder, M. Jevsnik, D. Nipic, K. Godic-Torkar 

and P. Raspor, Int. J. Adhes. Adhes., 2014, 50, 265–272. 

[40] C. Y. Lu, H. L. Bai, B. L. Wu, F. S. Su and J. Fen-Hwang, Energy Fuels, 2008, 22, 

3050–3056. 

[41] P. R. Norton and R. L. Tapping, Chem. Phys. Lett., 1976, 38, 207–212. 

[42] M. Rahimi, J. K. Singh and F. Muller-Plathe, J. Phys. Chem. C, 2015, 119, 15232–

15239. 

[43] M. Rahimi, J. K. Singh, D. J. Babu, J. J. Schneider and F. Muller-Plathe, J. Phys. 

Chem. C, 2013, 117, 13492–13501. 

[44] C. W. Marshall, D. E. Ross, E. B. Fichot, R. S. Norman and H. D. May, Environ. 

Sci. Technol., 2013, 47, 6023–6029. 

[45] Y. Zheng, Y. Jiao, Y. H. Zhu, L. H. Li, Y. Han, Y. Chen, A. J. Du, M. Jaroniec and 

S. Z. Qiao, Nat. Commun., 2014, 5, 3783. 

[46] K. P. Katuri, N. M. S. Bettahalli, X. B. Wang, G. Matar, S. Chisca, S. P. Nunes and 

P. E. Saikaly, Adv. Mater., 2016, 28, 9504–9511. 

[47] L. Sun, C. G. Tian, Y. Fu, Y. Yang, J. Yin, L. Wang and H. G. Fu, Chem.–Eur. J., 

2014, 20, 564–574. 

[48] X. J. He, Y. J. Geng, J. S. Qiu, M. D. Zheng, S. A. Long and X. Y. Zhang, Carbon, 

2010, 48, 1662–1669. 

[49] L. Jourdin, S. Freguia, V. Flexer and J. Keller, Environ. Sci. Technol., 2016, 50, 

1982–1989. 

[50] L. Shi, T. Wang, H. B. Zhang, K. Chang and J. H. Ye, Adv. Funct. Mater., 2015, 25, 

5360–5367. 



81 
 

 

[51] S. Zhang, P. Kang, S. Ubnoske, M. K. Brennaman, N. Song, R. L. House, J. T. 

Glass and T. J. Meyer, J. Am. Chem. Soc., 2014, 136, 7845–7848. 

[52] Y. H. Fu, D. R. Sun, Y. J. Chen, R. K. Huang, Z. X. Ding, X. Z. Fu and Z. H. 

Li, Angew. Chem., Int. Ed., 2012, 51, 3364–3367. 

[53] S. Bajracharya, A. ter Heijne, X. D. Benetton, K. Vanbroekhoven, C. J. N. 

Buisman, D. P. B. T. B. Strik and D. Pant, Bioresour. Technol., 2015, 195, 14–24. 

[54] S. J. You, N. Q. Ren, Q. L. Zhao, J. Y. Wang and F. L. Yang, Fuel Cells, 2009, 9, 

588–596. 

[55] H. R. Nie, T. Zhang, M. M. Cui, H. Y. Lu, D. R. Lovley and T. P. Russell, Phys. 

Chem. Chem. Phys., 2013, 15, 14290–14294. 

[56] T. Zhang, H. R. Nie, T. S. Bain, H. Y. Lu, M. M. Cui, O. L. Snoeyenbos-West, A. 

E. Franks, K. P. Nevin, T. P. Russell and D. R. Lovley, Energy Environ. Sci., 2013, 6, 217–

224. 

[57] P. Batlle-Vilanova, S. Puig, R. Gonzalez-Olmos, M. D. Balaguer and J. Colprim, J. 

Chem. Technol. Biotechnol., 2016, 91, 921–927. 

[58] M. A. Tofighy and T. Mohammadi, J. Hazard. Mater., 2011, 185, 140–147. 

[59] H. Y. Yang, Z. J. Han, S. F. Yu, K. L. Pey, K. Ostrikov and R. Karnik, Nat. 

Commun., 2013, 4, 2220. 

[60] R. I. Munir, J. Schellenberg, B. Henrissat, T. J. Verbeke, R. Sparling and D. B. 

Levin, PLoS One, 2014, 9, 104260. 

[61] V. K. K. Upadhyayula and V. Gadhamshetty, Biotechnol. Adv., 2010, 28, 802–816.



 82 

Chapter 3: Is Microbial Electrosynthesis for Biochemical Production 

resistant to Changes in Delivery Methods and CO2 Flow Rates? 

 

 
 

 

 

 

This chapter has been published as: 

B. Bian, J.J. Xu, K.P. Katuri, P.E. Saikaly*. Resistance Assessment of Microbial 

Electrosynthesis for Biochemical Production to Changes in Delivery Methods and CO2 

Flow Rates, Bioresource Technology, 2021, 319, 124177.



 83 

Abstract 

Microbial electrosynthesis (MES) explores the potential of microbes for bioproduct 

formation from CO2 by utilizing electricity as reducing equivalent. However, the lack of 

effective CO2 delivery method to microbes on the cathode surface and fluctuations in CO2 

flow rates in real-field applications might significantly alter the robustness of MES and 

lead to a shift in microbial community composition and bioproduct formation. This study 

aimed to develop a more efficient method for CO2 delivery and examine the stability of 

MES system in response to fluctuations in CO2 flow rates. The advantage of direct CO2 

delivery to cathodic biofilm through the pores of ceramic hollow tube electrode was 

demonstrated with 45% and 77% higher acetate and methane production, respectively, 

compared to CO2 sparging into medium. The effect of fluctuations in CO2 flow rates on 

biochemical generation and microbial community was evaluated by stepwise increase of 

CO2 flow rates from 0.3 ml/min to 10 ml/min. The biochemical yields exhibited an 

increasing trend with CO2 flow rates, and the highest production rate was observed at 10 

ml/min with over 90% electron recovery into acetate (47.0 ± 18.4 mmol/m2/day) and 

methane (240.0 ± 32.2 mmol/m2/day). The biofilm and suspended microbial community 

responsible for CO2 conversion, however, showed high resistance to fluctuations in CO2 

flow rates. Methanobacterium and Acetobacterium accounted for 80% of the total 

microbial community on biocathode and in suspension, ensuring stable performance of 

MES at different CO2 flow rates. The resistance of chemolithoautotrophs to fluctuations in 

CO2 flow rates is a step forward in the development of MES system for onsite carbon 

capture and utilization in real-field applications. 
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3.1 Introduction 

Microbial electrosynthesis (MES) has emerged in recent years as a promising platform for 

sustainable CO2 reduction, green chemical production and renewable energy storage in 

circular carbon bioeconomy [1, 2]. In MES system, chemolithoautotrophs growing on the 

MES cathode surface efficiently utilize the reducing equivalents (i.e., electrons or H2), 

which could be provided by renewable energy sources, for CO2 reduction and biochemical 

generation [3]. As microbial catalysts are much cheaper and more sustainable (i.e., self-

regenerating) compared to precious metal-based inorganic catalysts for electrochemical 

CO2 reduction, MES is regarded as an environment-friendly technology with the potential 

for on-site CO2 capture and utilization to mitigate global warming [1, 4]. 

Most studies on MES have mainly focused on the development of cathode materials [5-

7], selection of highly-efficient microbes [8, 9], and generation of diverse biochemicals 

such as butyrate [10, 11] and caproate [12, 13] from CO2. The high market value and stable 

chemical formula of these biochemicals make MES from CO2 using renewable electricity 

highly attractive [12, 14]. To enhance the rates of CO2 reduction and biochemical 

production in MES, and hence the economic viability of MES, three-dimensional 

electrodes, such as reticulated vitreous carbon (RVC) deposited with multiwalled carbon 

nanotubes (MWCNT) [6, 15] or graphene [16], have been utilized as MES cathode with 

improved surface area and biocompatibility. Flat sheet [7] and hollow fiber [5, 17] 

membrane cathodes have been recently developed for enhancing microbial growth and 

delivering CO2 gas directly to microbes, in order to mimic its real-field application for CO2 

flue gas capture [18]. A 56% higher acetate production was obtained with direct CO2 

delivery through Ni-based hollow fiber membrane cathode, which is believed to enhance 
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the CO2 mass transfer in MES compared to CO2 sparging into the media [5]. However, 

studies on the effect of continuous CO2 flow (either directly through MES biocathode or 

indirectly through medium sparging) on MES performance and microbial community are 

lacking.  

Besides, the CO2 flow rate from an industrial source (anaerobic digestion, natural gas 

processing, etc.) will typically vary over time [19]. For example, the flow rates of CO2 

stream from power plants could fluctuate significantly within one day as a function of 

utility demand, while the production of biogas containing a large portion of CO2 from 

anaerobic digesters usually varies on a seasonal basis due to temperature fluctuations [20]. 

These fluctuations in CO2 flow rates could alter the pH and CO2 availability at the microbe-

cathode interface, and might adversely affect the stability of microbial community and thus 

biochemical generation in MES. Therefore, examining the resistance of MES system to 

fluctuations in CO2 flow rates is an important step before implementing MES system for 

onsite CO2 capture and utilization from various industries. 

It has been reported that microbial communities in MES were resistant to fluctuations 

or interruptions in electric supply [21, 22]. In a recent study, adjustments in CO2 loading 

rate and hydraulic retention time resulted in enhanced butyrate and caproate production 

through bioelectrochemical chain elongation [12]. However, no data has been presented 

whether the microbial community in MES cathode chamber were resistant or adapted to 

changes in CO2 loading rate. To the best of our knowledge, studies on the effect of 

fluctuations in CO2 flow rates on MES performance and microbial community structure 

are lacking. Therefore, the objective of this study was to examine the resistance of MES in 

terms of performance and microbial community structure to different delivery methods of 
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CO2 and to fluctuations in CO2 flow rates. To achieve this objective, MES was first 

operated with two different delivery methods of CO2 at a constant flow rate, either directly 

through electrically conductive hollow tube biocathode or indirectly by sparging CO2 into 

the medium through electrically insulated ceramic hollow tube, to determine their effect 

on MES performance and microbial community. Subsequently, the effect of four different 

CO2 flow rates (0.3, 1, 3 and 10 ml/min) on current density, biochemical production from 

CO2, and microbial community (biofilm and suspension) were evaluated in MES reactors 

operated at a fixed cathode potential (–0.8V vs. Ag/AgCl). 

3.2 Experimental 

3.2.1 Preparation of cathode and MES reactor construction 

Two-chamber MES reactors were constructed using two glass bottles (300 ml each) 

separated by a Nafion ion exchange membrane (VWR, UK) (Scheme 3.1). Titanium plate 

(18 cm2, Kunshan Tengerhui) was chosen as MES anode, and nickel foam (35 cm2, 

Kunshan Tengerhui) coated with multi-walled carbon nanotubes (MWCNTs, Shenzhen 

Nanotech) served as MES cathode. The MWCNTs were electrophoretically deposited onto 

the Ni foam following the same procedure as in Bian et al [5]. After MWCNT decoration, 

the Ni foam/CNT was tightly wrapped with a sewing nickel wire around a ceramic hollow 

tube (denoted as CHT/Ni foam/CNT, outer diameter: ~1.2 cm, length: 9 cm, average pore 

size: ~ 1 µm). This approach for making hollow membrane cathodes is much simpler 

compared to the fabrication of metal-based hollow fiber membrane cathodes in previous 

studies [5, 17]. The CHT/Ni foam/CNT served as a cathode and a membrane for direct 

delivery of CO2 through the pores of the ceramic membrane. Two CHTs, bare CHT and 

CHT/Ni foam/CNT separated by a distance of 2 cm, were inserted into the cathode chamber 
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with the bottom ends of both CHTs sealed with epoxy, while the other ends were inserted 

into silicone tubing connected to a 10-L gasbag filled with 100% CO2. The junction of 

silicone tubing and CHT was covered with epoxy glue to make the CHT gas-tight before 

submersion into 275 ml DSMZ 879 media with 2.5 mM of 2-bromoethanesulfonate (BES) 

addition to inhibit methanogenesis. Yeast extract, Na-resazurin, D-Fructose, L-Cysteine 

and Na2S were omitted during the whole experimental period. The same media without 

BES was used as MES anolyte.  

 

 

Scheme 3.1 Schematic of direct CO2 delivery to microbes through pores of CHT/Ni 

foam/CNT biocathode (left) and indirect CO2 sparging through ceramic hollow tube (CHT) 

(right). (1) Anode; (2) reference electrode; (3) gasbag for collecting oxygen; (4) pump for 

CO2 gas recirculation; (5) potentiostat; (6) gasbag for recirculating CO2 and collecting gas 

produced in cathode chamber. 
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Table 3.1 Operation and performance parameters during the different phases of long-term MES reactor operation 

Phases# I II-a II-b III-a III-b III-c III-d 

Delivery method NA$ Direct Indirect Direct 

Days >150 25 25 25 25 25 25 

Flow rate (ml/min) 0 1 1 0.3 1 3 10 

Abiotic H2 production in 24 

hours (mmol/m2) 
48.1 ± 11.5 N.D.* N.D.* 360.1 ± 8.2  530.6 ± 3.4 689.1 ± 174.5 1409.5 ± 75.3 

Current density (A/m2) £ 1.1 ± 0.3 1.9 ± 0.1 1.6 ± 0.2 1.3 ± 0.2 1.6 ± 0.1 1.9 ± 0.1 2.8 ± 0.2 

Acetate production 

(mmol/m2/day) £ 
15.3 ± 3.2 29.9 ± 1.2 20.6 ± 2.7 30.3 ± 8.5 30.6 ± 2.6  45.2 ± 5.3 47.0 ± 18.4 

Methane production 

(mmol/m2/day) £ 
38.1 ± 9.0 76.9 ± 6.5 43.5 ± 7.1 81.2 ± 6.6 76.4 ± 9.7 79.2 ± 1.9 240.0 ± 32.2 

Cathodic CE (%) £ 41.2 ± 7.4 51.5 ± 3.2 35.1 ± 4.2 74.3 ± 7.2 61.3 ± 5.8 59.3 ± 2.7 90.7 ± 11.7 

# Phase I (>150 days): enrichment phase. Phase II (50 days): test the effect of direct vs. indirect CO2 delivery. Phase II (100 days): test the effect 

of different CO2 flow rates (0.3, 1, 3 and 10 ml/min); $ bicarbonate as sole carbon source without CO2 gas sparging; * Not measured; £ Each operation 

condition in Phase II and Phase III was maintained for two batches. Between these two batches, data from the one with better MES performance 

was presented here. All the values in this table represent the average of duplicate reactors. 
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3.2.2 MES reactor operation 

Replicate MES reactors were operated in batch mode at 30°C and at a fixed cathode 

potential of –0.8 V vs. Ag/AgCl (VMP3, Bio-Logic Science Instruments). The long-term 

biotic operation of MES was divided into three phases: Phase I (~ 150 days) to enrich 

chemolithoautotrophs on MES cathode; Phase II (50 days) to test effect of different CO2 

delivery methods; and Phase III (100 days) to test the effect of different CO2 flow rates on 

MES performance and microbial community. A summary of the operation conditions 

during the different phases is shown in Table 3.1. Abiotic study was conducted in the first 

batch of MES operation. 

In Phase I, 10 ml of anaerobic sludge, obtained from an anaerobic digester for biogas 

production [23], was added as an inoculum to enrich chemolithoautotrophs on CHT/Ni 

foam/CNT cathode surface. Bicarbonate was used as the sole carbon source and no CO2 

gas was sparged during this phase. The MES reactors were operated for 15-25 days per 

batch to avoid inoculum washout. The enrichment process took around 150 days to achieve 

stable biochemical production. Samples for microbial community analysis were taken from 

the biocathode at the end of Phase I. 

In Phase II, the effect of indirect vs. direct delivery of CO2 to the biofilm on CHT/Ni 

foam/CNT cathode at a fixed flow rate of 1 ml/min was examined after completion of 

Phase I. For direct CO2 delivery, pure CO2 gas from a 10-L gasbag was pumped directly 

through the pores in CHT/Ni foam/CNT cathode to minimize CO2 mass transfer limitation 

to the biofilm on cathode surface. The effluent gas was re-pumped into the gasbag for gas 

recirculation and analysis. For indirect CO2 delivery, pure CO2 was sparged through the 

pores of plain CHT at the same flow rate and transferred to the biofilm on CHT/Ni 
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foam/CNT cathode via CO2 diffusion in the catholyte (Scheme 3.1). Each condition (i.e., 

direct vs. indirect CO2 delivery) was maintained for two batches (~ 25 days). Linear sweep 

voltammetry (LSV) from open circuit voltage of the system to 1 V vs. Ag/AgCl at a scan 

rate of 5 mV/s was conducted for the different delivery methods at the same pH with MES 

biocathode as working electrode, while Ti anode served as the counter electrode and 

Ag/AgCl as the reference electrode. Samples of biofilm on MES cathode and suspension 

were collected for amplicon sequencing at the end of the second batch for both direct and 

indirect CO2 delivery.  

In phase III, four different CO2 flow rates were selected to determine their effect on 

MES performance and microbial community. The rates of CO2 sparged through the pores 

of CHT/Ni foam/CNT biocathode were varied stepwise from low to high (0.3, 1.0, 3.0 and 

10.0 ml/min) every two batches (~25 days). LSV was conducted following the same 

procedure as above. Samples of biofilm on MES cathode and suspension were collected 

for amplicon sequencing at the end of the second batch for each flow rate. Scanning 

electron microscope (SEM, Quanta 600, FEI) of biofilm on the surface of CHT/Ni 

foam/CNT cathode was done at the end of Phase III.  

3.2.3 Flow cytometry 

Suspended cells were quantified using flow cytometry (FCM, Accuri C6, BD 

Biosciences) at the end of the second batch for the different CO2 delivery methods and 

flow rates. Briefly, 1 ml sample was taken from the cathode chambers and diluted 10000× 

before being stained with SYBR Green. The FCM, equipped with volumetric counting 

hardware, measured the particle number in 50 μl sample medium at pre-set flow rate of 35 

μl/min, with Milli-Q water in between for cleaning [24].  
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3.2.4 Chemical analysis and coulombic efficiency calculation 

Liquid and gas samples were collected and analyzed every 3-5 days after reaching stable 

current density and acetate/methane production. The gas (H2, CH4) produced in the MES 

cathode chamber was measured using a gas chromatograph (GC, SRI Instruments) [25]. 

Acetate concentration in the liquid samples was analyzed using GC-MS-FID (7890A, 

Agilent Technologies). The performance of MES reactors under different operation 

conditions was evaluated in terms of current density (mA/m2) and methane/acetate 

production rates (mmol/m2/day). All the parameters here were normalized to the cathode 

surface area for comparison purposes. The cathodic Coulombic efficiency (CE) was 

calculated using the equation below: 

𝐶𝐸 =
𝑄𝑏𝑖𝑜𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙𝑠

𝑄𝑡𝑜𝑡𝑎𝑙
 

where Qchemicals is the coulomb required for the production of chemicals (H2, methane, 

and acetate) at the cathode in one batch, and Qtotal is the total coulomb produced by the 

current in the corresponding batch.  

3.2.5 Microbial community analysis 

Genomic DNA was extracted from biofilm and suspension samples using the standard 

protocol for FastDNA Spin kit for Soil (MP Biomedicals, USA) with the following 

exceptions. 500 µL of sample, 480 µL Sodium Phosphate Buffer and 120 µL MT Buffer 

were added to a Lysing Matrix E tube. Bead beating was performed at 6 m/s for 4x at 40s 

each [9]. Gel electrophoresis using Tapestation 2200 and Genomic DNA screentapes 

(Agilent, USA) were used to validate product size and purity of a subset of DNA extracts. 

DNA concentration was measured using Qubit dsDNA HS/BR Assay kit (Thermo Fisher 
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Scientific, USA). The sequencing libraries for 16S rRNA gene region V4 of Bacteria and 

Archaea were prepared by a custom protocol based on Illumina. The purified sequencing 

libraries were pooled in equimolar concentrations and diluted to 2 nM, which were then 

paired-end sequenced (2x300 bp) on a MiSeq (Illumina, USA) using a MiSeq Reagent kit 

v3 (Illumina, USA) following the standard guidelines for preparing and loading samples 

on MiSeq. Details of library preparation and sequencing are provided in Appendix B. In 

order to obtain operational taxonomic unit (OTU) abundances for further statistical 

analysis, the bioinformatic processing of the forward and reverse 16S rRNA amplicon 

reads was conducted following the same procedures reported in a previous study [9].  

3.3 Results and discussion 

3.3.1 Selection of better CO2 delivery method (Phase II) 

Before initiation of Phase II, chemolithoautotrophs were enriched for ~150 days with 

bicarbonate as the sole carbon source. During the enrichment phase (i.e., Phase I), methane 

production started to be detected after 5 batches of MES operation (Fig B1B) despite the 

addition of BES to inhibit methanogenesis. To investigate why methanogenesis was not 

inhibited by BES, serum vial experiments were conducted using suspended biomass 

collected from the MES cathode chamber in Phase I as inoculum. In the absence of sulfate 

and in the presence of BES and electron donors (i.e., acetate and H2:CO2 in headspace), 

H2S gas was detected in the headspace of the serum vials (Fig B2), possibly due to the 

utilization of BES (concentration decreased from 15 mM to 9.4 mM) by sulfate-reducing 

bacteria (SRB). In contrast, no H2S was detected in the headspace of the control serum 

vials (absence of BES and presence of electron donors), further confirming that BES could 

be responsible for H2S generation. Similar results were reported where H2S was detected 
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by adding acetate and BES to an inoculum containing methanogens and SRB [26]. To 

further confirm the possible existence of SRB in the cathode of MES, a second set of serum 

vial experiments was conducted using 2.5 mM sodium molybdate as an inhibitor of SRB 

in the presence of 1 mM acetate as electron donor and BES and MgSO4 as electron 

acceptors. Negligible H2S production and unaffected methane production were observed 

in the serum vials incubated with sodium molybdate, whereas H2S and methane were 

detected in the serum vials incubated without sodium molybdate (Fig B3). These results 

are consistent with a previous study where both methanogens and SRB were inoculated 

and sodium molybdate was used to inhibit SRB [26]. Taken together, these results suggest 

that the lack of inhibition of methanogens by BES was due to it consumption by SRB. The 

presence of SRB was confirmed by microbial community analysis (see section 3.3.3). 

Based on the above results, magnesium sulfate was replaced by magnesium chloride in 

DSMZ 879 media to avoid growth of SRB.  

After achieving stable acetate and methane production during the enrichment stage, 

Phase II experiments were initiated to test the effect of CO2 delivery method on MES 

performance. From the LSV curves (Fig. 3.1A) of MES reactors adjusted to the same pH, 

both direct and indirect CO2 delivery showed similar onset potential for hydrogen evolution 

reaction (HER, –756.6 vs. –758.8 mV vs Ag/AgCl). The catholyte pH near the CHT/Ni 

foam/CNT cathode surface (Fig. 3.1B) was slightly lower for direct CO2 delivery (6.56 ± 

0.03) compared to indirect (6.68 ± 0.01). One would expect lower onset potential for HER 

and lower pH with direct CO2 delivery, but due to the short distance between CHT/Ni 

foam/CNT cathode and plain CHT (~ 2 cm), this difference was not significant. Since the 

acidic pH usually promotes HER as reported in previous studies [15] and hydrogen is 
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believed to serve as the mediator for MES from CO2 [1, 27], enhanced HER through 

lowering the pH by direct CO2 delivery could be beneficial for biochemical production in 

MES and thus contributes to better performance of MES. It should be also noted that higher 

cell density measured by FCM was observed in the suspension during direct delivery 

(1.3±0.2 × 107cells/mL) compared to indirect CO2 delivery (0.6±0.4 × 107 cells/mL) (Fig. 

3.1B) at a fixed flow rate of 1 ml/min, probably due to the detachment of microbial cells 

from CHT/Ni foam/CNT biocathode in MES.  

 

Figure 3.1 (A) Linear sweep voltammetry (LSV) for different delivery methods (Phase II) 

conducted at the same pH with the same MES biocathode as working electrode and a scan 

rate of 5 mV/s. (B) Catholyte pH and suspended cell density measured using flow 

cytometry for direct and indirect CO2 delivery at the end of the second batch under the 

corresponding operation conditions.  

The performance of MES was further evaluated in terms of current density, biochemical 

production and electron recovery efficiencies for the two different CO2 delivery methods. 

The current density was 19% higher in direct (1.9 ± 0.1 A/m2) compared to indirect (1.6 ± 

0.2 A/m2) CO2 delivery (Table 3.1 and Fig 3.2). The difference in current densities induced 

by the two delivery methods in the current study was not as significant as in a previous 

study from our group [5], which could be attributed to the short distance between CHT/Ni 
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foam/CNT cathode and plain CHT (~ 2 cm) and the way the two studies were conducted. 

In the previous study [5], 50 ml 80:20 N2/CO2 was sparged every 1.5 days (through either 

Ni hollow fiber cathode for direct CO2 delivery or a syringe needle for indirect CO2 

delivery) instead of continuous CO2 pumping at a fixed flow rate (1 ml/min) as is done in 

the current study. Using a high-speed camera, the diameter of the syringe needle reached 

~400 µm, which was much larger compared to the Ni hollow fiber membrane cathode (pore 

size ~ 0.4 µm) and thus generated gas bubbles with 7-fold larger size and rising speed in 

MES medium (data not published). At the same CO2 flow rate, the larger size of gas 

bubbles commonly means lower total interfacial surface area between all gas bubbles and 

MES medium. As gas diffusion is usually proportional to the interfacial area between liquid 

and gas [28], the total amount of CO2 transferred to MES biocathode via CO2 sparging 

through the syringe needle was expected to be limited due to the lower interfacial area, 

compared to direct CO2 delivery through Ni hollow fiber cathode.   

In terms of biochemical production rates, direct CO2 delivery through CHT/Ni 

foam/CNT biocathode achieved 45% higher acetate (29.9 ± 1.42 vs 20.6 ± 2.7 

mmol/m2/day) and 77% higher methane (76.9 ± 6.5 vs 43.5 ± 7.1 mmol/m2/day) production 

rates (Table 3.1), clearly demonstrating the advantages of minimizing the distance of CO2 

mass transfer to chemolithoautotrophs on biocathode surface. The dual-function CHT/Ni 

foam/CNT cathode provided a suitable environment to chemolithoautotrophs on the 

cathode surface where both reducing equivalents and CO2 were concurrently available to 

them for product formation. The acetate production rate reported here by direct CO2 

delivery was comparable to previous studies (13-34 mmol/m2/day, 250 ml catholyte) using 

pure S. ovata inoculum and carbon cloth cathode biased at around –0.9 V vs Ag/AgCl [8, 
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16]. In another MES study utilizing a mixed culture biocathode and an applied cathode 

potential (–0.797 V vs Ag/AgCl) similar to our study, the average acetate production was 

44-70 mmol/m2/day for Periods 2 and 3 (450 ml catholyte) without methane yields [29], 

which is close to the acetate production rate obtained in this study (275 ml catholyte) when 

normalized to catholyte volume. In the same study above, the average methane production 

rate was 135 mmol/m2/day in Period 1 without acetate generation [29], which is slightly 

higher than what was obtained in the current study. Another MES study, however, reported 

much lower methane production rates (13.7-24.0 mmol/m2/day) at a cathode potential of –

1V vs Ag/AgCl using carbon cloth, which is a poor HER catalyst [30]. The overall 

performance of the MES reactors with continuous and direct CO2 delivery through the 

biocathodes is believed to be comparable to previous studies and is superior to indirect CO2 

delivery through plain CHT (Fig. 3.2). The cathodic electron recovery as acetate and 

methane was 51.5 ± 3.2% with direct CO2 delivery, which is 16% higher than what is 

obtained with indirect CO2 delivery (35.1 ± 4.2%) (Table 3.1). Importantly, biochemical 

production could immediately stabilize within two batches after changing the delivery 

method, which demonstrates the robustness of the MES system.   
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Figure 3.2 MES performance in terms of current density, methane and acetate production 

measured under different delivery methods in Phase II. Results from duplicate MES 

reactors are presented as mean ± SD.   

3.3.2 Impact of fluctuations in CO2 flow rates on MES performance (Phase III) 

Based on the results in section 3.1, direct CO2 delivery through the pores of CHT/Ni 

foam/CNT biocathode was selected to study the effect of CO2 flow rate fluctuations. Four 

different flow rates (0.3, 1, 3 and 10 ml/min) were applied during MES operation and each 

flow rate lasted for two batches (Table 3.1). LSV was performed at neutral pH 7 (Fig. 3.3A) 

to determine the effect of different flow rates on the onset potential of HER using the same 

MES biocathode as working electrode. The onset potential of HER slightly decreased (from 
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–758.2 mV to –755.1 mV vs Ag/AgCl) with the increase in flow rates (from 0.3 ml/min to 

10 ml/min). In a parallel abiotic LSV test, however, much lower onset potential was 

observed at 10 ml/min (–391.1 mV vs Ag/AgCl, pH=6.3) compared to 0.3 ml/min (–473.5 

mV vs Ag/AgCl, pH=6.8). A lower onset potential for HER could induce higher hydrogen 

production, which potentially serves as electron donor and could increase biochemical 

production in MES. Higher hydrogen yield (1409.5 ± 75.3 mmol/m2) was thus obtained at 

10 ml/min, which was 3.9-fold higher than what was obtained at 0.3 ml/min (360.1 ± 8.2 

mmol/m2) in the abiotic test (Table 3.1). Besides, the difference in HER onset potential 

between abiotic and biotic tests could be probably attributed to the proton availability at 

the surface of MES cathode, as protons might be quickly consumed by thick biofilm on 

MES biocathode. A previous study reported a 2.2 pH gradient from bulk media (6.6) to 

biocathode surface (8.8) in a microbial electrochemical system [31], which represents more 

than 100‐fold decrease in proton concentration at cathode surface and requires higher onset 

potential for HER according to Nernst equation (𝐸𝐻2,𝑝𝐻
𝑜 = −0.059 × pH , where 𝐸𝐻2 ,𝑝𝐻

𝑜  in 

volts refers to the equilibrium potential for hydrogen evolution as a function of pH at 25°C 

and 1 atm). It is thus essential to buffer pH at MES biocathode surface via direct CO2 

delivery. As expected, the bulk pH decreased with increase in CO2 flow rates (from 6.91 ± 

0.04 at 0.3 ml/min to 6.33 ± 0.06 at 10 ml/min) (Fig. 3.3B). The pH at the interface between 

Ni foam/CNT cathode and biofilm, which could not be measured with the current MES 

configuration, is expected to be better buffered than the bulk pH. As microbial 

electrosynthesis of biochemicals from CO2 was demonstrated to be strongly dependent on 

medium pH [15], slightly lower pH (pH > 5.2) could lead to a significant enhancement of 

MES performance in terms of biochemical generation and electron consumption. 
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Continuous flow of CO2 in this study avoided the addition of acids to the medium for the 

formation of slightly acidic environment during MES operation, which is believed to have 

a technical and economic benefits.  

 

Figure 3.2 (A) Linear sweep voltammetry (LSV) at different flow rates (Phase III) with 

the same MES biocathode as working electrode and at a scan rate of 5 mV/s. (B) Catholyte 

pH and suspended cell density measured using flow cytometry for the four different flow 

rates at the end of the second batch under the corresponding operation conditions. 

The cell density in suspension increased with increase in CO2 flow rate (Fig. 3.3B) 

reaching 2.6 ± 0.6 × 108 cells/ml at 10 ml/min. To confirm whether this increment was 

largely due to cell detachment from CHT/Ni foam/CNT biocathode or growth, we 

conducted a supplementary experiment using abiotic CHT/Ni foam/CNT cathode and an 

initial cell suspension of 6 × 105 cells/ml in MES catholyte measured by FCM. At 10 

ml/min, the cell density increased to 3.5 ± 1.2× 107 cells/ml after 12 days of MES operation, 

suggesting that the increase in cell density with increase in CO2 flow rates, and 

concomitantly increase in H2 production (Table 3.1), was mainly due to growth on H2 and 

CO2. Further, this increase in cell density was accompanied by an increase in methane 

production (Fig. B4), supporting the role of suspended biomass in methane generation.  
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Within each MES batch at different CO2 flow rates, the electrons were rapidly consumed 

for HER followed by biotic CO2 reduction at the beginning, which was reflected by a sharp 

increase in current density and biochemical production in the first 2-3 days of each batch 

(Fig. 3.4). The current density was then maintained for the rest of the batch. MES reactors 

sparged with 10 ml/min CO2 through CHT/Ni foam/CNT biocathode achieved the highest 

acetate and methane production rates among the four CO2 flow rates tested (Table 3.1 and 

Fig. 3.4). No significant difference in methane production rate was noticeable at low flow 

rates (0.3, 1.0 and 3.0 ml/min), probably due to the lower H2 supply at these flow rates 

(Table 3.1). As methane generation in the cathode chamber is mainly mediated by H2 

produced from HER at the cathode surface [30, 32], the MES reactors operated at 10 

ml/min with the highest hydrogen production (Table 3.1) resulted in the most noticeable 

increase in methane production rate where it increased by 196% from 81.2 ± 6.6 

mmol/m2/day at 0.3 mL/min to 240.5 ± 32.2 mmol/m2/day at 10 mL/min. As mentioned 

above, suspended biomass density was the highest at CO2 flow rate of 10 ml/min (Fig. 3.3B) 

and they may have also contributed to the increase in the generation of methane in the 

cathode chamber at CO2 flow rate of 10 ml/min (Fig. B4). The methane production rate at 

10 ml/min in this study was 49% higher than an earlier study utilizing Ni hollow fiber 

cathode for pulse CO2 delivery and microbial growth [17]. This suggests that higher 

biochemical production was achievable by simply regulating the CO2 flow rates. 
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Figure 3.3 MES performance in terms of current density, methane and acetate production 

measured under different flow rates in Phase III. Results from duplicate MES reactors are 

presented as mean ± SD.   

Acetate production rate exhibited a similar trend like methane generation, with increase 

in CO2 flow rates, and the increase was not significant for 0.3 ml/min (30.3 ± 8.5 

mmol/m2/day) and 1.0 ml/min (30.6 ± 2.6 mmol/m2/day) (Table 3.1 and Fig. 3.4). 

Significant increase in acetate production rate started at 3 ml/min, reaching an average of 

45.2 ± 5.3 mmol/m2/day. This increase could be attributed to the sufficient supply of CO2 

and H2 as growth substrate for chemolithoautotrophs, which lead to 3 times higher 

suspended cell density in MES cathode chambers at 3 ml/min compared to lower CO2 flow 

rates (Fig. 3.3B). The increase in acetate and methane production at 10 ml/min was also 

reflected in the cathodic coulombic efficiencies (CEs) which reached 90.7 ± 11.7% at a 

CO2 flow rate of 10 ml/min. The lowest CE obtained was 59.3 ± 2.7% at 3 ml/min, which 

falls within the normal range of electron recovery reported in the literature [1, 33]. The 

large difference of CE between high and low flow rates could be possibly attributed to the 
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competitive advantage of SRB over methanogens under H2-limiting conditions [34]. Due 

to this kinetic advantage [35], SRB were more competitive compared to methanogens 

under H2-limiting conditions (H2 in headspace) as shown in Fig. B5, which makes H2S a 

sink for a relatively larger portion of electrons at low flow rates. 

The current density also increased with increase in CO2 flow rates (Fig. 3.4 and Table 

3.1). At 10 ml/min, the average current density was 2.8 ± 0.2 A/m2, which represents a 115% 

increase when compared to the current density obtained at CO2 flow rate of 0.3 ml/min. In 

contrast, no sharp improvement in current density was noticed at lower flow rates (from 

0.3 to 3 ml/min), which is in good agreement with the results of abiotic H2, biotic methane 

and acetate production (Table 3.1). Since better H2 bubble detachment and pH buffering 

could be induced by direct CO2 delivery, enhanced electron transfer and cathodic HER 

reaction might be facilitated with faster CO2 delivery at 10 ml/min [36, 37]. Therefore, 

higher current density could be expected with direct CO2 delivery at 10 ml/min, whereas 

slower surface reaction kinetics could be induced by low CO2 flow rates.  

Overall, the results above clearly indicate that MES performance in terms of 

biochemical production and current generation was improved at higher CO2 flow rates (> 

3 ml/min). Also, with the increase in CO2 flow rates, a larger percentage of electrons ended 

up in methane generation, which indicates the possible kinetic advantage of methanogens 

over acetogens under H2-rich conditions. By simply regulating the CO2 flow rate, synthesis 

of specific bioproducts might be feasible in MES system, as illustrated in a previous study 

[12]. 

3.3.3 Microbial community analysis 
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SEM images were taken after Phase III showed a uniform and thick biofilm coverage on 

Ni foam/CNT electrode (Fig. B6). High-throughput 16S rRNA gene sequencing was 

conducted to analyze the biofilm and suspension microbial community during the different 

phases of MES operation. The heatmap of the top 15 OTUs (relative abundance ≥ 0.1%) 

detected on the biocathode in Phase I clearly shows the enrichment of 

chemolithoautotrophs belonging to methanogens (Methanobacterium) and acetogens 

(Acetobacterium) from the original anaerobic sludge (Fig. B7). The original inoculum was 

dominated by an unclassified Firmicutes (27.3%, order DTU014) and the genus 

Methanobacterium (12.4%). Species belonging to Methanobacterium are 

hydrogenotrophic methanogens, which can utilize H2/CO2 (some members can utilize 

formate) for methane production and growth under strictly anaerobic conditions [38]. The 

enrichment of Methanobacterium (from 12.4% to 51.9 ± 1.4%) and Acetobacterium (from 

0.4% to 28.6 ± 0.2%), both of which could feed on H2 and CO2 [38-40], could be attributed 

to the selective pressure of the cathodic hydrogen production in the MES reactors. It is 

highly possible that H2-mediated microbial electrosynthesis from CO2 occurred in this 

study for the sustainable production of CH4 and acetate, the mechanism of which has been 

also reported in previous studies [17, 41]. In addition to the enrichment of methanogens 

and acetogens, which accounted for more than 80% of the total reads, sequence reads 

belonging to OTU_47 and OTU_12 from the family Desulfovibrionaceae (phylum 

Proteobacteria), as well as the genera Desulfovibrio and Desulfomicrobium (phylum 

Proteobacteria, family Desulfovibrionaceae), represented more than 3% of the total reads, 

indicating the possible enrichment of SRB in Phase I. This supports the results of serum 
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vial experiments where BES might be reduced by sulfate-reducers to form H2S (Fig. B2 

and B3). 

 

Figure 3.4 Heatmap of the 15 most abundant phylotypes across all samples (biofilm and 

suspended) in phase II. The taxa level shown on the left-hand side represents the phyla and 

the lowest classification level possible (u: unclassified, o: order, f: family, or g: genus).  
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Methanobacterium and Acetobacterium remained the dominant genera on the 

biocathode (76-84% of the total reads) and suspension (76-84% of the total reads) of Phase 

II regardless of the CO2 delivery method (Fig. 3.5). However, Methanobacterium 

decreased from 51.9 ± 1.4% (Phase I) to 43.3 ± 7.7% (Phase II) in the biofilm after direct 

CO2 delivery to CHT/Ni foam/CNT biocathode, while Acetobacterium increased from 28.6 

± 0.2% (Phase I) to 36.0 ± 4.1% (Phase II). As for indirect CO2 sparging through plain 

CHT, Methanobacterium accounted for 39.3 ± 5.4% and Acetobacterium for 43.0 ± 3.4% 

of the total reads on the biocathode. The microbial community in suspension exhibited a 

different characteristic for both CO2 delivery methods (Fig. 3.5) where the relative 

abundance of Acetobacterium with direct CO2 delivery was significantly higher (48.8 ± 

3.4%) than Methanobacterium (32.4 ± 0.8%), whereas with indirect CO2 delivery, the 

relative abundance of Methanobacterium (48.7 ± 0.6%) was higher than Acetobacterium 

(27.6 ± 0.4%). The family Desulfovibrionaceae reported in other MES reactors [22] was 

also found to be more abundant (OTU_47 and OTU_12) in the biofilm compared to 

suspension. Members of the family Desulfovibrionaceae [42, 43], including the genus 

Desulfovibrio [44], have been reported to catalyze biotic hydrogen production in microbial 

electrolysis cells, and they may contribute to providing hydrogen to Methanobacterium 

and Acetobacterium. Despite significant differences in the rates of methane and acetate 

production between the two methods (Table 3.1), the microbial community (Fig. 3.5) 

responsible for methane and acetate generation were predominant (representing 75-85% of 

the total reads) in both direct and indirect CO2 delivery. This was also reflected in the 

principal component analysis (PCA) plot where the microbial community in the biocathode 

or suspension were strongly clustered regardless of the delivery method used (Fig. B8). 
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This lack of difference could be attributed to the fact that amplicon DNA sequencing does 

not reflect the active members in the community. Future studies using reverse-transcribed 

rRNA sequencing should be applied for identifying the active populations in MES [45].  

 

Figure 3.5 Heatmap of the 15 most abundant phylotypes across all biofilm and suspended 

samples at different flow rates (0.3, 1, 3, and 10 ml/min) in phase III. The taxa level shown 

on the left-hand side represents the phyla and the lowest classification level possible (o: 

order, f: family, or g: genus). 
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Similar to Phase I and II, Methanobacterium and Acetobacterium remained dominant 

members (~ 80% of the total reads) after switching the operation to Phase III (Fig. 3.6). 

Since the biofilm and suspension samples were both dominated by hydrogenotrophic 

methanogens and acetogens, the microbial electrosynthesis of acetate and methane from 

CO2 was mainly dictated by H2 and CO2 supply from CHT/Ni foam/CNT biocathode 

during Phase III. This explains the noticeable increase of methane and acetate formation 

rates at 10 ml/min compared to the other three flow rates, as much higher H2 production 

(1409.5 ± 75.3 mmol/m2) was observed at 10 ml/min in the abiotic test (Table 3.1). 

Regardless of the CO2 flow rates, the relative abundance of genera in MES biofilm 

responsible for methane (Methanobacterium: 37.5-48.3%) and acetate production 

(Acetobacterium: 34.4-41.9%) remained relatively stable. Chloroflexi (2.6-3.5%) and 

Desulfovibrionaceae (1.2-3.3%), reported in other MES biocathodes [46, 47], exhibited 

similar relative abundance as in Phase II, indicating the relatively high resistance of the 

cathodic biofilm community to various CO2 delivery methods and flow rates. The PCA 

plots further confirmed the resistance of the microbial community to different CO2 flow 

rates. The biocathode (as well as suspension) microbial community were strongly clustered 

regardless of CO2 flow rates (Fig. B9), while variation between biofilm and suspension 

was clearly depicted in the PCA plots. As the dominant genera were also 

Methanobacterium (35.6-63.8%) and Acetobacterium (10.7-41.4%) among the suspended 

biomass, the differences between biocathode and suspension community could be mainly 

associated with the variations in the minor microbial communities as previously reported 

[22]. The minor microbial community in suspension was composed of family and genera 

with total relative abundance below 10%, including OTU_6 belonging to the family 
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Synergistaceae (phylum Synergistetes), OTU_9 from the family Spirochaetaceae (phylum 

Spirochaetes), genus AUTHM297 (phylum Thermotogae) and genus Thiomonas (phylum 

Proteobacteria) (Fig. 3.6). These minor OTUs in suspension are commonly reported in 

anaerobic digesters for sulfate removal (AUTHM297 [48]), acetate synthesis from H2 and 

CO2 (phylum Spirochaetes [49]) and acetate oxidation (phylum Synergistes [50, 51]). Even 

though fermenters from the phyla Bacteroidetes, Synergistetes, and Chloroflexi existed as 

minor communities in both biofilm and suspension, a previous study has revealed that they 

could produce H2 and CO2 from fermentation [30] and possibly grow syntrophically with 

Methanobacterium [52]. This was partially supported by the serum vial experiments using 

suspended biomass collected from the cathode chamber where methane was generated 

using acetate as the electron donor (Fig. B5), and no acetoclastic methanogens were 

detected in both biofilm and suspension samples.  

3.4 Conclusions 

This study explores for the first time the impact of different CO2 delivery methods and 

flow rates on MES performance and microbial community. Biochemical production from 

CO2 was significantly enhanced with direct CO2 delivery to microbes, where higher 

electron recovery (51.5%) was achieved compared to indirect CO2 sparging with mass 

transfer in medium (35.1%). Varying the CO2 flow rates initiated minor increment in 

methane and acetate production and little disturbance to the biocathode at low CO2 flow 

rate (0.3 ml/min), while an increase in all parameters measured (production rates, current 

and CE) was observed at higher CO2 flow rates (3-10 ml/min). The highest methane and 

acetate production rates were observed at 10 ml/min, reaching 240.0 ± 32.2 mmol/m2/day 

and 47.0 ± 18.4 mmol/m2/day, respectively. However, the microbial community exhibited 
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high resistance to the changes in CO2 delivery methods and flow rates and was dominated 

by key members responsible for methane (Methanobacterium) and acetate 

(Acetobacterium) production in both biofilm and suspended biomass. These results are 

promising and a step forward in the implementation of MES systems for real-field 

applications in certain industries (such as anaerobic digestion or power plant) where CO2 

flow rates fluctuate, although further research are need to significantly lower the energy 

and material cost.  

 

3.5 Acknowledgements 

This work was supported by Competitive Research Grant (URF/1/2985-01-01) from King 

Abdullah University of Science and Technology (KAUST). 



 110 

3.6 References 

[1] B. Bian, S. Bajracharya, J. Xu, D. Pant, P.E. Saikaly, Microbial electrosynthesis from 

CO2: Challenges, opportunities and perspectives in the context of circular bioeconomy, 

Bioresour Technol 302 (2020) 122863. 

[2] S. Gildemyn, K. Verbeeck, R. Slabbinck, S.J. Andersen, A. Prevoteau, K. Rabaey, 

Integrated Production, Extraction, and Concentration of Acetic Acid from CO2 through 

Microbial Electrosynthesis, Environmental Science & Technology Letters 2 (2015) 325-

328. 

[3] K. Rabaey, R.A. Rozendal, Microbial electrosynthesis - revisiting the electrical route 

for microbial production, Nat Rev Microbiol 8 (2010) 706-716. 

[4] S. Bajracharya, S. Srikanth, G. Mohanakrishna, R. Zacharia, D.P.B.T.B. Strik, D. Pant, 

Biotransformation of carbon dioxide in bioelectrochemical systems: State of the art and 

future prospects, Journal of Power Sources 356 (2017) 256-273. 

[5] B. Bian, M.F. Alqahtani, K.P. Katuri, D.F. Liu, S. Bajracharya, Z.P. Lai, K. Rabaey, 

P.E. Saikaly, Porous nickel hollow fiber cathodes coated with CNTs for efficient microbial 

electrosynthesis of acetate from CO2 using Sporomusa ovata, J Mater Chem A 6 (2018) 

17201-17211. 

[6] L. Jourdin, T. Grieger, J. Monetti, V. Flexer, S. Freguia, Y. Lu, J. Chen, M. Romano, 

G.G. Wallace, J. Keller, High Acetic Acid Production Rate Obtained by Microbial 

Electrosynthesis from Carbon Dioxide, Environ Sci Technol 49 (2015) 13566-13574. 

[7] S. Bajracharya, K. Vanbroekhoven, C.J. Buisman, D. Pant, D.P. Strik, Application of 

gas diffusion biocathode in microbial electrosynthesis from carbon dioxide, Environ Sci 

Pollut Res Int 23 (2016) 22292-22308. 

[8] N. Aryal, P.L. Tremblay, D.M. Lizak, T. Zhang, Performance of different Sporomusa 

species for the microbial electrosynthesis of acetate from carbon dioxide, Bioresour 

Technol 233 (2017) 184-190. 

[9] M.F. Alqahtani, S. Bajracharya, K.P. Katuri, M. Ali, A. Ragab, G. Michoud, D. 

Daffonchio, P.E. Saikaly, Enrichment of Marinobacter sp. and Halophilic Homoacetogens 

at the Biocathode of Microbial Electrosynthesis System Inoculated With Red Sea Brine 

Pool, Front Microbiol 10 (2019) 2563. 



111 
 

 

[10] S.M.T. Raes, L. Jourdin, C.J.N. Buisman, D.P.B.T.B. Strik, Continuous Long-Term 

Bioelectrochemical Chain Elongation to Butyrate, Chemelectrochem 4 (2017) 386-395. 

[11] P. Batlle-Vilanova, R. Ganigue, S. Ramio-Pujol, L. Baneras, G. Jimenez, M. Hidalgo, 

M.D. Balaguer, J. Colprim, S. Puig, Microbial electrosynthesis of butyrate from carbon 

dioxide: Production and extraction, Bioelectrochemistry 117 (2017) 57-64. 

[12] L. Jourdin, M. Winkelhorst, B. Rawls, C.J.N. Buisman, D.P.B.T.B. Strik, Enhanced 

selectivity to butyrate and caproate above acetate in continuous bioelectrochemical chain 

elongation from CO2: Steering with CO2 loading rate and hydraulic retention time, 

Bioresource Technology Reports 7 (2019) 100284. 

[13] M.C.A.A. Van Eerten-Jansen, A. Ter Heijne, T.I.M. Grootscholten, K.J.J. Steinbusch, 

T.H.J.A. Sleutels, H.V.M. Hamelers, C.J.N. Buisman, Bioelectrochemical Production of 

Caproate and Caprylate from Acetate by Mixed Cultures, Acs Sustain Chem Eng 1 (2013) 

513-518. 

[14] A. ElMekawy, H.M. Hegab, G. Mohanakrishna, A.F. Elbaz, M. Bulut, D. Pant, 

Technological advances in CO2 conversion electro-biorefinery: A step toward 

commercialization, Bioresour Technol 215 (2016) 357-370. 

[15] L. Jourdin, S. Freguia, V. Flexer, J. Keller, Bringing High-Rate, CO2-Based Microbial 

Electrosynthesis Closer to Practical Implementation through Improved Electrode Design 

and Operating Conditions, Environ Sci Technol 50 (2016) 1982-1989. 

[16] N. Aryal, A. Halder, P.L. Tremblay, Q.J. Chi, T. Zhang, Enhanced microbial 

electrosynthesis with three-dimensional graphene functionalized cathodes fabricated via 

solvothermal synthesis, Electrochimica Acta 217 (2016) 117-122. 

[17] M.F. Alqahtani, K.P. Katuri, S. Bajracharya, Y.L. Yu, Z.P. Lai, P.E. Saikaly, Porous 

Hollow Fiber Nickel Electrodes for Effective Supply and Reduction of Carbon Dioxide to 

Methane through Microbial Electrosynthesis, Advanced Functional Materials 28 (2018) 

1804860. 

[18] K.P. Katuri, S. Kalathil, A. Ragab, B. Bian, M.F. Alqahtani, D. Pant, P.E. Saikaly, 

Dual-Function Electrocatalytic and Macroporous Hollow-Fiber Cathode for Converting 

Waste Streams to Valuable Resources Using Microbial Electrochemical Systems, Adv 

Mater 30 (2018) e1707072. 



112 
 

 

[19] R. Anantharaman, S. Roussanaly, S.F. Westman, J. Husebye, Selection of optimal 

CO2 capture plant capacity for better investment decisions, Enrgy Proced 37 (2013) 7039-

7045. 

[20] M. Peces, S. Astals, J. Mata-Alvarez, Response of a sewage sludge mesophilic 

anaerobic digester to short and long-term thermophilic temperature fluctuations, Chem Eng 

J 233 (2013) 109-116. 

[21] M. Del Pilar Anzola Rojas, M. Zaiat, E.R. Gonzalez, H. De Wever, D. Pant, Effect of 

the electric supply interruption on a microbial electrosynthesis system converting inorganic 

carbon into acetate, Bioresour Technol 266 (2018) 203-210. 

[22] M.D.A. Rojas, R. Mateos, A. Sotres, M. Zaiat, E.R. Gonzalez, A. Escapa, H. De 

Wever, D. Pant, Microbial electrosynthesis (MES) from CO2 is resilient to fluctuations in 

renewable energy supply, Energ Convers Manage 177 (2018) 272-279. 

[23] H. Cheng, P.Y. Hong, Removal of Antibiotic-Resistant Bacteria and Antibiotic 

Resistance Genes Affected by Varying Degrees of Fouling on Anaerobic Microfiltration 

Membranes, Environ Sci Technol 51 (2017) 12200-12209. 

[24] E.I. Prest, J. El-Chakhtoura, F. Hammes, P.E. Saikaly, M.C. van Loosdrecht, J.S. 

Vrouwenvelder, Combining flow cytometry and 16S rRNA gene pyrosequencing: a 

promising approach for drinking water monitoring and characterization, Water Res 63 

(2014) 179-189. 

[25] K.P. Katuri, C.M. Werner, R.J. Jimenez-Sandoval, W. Chen, S. Jeon, B.E. Logan, Z. 

Lai, G.L. Amy, P.E. Saikaly, A novel anaerobic electrochemical membrane bioreactor 

(AnEMBR) with conductive hollow-fiber membrane for treatment of low-organic strength 

solutions, Environ Sci Technol 48 (2014) 12833-12841. 

[26] J.C. Scholten, R. Conrad, A.J. Stams, Effect of 2-bromo-ethane sulfonate, molybdate 

and chloroform on acetate consumption by methanogenic and sulfate-reducing populations 

in freshwater sediment, Fems Microbiol Ecol 32 (2000) 35-42. 

[27] L. Jourdin, Y. Lu, V. Flexer, J. Keller, S. Freguia, Biologically Induced Hydrogen 

Production Drives High Rate/High Efficiency Microbial Electrosynthesis of Acetate from 

Carbon Dioxide, Chemelectrochem 3 (2016) 581-591. 

[28] E.L. Cussler, Fundamentals of Mass Transfer, in: E.L. Cussler (Ed.) Diffusion: Mass 

Transfer in Fluid Systems, Cambridge University Press, Cambridge, 2009, pp. 237-273. 



113 
 

 

[29] P. Batlle-Vilanova, S. Puig, R. Gonzalez-Olmos, M.D. Balaguer, J. Colprim, 

Continuous acetate production through microbial electrosynthesis from CO2 with 

microbial mixed culture, Journal of Chemical Technology and Biotechnology 91 (2016) 

921-927. 

[30] A. Ragab, K.P. Katuri, M. Ali, P.E. Saikaly, Evidence of Spatial Homogeneity in an 

Electromethanogenic Cathodic Microbial Community, Front Microbiol 10 (2019) 1747. 

[31] J.T. Babauta, H.D. Nguyen, O. Istanbullu, H. Beyenal, Microscale gradients of 

oxygen, hydrogen peroxide, and pH in freshwater cathodic biofilms, Chemsuschem 6 

(2013) 1252-1261. 

[32] S. Cheng, D. Xing, D.F. Call, B.E. Logan, Direct biological conversion of electrical 

current into methane by electromethanogenesis, Environ Sci Technol 43 (2009) 3953-

3958. 

[33] N. Aryal, F. Ammam, S.A. Patil, D. Pant, An overview of cathode materials for 

microbial electrosynthesis of chemicals from carbon dioxide, Green Chemistry 19 (2017) 

5748-5760. 

[34] J.A. Robinson, J.M. Tiedje, Competition between sulfate-reducing and methanogenic 

bacteria for H2 under resting and growing conditions, Archives of Microbiology 137 

(1984) 26-32. 

[35] G. Lettinga, P. Lens, A.J.M. Stams, L.W. Hulshoff Pol, F. Gubbels, J. Weijma, 

Competition for H2 between sulfate reducers, methanogens and homoacetogens in a gas-

lift reactor, Water Science and Technology 45 (2002) 75-80. 

[36] R. Xu, R. Wu, Y. Shi, J. Zhang, B. Zhang, Ni3Se2 nanoforest/Ni foam as a 

hydrophilic, metallic, and self-supported bifunctional electrocatalyst for both H2 and O2 

generations, Nano Energy 24 (2016) 103-110. 

[37] G. Barati Darband, M. Aliofkhazraei, A. Sabour Rouhaghdam, Three-dimensional 

porous Ni-CNT composite nanocones as high performance electrocatalysts for hydrogen 

evolution reaction, J Electroanal Chem 829 (2018) 194-207. 

[38] W.B. Whitman, T.L. Bowen, D.R. Boone, The Methanogenic Bacteria, Springer, 

Berlin, Heidelberg2014. 



114 
 

 

[39] C. Kantzow, D. Weuster-Botz, Effects of hydrogen partial pressure on autotrophic 

growth and product formation of Acetobacterium woodii, Bioprocess Biosyst Eng 39 

(2016) 1325-1330. 

[40] L.G. Wang, L. Singh, H. Liu, Revealing the impact of hydrogen production-

consumption loop against efficient hydrogen recovery in single chamber microbial 

electrolysis cells (MECs), Int J Hydrogen Energ 43 (2018) 13064-13071. 

[41] E.V. LaBelle, C.W. Marshall, J.A. Gilbert, H.D. May, Influence of acidic pH on 

hydrogen and acetate production by an electrosynthetic microbiome, Plos One 9 (2014) 

e109935. 

[42] E. Croese, M.A. Pereira, G.J. Euverink, A.J. Stams, J.S. Geelhoed, Analysis of the 

microbial community of the biocathode of a hydrogen-producing microbial electrolysis 

cell, Appl Microbiol Biotechnol 92 (2011) 1083-1093. 

[43] F. Aulenta, L. Catapano, L. Snip, M. Villano, M. Majone, Linking bacterial 

metabolism to graphite cathodes: electrochemical insights into the H(2) -producing 

capability of Desulfovibrio sp, Chemsuschem 5 (2012) 1080-1085. 

[44] C.M. Werner, K.P. Katuri, A.R. Hari, W. Chen, Z. Lai, B.E. Logan, G.L. Amy, P.E. 

Saikaly, Graphene-Coated Hollow Fiber Membrane as the Cathode in Anaerobic 

Electrochemical Membrane Bioreactors--Effect of Configuration and Applied Voltage on 

Performance and Membrane Fouling, Environ Sci Technol 50 (2016) 4439-4447. 

[45] M. Ali, Z. Wang, K.W. Salam, A.R. Hari, M. Pronk, M.C.M. van Loosdrecht, P.E. 

Saikaly, Importance of Species Sorting and Immigration on the Bacterial Assembly of 

Different-Sized Aggregates in a Full-Scale Aerobic Granular Sludge Plant, Environ Sci 

Technol 53 (2019) 8291-8301. 

[46] Y. Jiang, N. Chu, W. Zhang, J. Ma, F. Zhang, P. Liang, R.J. Zeng, Zinc: A promising 

material for electrocatalyst-assisted microbial electrosynthesis of carboxylic acids from 

carbon dioxide, Water Res 159 (2019) 87-94. 

[47] C. Flores-Rodriguez, B. Min, Enrichment of specific microbial communities by 

optimum applied voltages for enhanced methane production by microbial electrosynthesis 

in anaerobic digestion, Bioresour Technol 300 (2020) 122624. 



115 
 

 

[48] A.M. Briones, B.J. Daugherty, L.T. Angenent, K.D. Rausch, M.E. Tumbleson, L. 

Raskin, Microbial diversity and dynamics in multi- and single-compartment anaerobic 

bioreactors processing sulfate-rich waste streams, Environ Microbiol 9 (2007) 93-106. 

[49] J.R. Leadbetter, T.M. Schmidt, J.R. Graber, J.A. Breznak, Acetogenesis from H2 plus 

CO2 by spirochetes from termite guts, Science 283 (1999) 686-689. 

[50] A.R. Hari, K. Venkidusamy, K.P. Katuri, S. Bagchi, P.E. Saikaly, Temporal Microbial 

Community Dynamics in Microbial Electrolysis Cells - Influence of Acetate and 

Propionate Concentration, Front Microbiol 8 (2017) 1371. 

[51] T. Ito, K. Yoshiguchi, H.D. Ariesyady, S. Okabe, Identification of a novel acetate-

utilizing bacterium belonging to Synergistes group 4 in anaerobic digester sludge, Isme J 

5 (2011) 1844-1856. 

[52] S.H. Zinder, M. Koch, Non-Aceticlastic Methanogenesis from Acetate - Acetate 

Oxidation by a Thermophilic Syntrophic Coculture, Archives of Microbiology 138 (1984) 

263-272. 

 



 116 

Chapter 4: Efficient Solar-to-Acetate Conversion from CO2 through 

Microbial Electrosynthesis Coupled with Stable Photoanode 

 

 

This chapter has been published as: 

B. Bian, L. Shi, K.P. Katuri, J.J. Xu, P. Wang, P.E. Saikaly*. Efficient Solar-to-Acetate 

Conversion from CO2 through Microbial Electrosynthesis Coupled with Stable 

Photoanode, Applied Energy, 2020, 278, 115684. 

 

 



117 
 

 

Abstract 

Integration of microbial electrosynthesis (MES) with renewable energy supply has been 

proposed as a novel approach for energy storage and CO2 transformation into fuels and 

chemicals. However, the efficiency of renewable energy conversion into biochemicals is 

yet to be improved in MES. In this study, molybdenum-doped bismuth vanadate was 

deposited on fluorine-doped tin oxide glass (FTO/BiVO4/Mo) to serve as MES photoanode 

for efficient solar energy harvesting and reduction of overpotential for oxygen evolution 

reaction (OER). By applying a fixed bias of 3V to MES systems under 0.5 sun illumination, 

a more negative cathode potential (–0.72 ± 0.03 V vs. SHE versus –0.38 ± 0.03 V vs. SHE 

in the dark) was achieved owing to the reduced OER overpotential at FTO/BiVO4/Mo 

photoanode, which led to a 25% increase in current density and 46-fold increase in acetate 

production rate. Higher electron recovery (~ 62%) and excellent stability (7 days) were 

also observed in MES reactors with sun illumination on FTO/BiVO4/Mo photoanode. 

Based on acetate production and energy input from simulated sunlight, 0.97 ± 0.19% solar 

energy was theoretically converted into acetate, which is one of the highest conversion 

efficiencies ever reported in hybrid MES systems. These results demonstrate that 

integrating FTO/BiVO4/Mo photoanode with MES systems could significantly enhance the 

solar-to-biochemical conversion efficiency by lowering the energy requirement for 

initiating the anodic OER and maintaining the negative cathode potential, which enables 

MES technology to be economically more viable for renewable energy storage and CO2 

valorization.  
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4.1 Introduction 

With increasing consumption of fossil fuels, the annual anthropogenic CO2 emission has 

increased from 14.1 gigaton in 1971 to 38.2 gigaton in 2014 [1]. To combat global warming, 

several strategies have been proposed to mitigate CO2 emissions, including the utilization 

of renewable energy and the development of carbon capture and utilization (CCU) 

techniques [2, 3]. Meanwhile, the dramatic boost of installed renewable power, such as 

solar panels (600 GW worldwide in 2019) [4], has intermittently produced surplus energy 

as a result of daily or seasonal variations in solar intensity [5, 6]. Utilizing the surplus 

renewable energy for on-site CO2 recycling into liquid chemicals and fuels, that could be 

easily stored and transported, has been regarded as a novel approach to solve the issues of 

both renewable energy storage and CO2 valorization [7, 8]. Microbial electrosynthesis 

(MES) has recently emerged as a promising technology to produce valuable chemicals 

through bioelectrochemical CO2 reduction using renewable energy sources and microbial 

catalysts at the cathode [9, 10]. Currently acetate is the most common biochemical 

generated from CO2 in MES. High concentration of acetate (> 10 g/L), achievable in MES 

through electrode modification [11] and reactor configuration optimization [12], could 

easily serve as a precursor for the generation of more valuable commodities, such as longer 

chain carboxylates, biofuels and bioplastics [13, 14]. The wide range of biochemicals and 

biofuels generated in MES thus represents another approach for chemical synthesis and 

CO2 valorization, and could potentially meet the diverse requirements from different 

industries at low costs if it is coupled with renewable energy [2] . 

The first proof-of-concept of MES for both CO2 reduction and renewable energy storage 

was demonstrated in 2010 with a potentiostat powered by solar panels [15]. Solar energy 
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was successfully converted into acetate and small amounts of 2-oxobutyrate in MES with 

a faradaic efficiency (FE) of over 85%. Apart from solar panels, photoanodes with well-

defined TiO2 nanostructures have been developed to improve photoabsorption and reduce 

the anodic overpotential for oxygen evolution reaction (OER) in MES [16, 17], which 

requires high energy input because of its kinetically sluggish reaction pathway [18, 19]. 

However, the large bandgap (3.2 eV) of TiO2 photocatalyst limits its light absorption to 

ultraviolet, which is only about 4% of the total sunlight [19, 20] and restrains the further 

enhancement of solar-to-chemical conversion efficiency. For example, a solar-to-acetate 

conversion efficiency of <0.38%, which is not sufficient for practical application of MES, 

was reported using TiO2 photoanode [17]. To improve the efficiency of solar conversion 

(0.62%) in MES, complex modifications to TiO2 photoanode, such as CdS decoration 

through successive ionic layer adsorption and reaction, have been applied to narrow the 

bandgap [21]. However, the long-term stability of MES systems, which is an important 

criteria for industrial applications, has never been tested with TiO2-based photoanodes for 

a batch duration of more than 80 hours [16, 17, 21]. Therefore, simple strategies to develop 

efficient photoanodes with narrow bandgaps and long-term stability are highly needed to 

further enhance the solar conversion efficiencies and improve the practicality of MES.  

Another challenge faced by photo-assisted MES systems for real applications is the 

daily variations in solar intensity [22]. Normally, the cathode potential is carefully tuned 

and maintained with a potentiostat in MES studies [9, 23], to initiate hydrogen evolution 

reaction (HER) for stable microbial growth and CO2 reduction. However, to avoid the 

insufficient control of the cathode potential using a potentiostat in large-scale systems [24], 

photo-assisted MES systems have recently been operated with an applied bias using a DC 
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power supply [25] or even without an electrical bias [16, 21] for CO2 capture and renewable 

energy storage. As sun illumination has been reported to significantly alter the 

overpotential for anodic water splitting in a photoelectrochemical cell [19], the potential 

fluctuations in the anode and cathode are expected to be dramatic with the light on-off 

switch in photo-assisted MES systems. Nevertheless, no systematic study has been 

conducted so far, to explore the potential fluctuations and the inter relationship between 

the anode potential for OER and the cathode potential for microbe-catalyzed CO2 reduction 

during light on-off switch in photo-assisted MES reactors.  

To fill the aforementioned knowledge gaps, a one-step synthesis of narrow-bandgap 

photoanode, made of bismuth vanadate with n-type Mo doping on fluorine-doped tin oxide 

glass (FTO/BiVO4/Mo), was developed for photo-assisted MES systems to achieve long-

term stability and enhanced solar-to-biochemical conversion efficiency. A theoretical 

solar-to-acetate conversion efficiency up to 0.97% could be sustained for a batch duration 

as long as 7 days, both of which were among the best performances ever reported for photo-

assisted MES. Moreover, to test the feasibility of photo-assisted MES in real applications, 

the effects of light on-off switch on the dynamic change and inter relationship of 

anode/cathode potentials were studied at an applied bias of 3V. 

4.2 Experimental 

4.2.1 Fabrication of FTO/BiVO4/Mo photoanode 

BiVO4-based photoanode was synthesized as previously reported [19]. Three precursor 

solutions were separately prepared by dissolving bismuth(III) nitrate pentahydrate 

(Bi(NO3)3·5H2O, purity ≥ 98%) in glacial acetic acid (0.2 M), vanadyl acetylacetonate 
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(VO(acac)2, purity ≥ 98%) in acetylacetone (0.03 M) and molybdenyl acetylacetonate 

(MoO2(acac)2, purity ≥ 98% ) in acetylacetone (0.01 M). The three precursors were then 

mixed with a stoichiometric ratio of Bi/V/Mo = 100:97:3. Specifically, 15 ml of 

Bi(NO3)3·5H2O (0.2 M), 97 ml of VO(acac)2 (0.03 M) and 9 ml of MoO2(acac)2 (0.01 M) 

were well-mixed to prepare the final precursor for spin-coating.  

The FTO glass was cleaned through a series of sonication (20 min each) in 3 wt% sodium 

dodecyl sulfate (SDS), followed by DI water, acetone and finally ethanol. The clean FTO 

glass was blown dry with nitrogen, followed by final cleaning in a plasma cleaner (Harrick 

Plasma, Ithaca NY, USA) for 2 min. Precursor solution (300 μL) was dropped on the clean 

FTO substrate (5.0 cm × 5.0 cm) and spin-coated (CHEMAT Technology, KW-4A, 

Northridge, CA) at 1500 rpm for 20 s. The coated FTO glass was immediately transferred 

for a multi-step heating process (100 oC for 2 min and 350 oC for 5 min), followed by 

ambient-air cooling for 5 min. After 10 cycles of spin-coating, the samples were annealed 

in a muffle furnace at pre-crystallization temperature (500 ℃) for 1 h with a heating ramp 

of 0.5 ℃/min (Scheme 4.1). The prepared sample is denoted as FTO/BiVO4/Mo 

photoanode. 

4.2.2 Characterization of photoanode 

To characterize the sample crystallinity, X-ray diffraction (XRD, Bruker D8 advance 

diffractometer, USA, Cu Kα radiation, λ = 1.5418 Å) was applied at a scan rate of 1o/min 

starting from 15o to 70o. The diffuse reflectance UV-Vis absorption and transmittance 

spectra (UV2550, Shimadzu, Japan) of the sample was recorded with fine BaSO4 powders 

and air as a reference. Tauc plot was utilized to analyze the direct transition and optical 
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bandgap of BiVO4/Mo composite, which was determined by the following Tauc equation 

[26]: 

 

Scheme 4.1 Preparation of FTO/BiVO4/Mo photoanode through spin-coating/annealing 

and its application in MES for solar harvesting with monitoring of cathode potential. 

(𝛼ℎ𝑣)𝑛 = 𝐴(ℎ𝑣 −  𝐸𝑔)      (1) 

where α is the measured absorption coefficient, hv is the light energy, n = 2 for direct 

band gap materials (BiVO4), A is a constant and Eg is the optical band gap energy.  

X-ray photoelectron spectroscopy (XPS) was collected by an Axis Ultra instrument with 

a monochromatic Al Kα X-ray source (Kratos Analytical) under ultrahigh vacuum (<10-8 

torr) to identify the surface elements of FTO/BiVO4/Mo photoanode. The carbon 1s peak 

was calibrated at 285 eV and used as an internal standard to compensate for any charging 

effects.  
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4.2.3 Photoelectrochemical analyses 

The photoelectrochemical (PEC) performance of the prepared FTO/BiVO4/Mo 

photoanode was evaluated using a three-electrode configuration (Auto-lab, PGSTAT302N, 

Metrohm, Netherlands) for the linear sweep voltammograms (LSV), where 

FTO/BiVO4/Mo photoanode served as the working electrode with Pt mesh as the counter 

electrode and Ag/AgCl as the reference electrode. The scan rate was 10 mV/s and the 

supporting electrolyte used in PEC performance tests was 0.1 M phosphate (KPi) buffer 

solution (pH 7). Prior to PEC measurement, the electrolyte was purged with N2 for 45 min 

to remove dissolved O2. Light source was provided by a solar simulator (Oriel® Sol1A 

Class ABB Solar simulators, Newport, USA) to simulate air-mass 1.5 global (AM1.5) 

illumination (100 mW/cm2), which was calibrated with a Si diode (Model 818, Newport, 

USA). The photoanode potential against Ag/AgCl was converted to reversible hydrogen 

electrode (RHE) using Nernst equation as follows: 

𝐸𝑅𝐻𝐸 = 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙 + 0.059 × 𝑝𝐻 + 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙
𝜊    (2) 

where 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙
𝜊 = 0.197𝑉 at 25 ℃. 

Incident photon-to-current efficiency (IPCE) was also measured in this study. The light 

from a 300 W Xe lamp (Model 73404, Newport, USA) was focused onto the photoanode 

through the monochromator (Model 74125, Newport, USA) [19]. The photocurrent 

induced by the monochromatic light was consistently measured at 1.23 V vs RHE in DSMZ 

879 medium described below and the IPCE was determined using the following equation: 

IPCE = 
1240

𝜆
×

𝐽𝑝ℎ

𝐼𝑙
× 100%       (3) 
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where λ is the wavelength of the monochromatic light, Jph is the photocurrent density 

induced by the specific monochromatic light and Il  is the intensity of the monochromatic 

light. 

4.2.4 MES reactor construction, operation and analyses 

Dual-chamber MES reactors were constructed with FTO/BiVO4/Mo (2 cm  3 cm) as 

the photoanode and ceramic hollow tube wrapped with Ni foam (CHT/Ni foam, 45 ppi, 

projected surface area: 30 cm2) as the MES cathode. Ag/AgCl was used as the reference 

electrode in the cathode chamber. The anode and cathode chambers (made of transparent 

glass, 275 ml each) were separated by a Nafion 117 membrane (Scheme 4.1). Initially the 

solar intensity was set at 100 mW/cm2, but due to the high temperature (30 °C) and humid 

environment in the dark room, the light bulb could not sustain long-time operation of the 

MES reactors at this solar intensity. Thus, the solar intensity was set at 50 mW/cm2 during 

the whole MES experiment unless otherwise mentioned. Back-illumination onto the 

FTO/BiVO4/Mo photoanode was selected during the whole experimental period to achieve 

higher photocurrent production as previously reported [27]. A Si diode was utilized to 

measure the light intensity of simulated sunlight through the reactor glass. 

Before starting the long-period (7 days) durability tests in MES reactors, the impact of 

sun illumination and biocathode on the onset potential for OER and current enhancement 

was characterized with LSV. For the impact of sun illumination, FTO/BiVO4/Mo 

photoanode, serving as working electrode (vs. CHT/Ni foam biocathode, two-electrode 

mode), was swept from 0 to 5 V at a scan rate of 10 mV/s with or without 50 mW/cm2 sun 

illumination. To confirm whether biocatalysts on MES cathode surface could enhance 

current density, the same scan range of applied bias was also swept with abiotic or biotic 
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cathode as counter electrode, respectively. Besides, the chopped-light amperometric j-t 

analysis was conducted to verify the short-term photoelectric stability of FTO/BiVO4/Mo 

photoanode, at an applied bias of 3 V vs. CHT/Ni foam cathodes (abiotic or biotic, 

respectively) with a light on/off switch of 30 mins.  

To test the long-term stability of FTO/BiVO4/Mo photoanode and the dynamic 

fluctuation of cathode potentials in MES, duplicate MES reactors with a batch duration of 

7 days were operated at different conditions. An applied bias of 3V (VMP3, Bio-Logic 

Science Instruments) was set between the MES anode and cathode, with the cathode 

potential vs. Ag/AgCl being recorded every 5 min (PicoLog ADC-24, Pico Technology). 

Before starting the MES experiments with CHT/Ni foam biocathode, abiotic experiment 

was conducted with the FTO/BiVO4/Mo photoanode under sun illumination (50 mW/cm2). 

The abiotic CHT/Ni foam cathode was then replaced by the CHT/Ni foam biocathode with 

mature biofilm and operated under the same conditions to investigate the effect induced by 

MES biocathode on current density. The CHT/Ni foam biocathode, dominated by 

homoacetogens belonging to the genus Acetobacterium, was enriched for more than 300 

days in another MES reactor in our lab with anaerobic sludge [28] as inoculum, before 

being utilized for microbial photoelectrosynthesis experiment in this study. DSMZ 879 

media, omitting yeast extract, Na-resazurin, D-Fructose, L-Cysteine, and Na2S, was used 

as MES electrolyte (anode and cathode) and purged with N2 gas before the experiment. 2.5 

mM 2-bromoethanosulfonate (BES) was added to the cathode solution to inhibit 

methanogenesis. The biotic MES reactors were finally operated in the dark to check the 

effects of sun illumination on photocurrent and cathode potential enhancement. During the 

whole experiment, the cathode chamber was covered by aluminum sheet to avoid the 
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disturbance of solar illumination from MES anode chamber. The current density in this 

study was normalized to the anode surface area, and the anode and cathode potentials were 

reported versus standard hydrogen electrode (SHE) for consistency.  

To further confirm the long-term stability of the BiVO4/Mo thin layer for anodic water 

splitting in MES, the surface morphology and element composition of FTO/BiVO4/Mo 

photoanode were characterized with SEM (Quanta 600, FEI) equipped with an Energy-

dispersive X-ray spectroscopy (EDS) detector before and after biotic MES operation under 

50 mW/cm2 sun illumination. The surface morphology of the CHT/Ni foam cathodes after 

MES operation was also characterized with SEM, to determine the elemental composition 

of the biocathode [9]. The gas produced by the CHT/Ni foam cathode was collected by a 

gasbag connected to the reactor headspace and the gas content was measured using a gas 

chromatograph (SRI Instruments) [29]. Liquid samples were collected 3 times per week 

and analyzed for acetate production by GC-MS-FID (7890A, Agilent Technologies), which 

was normalized to the cathode surface area for comparison purposes. 

4.3 Results and discussion 

4.3.1 Surface morphology of FTO/BiVO4/Mo photoanode 

The FTO/BiVO4/Mo photoanode was prepared by spin-coating precursor solutions 

onto the FTO glass (Scheme 4.1). The BiVO4/Mo composite had a thickness of ~375.5 nm 

(Fig. 4.1B) and was uniformly distributed across the FTO surface (Fig. 4.1A). The granular 

structure of BiVO4/Mo nanoparticles (Fig. 4.1A) after annealing exhibited sufficient 

roughness, which could potentially lead to more electrochemical active sites on the 

photoelectrode surface [30]. The XRD spectrum of FTO/BiVO4/Mo (Fig. 4.1D) exhibited 

high crystallinity of BiVO4 with monoclinic structure (Joint Committee on Powder 
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Diffraction Standards, JCPDS 14-0688) [19]. However, no characteristic peaks of 

Mo/MoO2/MoO3 were detected in the XRD patterns perhaps due to the low Mo loading 

amount in BiVO4/Mo composite [31]. The existence of molybdenum atoms in the 

synthesized BiVO4/Mo nanostructures was confirmed through EDS (Fig. 4.1C) and XPS 

analysis (Fig. C1, Appendix C). The 0.35 wt% Mo element detected by EDS analysis (Fig. 

4.1C) is sufficient to achieve efficient photoelectrochemical activities [31, 32]. The 

splitting signals of Bi 4f7/2 (158.7 eV) and Bi 4f5/2 (164.0 eV) (Fig. C1B) are characteristics 

of Bi3+ [19]. Similarly, the peaks at 523.8 eV (V 2p1/2) and 516.3 eV (V 2p3/2) correspond 

to surface V5+ element (Fig. C1C) [19]. The splitting signals of Mo 3d at 231.7 eV (Mo 

3d5/2) and 234.8 eV (Mo 3d3/2) represent Mo5+ oxidation state of Mo2O5 (Fig. C1D) [33, 

34].  

 

Figure 4.6 SEM images of (A) surface morphology and (B) cross-section of 

FTO/BiVO4/Mo photoanode. (C) EDS analysis of FTO/BiVO4/Mo photoanode. (D) XRD 

spectrum of surface elements of FTO/BiVO4/Mo photoanode. 
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4.3.2 Solar harvesting by FTO/BiVO4/Mo photoanode for efficient OER 

Upon confirming the successful formation of BiVO4/Mo composite, efforts were then 

made to investigate the performance of FTO/BiVO4/Mo versus bare FTO electrode toward 

light absorption and transmittance. The light absorption wavelength range for 

FTO/BiVO4/Mo electrode was far wider (up to 490 nm) than bare FTO glass (up to 350 

nm) (Fig. 4.2A). The transmittance spectrum of FTO/BiVO4/Mo was lower than FTO (Fig. 

4.2B), indicating better light trapping property of BiVO4/Mo composite. The optical 

bandgap of FTO/BiVO4/Mo photoanode, which could be obtained in a Tauc plot (inset in 

Fig. 4.2A) derived from the UV-Vis absorption data, was estimated to reach 2.62 eV. 

Compared to what has been reported for TiO2-based photocatalyst, the FTO/BiVO4/Mo 

photoanode exhibited better performance in terms of wavelength range (490 nm vs. ~ 400 

nm) of light absorption and band gap (2.62 eV vs. 3.2 eV) [16, 20]. Thus, the 

FTO/BiVO4/Mo photoanode is believed to be capable of inducing higher solar harvesting 

efficiency in photoelectrochemical and MES systems. 

 

Figure 4.7 Solar absorption (A) and transmittance (B) spectrum of FTO/BiVO4/Mo 

photoanode and bare FTO glass, respectively, in a wavelength range of 300 – 700 nm. The 

inset in Figure 4.2A represent the Tauc plot of FTO/BiVO4/Mo based on its absorption 

spectrum.   
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The photoelectron production from FTO/BiVO4/Mo was demonstrated to be highly 

efficient, with relatively high IPCE (>20%) up to 460 nm (Fig. 4.3A) compared to TiO2 

nanomaterials [35-37]. Liu et al. [36] and Sopha et al. [37] both developed TiO2 

photocatalyst for photoelectrochemical analysis, and the IPCE for TiO2 nano structures fell 

sharply below 10% when the light wavelength reached 400 nm, which was mainly 

restrained by the intrinsic wide bandgap of TiO2 material. The wider wavelength range for 

photoelectron generation from the FTO/BiVO4/Mo photoanode, however, could be largely 

attributed to its narrow band gap (2.62 eV) for electron excitation from the valence band 

to the conduction band [31] and it is in a good agreement with the obtained optical bandgap 

features during the UV-Vis spectrum analysis (Fig. 4.2A).  

 

Figure 4.8 (A) Incident photon-to-current efficiency (IPCE) of FTO/BiVO4/Mo electrode 

measured at 1.23 V versus RHE in 0.1 M phosphate buffer solution. (B) LSV curves of 

FTO/BiVO4/Mo electrode in 0.1 M potassium phosphate (KPi) buffer with a scan rate of 

10 mV/s in the dark or under 1 sun illumination (100 mW/cm2). The green dashed line 

represents the thermodynamic potential (1.23V vs. SHE) for OER at standard conditions. 

All the current density is normalized to the anode surface area. 

The LSV curve for FTO/BiVO4/Mo photoanode in the dark showed a negligible current 

density (<0.01 mA/cm2) with the anode potential scanned from 0 to 1.4 V vs. RHE (Fig. 
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4.3B). Furthermore, no obvious onset potential for OER was observed without sun 

illumination, possibly due to insufficient photoelectron production and low interfacial 

hole-to-oxygen transfer kinetics. In contrast, the LSV curve for FTO/BiVO4/Mo 

photoanode under 1 sun illumination (100 mW/cm2) exhibited almost immediate 

photocurrent response to the anode potential sweeping. The photocurrent density reached 

0.49 mA/cm2 at 1.23 V vs. RHE, with an OER onset potential as low as ~ 0.07 V vs. RHE. 

The onset potential of OER here was much lower than what has been reported by Zhang et 

al. [38] (~ 0.3 V vs. RHE) and Grandcolas et al. [39] (~ 0.45 V vs. RHE) with FTO/TiO2 

photoelectrode, confirming the high capability of efficient water splitting by 

FTO/BiVO4/Mo photoanode under sun illumination and excellent hole-to-oxygen transfer 

kinetics. 

4.3.3 Performance and stability of microbial electrosynthesis cells with FTO/BiVO4/Mo 

photoanode 

Two sets of LSV (two-electrode mode to imitate DC power supply) tests were 

conducted to validate the positive effects of sun illumination and biocathode on OER 

performance and current improvement in MES system. To test the effect of sun 

illumination on the OER reaction, FTO/BiVO4/Mo photoanode (biased from 0 to 5 V vs. 

CHT/Ni foam biocathode) under 0.5 sun illumination (50 mW/cm2) or in the dark was 

conducted in MES reactors. More efficient OER was observed for FTO/BiVO4/Mo 

photoanode under sun illumination (Fig. 4.4A), which lowers the voltage requirement to 

initiate water splitting (onset potential for photo-assisted OER at 0.6 V compared to ~1.7 

V in the dark; red vs. black curve inset in Fig. 4.4A). The lower onset potential for OER 

could probably be attributed to the efficient hole-to-oxygen transfer kinetics and the 
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generation of photoelectrons from FTO/BiVO4/Mo photoanode under sun illumination. 

Also, the photocurrent generated at 5 V reached 3.4 mA/cm2, representing 26% higher 

current production than MES reactors operated in the dark (2.7 mA/cm2). This observation 

agrees with the results illustrated in Fig. 4.3B and previous studies on Mo-doped BiVO4 

photoanode for solar-assisted water splitting [27, 32].  

To identify whether MES biocathode plays a role in lowering the onset potential for 

OER, abiotic CHT/Ni foam cathode was replaced by CHT/Ni foam biocathode for LSV 

test. However, no obvious change in OER onset potential was observed (red vs. green curve 

in Fig. 4.4A). This confirms that sun illumination and FTO/BiVO4/Mo photoanode were 

the key factors for lowering the onset potential of OER. However, the abiotic CHT/Ni foam 

cathode generated much lower current density at 5 V compared to the corresponding 

CHT/Ni foam biocathode (2.4 vs. 3.4 mA/cm2 under sun illumination and 2.3 vs. 2.7 

mA/cm2 in dark environment, respectively). The higher current density induced by MES 

biocathode compared to abiotic cathode has been also reported in previous studies, using 

common anode materials with metal/non-metal electrocatalysts for OER [40, 41]. The 

higher current production in biotic reactors could be related to the enhanced HER induced 

by metallic nanoparticles on biocathode [42], which could be partially confirmed by the 

EDS analyses of the higher deposition of metals (such as iron and cobalt) on MES 

biocathode (Fig. C2D) compared to abiotic cathode (Fig. C3B). Further, the enhanced 

current might also result from the improved catalytic HER property by microbes, which 

could efficiently uptake electrons from CHT/Ni foam cathode [40, 42].  
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Figure 4.9 (A) Photocurrent density versus applied bias curves in biotic and abiotic MES 

systems with FTO/BiVO4/Mo and FTO electrodes, respectively, under 0.5 sun illumination 

(50 mW/cm2). External bias (10 mV/s step) was applied between different cathodes and 

photoanodes. Abiotic cathode shares the same CHT/Ni foam electrode as biotic cathode 

but without microbial inoculation. The inset represents an enlarged current density-applied 

bias plot with a bias range from 0 to 3 V. (B) Comparison of photocurrent densities of 

biotic or abiotic MES systems with two different anodes upon on-off 0.5 sun illumination. 

To investigate the short-term stability and light response of the FTO/BiVO4/Mo 

photoanode, the j-t curves of MES with 0.5 sun illumination (50 mW/cm2) were plotted 

with 30-min on-off switch (Fig. 4.4B). At an applied bias of 3 V, obvious photocurrent 

production was observed once the FTO/BiVO4/Mo photoanode was exposed to sun 

illumination. The photocurrent then dramatically declined and was maintained at ~0.65 

mA/cm2 with CHT/Ni foam biocathode. The FTO/BiVO4/Mo photoanode with abiotic 

CHT/Ni foam cathode displayed a similar pattern of light response but generated a much 

lower photocurrent (~0.25 mA/cm2). When sun illumination was turned off, the current 

generation by FTO/BiVO4/Mo with CHT/Ni foam biocathode dropped to ~0.15–0.2 

mA/cm2 at an applied bias of 3 V, which was close to the current production of FTO 

electrode with abiotic CHT/Ni foam cathode. After 5 repeating cycles of on-off sun 



133 
 

 

illumination, the FTO/BiVO4/Mo photoanodes with biotic or abiotic cathode exhibited 

steady current profiles and demonstrated a repeated response to illumination without much 

decay.  

Long-term (7 days) stability test and dynamic changes of cathode potential under sun 

illumination (50 mW/cm2) or in the dark were also conducted to evaluate the feasibility of 

applying FTO/BiVO4/Mo photoanode in MES systems for future on-site CO2 capture (Fig. 

4.5). The current density (j–t), as well as the photo-induced potential change of biotic or 

abiotic cathode (V–t), was monitored every 5 mins at a fixed bias of 3 V (Fig. 4.5A). Similar 

to the j–t test with chopped light (Fig. 4.4B), the photocurrent density of FTO/BiVO4/Mo 

photoanode displayed a sharp drop in the first hour due to the capacitance change [43]. The 

current then stabilized at 0.6–0.65 mA/cm2 using CHT/Ni foam biocathode, which 

represents a ~25% decline from the initial current ~0.8 mA/cm2 and was close to the value 

observed in the short-period j–t curve (Fig. 4.4B). An average cathode potential of –0.72 ± 

0.03 V vs. SHE was obtained for CHT/Ni foam biocathode to drive the microbe-catalyzed 

CO2 reduction to acetate by homoacetogens, and 6.42 ± 1.21 mM acetate was generated 

after one week of operation under sun illumination (Fig. 4.5B, Table 4.1). When the acetate 

production was normalized to the surface area of CHT/Ni foam biocathode, an average 

acetate production rate of 6.9 ± 1.3 g/m2/day could be achieved, leading to a FE of 62 ± 

12%. The FE in the current study is slightly lower compared to a previous study on photo-

assisted MES reactor (86 ± 9%) with photoanode and high-surface-area photocathode 

modified with Si nanowire arrays [44]. This is mainly due to the utilization of mixed culture 

inoculum in the current study, compared to a pure culture of Sporomusa ovata in that study 

[44]. However, at the same applied bias (3V) and similar cathode potential (~ –0.65 V vs. 
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SHE), the acetate production (5.7 g/m2/day) by S. ovata biofilm on graphite disk cathode 

(65 cm2) in another study [24] was around 21% lower than what was obtained in the current 

study. This solar-assisted acetate production with FTO/BiVO4/Mo photoanode was also 

higher than that (6.7 g/m2/day with S. ovata and 6 g/m2/day with A. woodii, respectively) 

from MES reactors equipped with platinized Ti mesh anode at a cathode potential of –0.7 

V vs. SHE [45]. Apart from acetate, a small amount of methane (Fig. C4), as well as H2S 

(data not shown), was also detected despite the addition of BES to inhibit methanogenesis. 

These two gases produced in MES cathode chamber, together with metal ions deposited on 

the cathode surface (Fig. C2D), could potentially serve as electron sinks, which lowered 

the overall FE for acetate production. However, no H2 gas was detected at the headspace 

of cathode chamber, probably because it was consumed by chemolithoautotrophs for CO2 

reduction [46].  

The steady photocurrent production lasted for 7 days without any decay, displaying 

excellent chemical stability of FTO/BiVO4/Mo photoanode for MES. The batch duration 

of chronoamperometry analysis (168 hours) in this study to examine the performance of 

BiVO4/Mo photocatalyst was much longer compared to the stability test of other OER 

catalysts in an electrochemical setup (< 24 hours) [18, 19, 47]. It is also worthwhile to 

mention that photo-assisted MES systems were usually operated for less than 80 hours per 

batch to test the stability of the photocatalyst on MES anode [16, 17, 21], which was much 

shorter than our study (168 hours). Though the anolyte pH shifted from 7 to 4 after 7 days 

of MES operation under sun illumination, the SEM images and EDS analysis of 

FTO/BiVO4/Mo photoanode after 7 days of batch operation in MES (Fig. C5) indicated 

little change in the wt% of elements (Bi: 4.50 vs. 4.63, V: 4.21 vs. 4.17, Mo: 0.35 vs. 0.35) 
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except a little deposition of potassium salt. The persistence of Bi, V, Mo elements on 

photoanode surface after 7 days of operation in MES was also confirmed with XPS analysis 

(Fig. C1).  

 

Figure 4.10 (A) Long-term stability test of current production and cathode potential in 

MES. 7-day photocurrent density and cathode potential (V vs. SHE) of MES with 

abiotic/biotic CHT/Ni foam cathodes as a function of time at 3 V bias under 0.5 sun 

illumination. (B) Acetate production in biotic/abiotic MES systems versus time. No 

product was detected in abiotic MES reactors with FTO/BiVO4/Mo photoanode under solar 

illumination. 

 

Table 4.1 Average current density and acetate production rate from CO2 in MES 

Biocathode 

Avg. current 

density 

(mA/cm2) 

Cathode 

potential (V 

vs. SHE) 

Acetate 

production 

(mM)a 

FE (%)b 

Solar-to-

acetate 

efficiency (%) 

0.5 sun 

illumination 
0.61 ± 0.02 –0.72 ± 0.03 6.42 ± 1.21 62 ± 12 0.97 ± 0.19% 

No sunlight 0.49 ± 0.04 –0.38 ± 0.03 0.14 ± 0.05 1.7 ± 0.6    N/A 

a Each value is the mean and standard deviation of duplicate MES reactors. Acetate production is 

calculated based on the cumulative acetate concentration from GC-MS-FID after 7 days. bFaradaic 

efficiency is calculated based on the equation: 𝐹𝐸 =
𝑄𝑎𝑐𝑒𝑡𝑎𝑡𝑒

𝑄𝑡𝑜𝑡𝑎𝑙
 (where Qacetate is the coulomb required 
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for the acetate production (measured by GC-MS-FID) in one batch, and Qtotal is the total coulomb 

produced by the current in the corresponding batch). 

When light illumination was off using biotic cathode, the current density experienced 

a 20% decline to 0.49 ± 0.04 mA/cm2 (Fig. 4.5A). This was expected since the 

photoelectrons and current increment induced by sun illumination were absent in the dark 

environment. However, the cathode potential significantly decreased, averaging at –0.38 ± 

0.03 V vs SHE, with the same MES configuration (Fig. 4.5A, Table 4.1). As mentioned 

above, the anodic water splitting in the dark required an anode potential higher than 1.4 V 

vs. RHE to trigger the OER in abiotic MES reactor (Fig. 4.3B). A larger portion of the 

applied voltage (3 V) was thus believed to be biased at MES anode for efficient OER, 

resulting in 37.0% reduction in cathode potential. A similar observation was obtained by 

Lu et al. [43] in a microbial electrochemical cell and Jeremiasse et al. [48] in a microbial 

electrolysis cell for H2 production. Lu et al. [43] discovered that the cathode potential for 

efficient HER could be significantly reduced with solar illumination on GaInP2-TiO2-MoSx 

and GaInP2-PtRu photocathode, respectively. However, the counter electrode potential in 

their study declined after the light illumination was switched off, to compensate for higher 

cathodic potential requirement for HER, which matches our observation of cathode 

potential decrease to compensate for the potential requirement for OER at the anode.  

To clearly depict the anode potential shift with light on-off switch, the detailed voltage 

contributions (vs. SHE) to the applied bias (Ecell = 3 V) from the FTO/BiVO4/Mo 

photoanode, CHT/Ni foam biocathode, and internal resistance and pH gradient (ΔpH) 

across the Nafion membrane [49] are schematically summarized in Fig. 4.6. For 

FTO/BiVO4/Mo photoanode under 0.5 sun illumination (Fig. 4.6A), the internal resistance 

(137.3 Ω) of the biotic MES reactor was obtained from the slope of the corresponding LSV 
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curve (red line in Fig. 4.4A), which leads to a voltage contribution of 0.51 V vs. SHE at an 

average current density of 0.61 mA/cm2. A pH difference of 4 between the bulk anolyte 

and catholyte can lead to a voltage drop of 0.24 V vs. SHE according to Nernst equation 

(E= 0.0592 × ΔpH). Thus, the total voltage contribution across the Nafion membrane 

(𝐸𝑛𝑎𝑓𝑖𝑜𝑛) is 0.75 V vs. SHE with sun illumination on FTO/BiVO4/Mo photoanode, as 

shown in Fig. 4.6A. The actual anode potential was calculated by subtracting the measured 

cathode potential (–0.72 V vs. SHE) and voltage drop (0.75 V vs. SHE) across Nafion 

membrane from the applied bias (3 V). The anodic overpotential (η𝑂𝐸𝑅) for water splitting 

at pH 4 was calculated using the equation: 

       η𝑂𝐸𝑅 = 𝐸𝑐𝑒𝑙𝑙 − [(𝐸𝐶𝑜𝐴
° + η𝐶𝑜𝐴) + 𝐸𝑛𝑎𝑓𝑖𝑜𝑛 + 𝐸𝑂𝐸𝑅

° ]              (4) 

where 𝐸𝐶𝑜𝐴
°  and η𝐶𝑜𝐴 are the theoretical potential (–0.33 V vs. SHE) and overpotential, 

respectively, for the cathodic CO2 conversion to acetate (CoA) at pH 8 in this study. The 

cathodic overpotential (η𝐶𝑜𝐴) was calculated by subtracting the theoretical potential (–0.33 

V vs. SHE, Fig. 4.7) from the measured cathode potential (–0.72 V vs. SHE under sun 

illumination or –0.38 V vs. SHE in the dark). 𝐸𝑂𝐸𝑅
°  is the theoretical potential (𝐸𝑂𝐸𝑅

° =

0.99V vs. SHE, Fig. 4.7) for anodic water splitting. 

From Fig. 4.6, it is quite obvious that the overpotential requirement for anodic OER 

became much higher (0.94 V vs SHE) in the dark, which significantly decreased the 

average cathode potential (–0.38 V vs. SHE) available for acetate production from CO2. 

Thus, only a very small amount of acetate production (0.14 ± 0.05 mM) was observed after 

7 days of MES operation without sun illumination on FTO/BiVO4/Mo photoanode (Fig. 

4.5B). This is probably because CO2 reduction to acetate is thermodynamically feasible at 

a cathode potential as negative as –0.28 V vs. SHE [50], and acetate generation from CO2 
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in MES has been reported at –0.4 V vs. SHE [9, 10, 51]. The FE calculated for the acetate 

production in biotic MES reactor without sun illumination was 1.7 ± 0.6%, which is a huge 

decline from 62 ± 12% for MES under sun illumination. Part of this loss in electrons could 

be attributed to the possible metal or sulfate reduction at the biocathode surface, which was 

clearly detected by EDS (Fig. C2D). The rest of the electrons, however, are probably used 

to sustain the growth of microbes on MES biocathode during operation in the dark [52, 53], 

thus contributing to the dense biofilm uniformly distributed on the inner and outer surface 

of the nickel foam (Fig. C2A, B and C). The persistence of cathodic biofilm, as well as 

BiVO4/Mo photocatalyst, during a batch period of 7 days with minor electron supply 

partially demonstrates the applicability and sustainability of photo-assisted MES systems 

for the storage of renewable energy with intermittent supply [5, 6].  

 

Figure 4.11 Voltage contributions (vs. SHE) to the applied bias (Ecell = 3 V) for MES 

reactors with biocathode and FTO/BiVO4/Mo photoanode under (A) sun illumination to 

achieve an average current density of 0.61 mA/cm2, and (B) in the dark environment to 

achieve an average current density of 0.49 mA/cm2. 𝐸𝐶𝑜𝐴
°  and η𝐶𝑜𝐴  are the theoretical 

potential (–0.33 V vs. SHE) and overpotential, respectively, for the cathodic CO2 

conversion to acetate (CoA) at pH 8 in this study; 𝐸𝑛𝑎𝑓𝑖𝑜𝑛  is voltage drop induced by 
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internal resistance and pH gradient (ΔpH) across the Nafion membrane; η𝑂𝐸𝑅 is the anodic 

overpotential for water splitting at pH 4; and 𝐸𝑂𝐸𝑅
°  is the theoretical potential for anodic 

water splitting. 

As for the abiotic MES control operated under sun illumination, no acetate or methane 

was detected. The abiotic current density (~ 0.3 mA/cm2) under sun illumination was also 

lower than the biotic current density in the dark (Fig. 4.4A & 4.5A) at an applied bias of 

3V, which resulted from the active electron uptake by microbes from biocathode in biotic 

MES reactor [54, 55]. Due to the highly porous structure and larger surface area (30 cm2 

vs 6 cm2 FTO/BiVO4/Mo anode), the CHT/Ni foam cathode may accommodate more 

biocatalysts (microbes) for various cathodic reactions (Fig. C2) and thus play a more 

important role in current enhancement compared to BiVO4/Mo photocatalyst under sun 

illumination in the abiotic test. Considering the high potential requirement for HER at 

neutral pH (–0.41 V vs. SHE), the detectable current density under low cathode potential 

(<–0.20 V vs. SHE) in the abiotic MES under sun illumination indicated possible electron 

uptake by other cathodic reactions (e.g. the reduction of oxygen molecules diffused from 

anode [56], sulfate or metal reduction [2, 41]). The reduction of metal or oxygen is feasible 

at more positive cathode potentials (<-0.2 mV vs. SHE). In fact, the deposition of Fe, Co 

and Se was discovered on biotic (Fig. C2D) and abiotic (Fig. C3B) cathode surface.  

Overall, by using DC power supply, the photo-assisted MES is expected to have 

anode/cathode potential fluctuations due to light on-off switch, which in turn would affect 

the performance of MES reactors. Utilizing FTO/BiVO4/Mo photoanode in MES with solar 

illumination, however, will significantly reduce voltage requirement for initiating efficient 

anodic water splitting, and thus sustain sufficiently high cathodic potential for microbial 
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electrosynthesis from CO2 with long-term stability, suggesting the potential application of 

photo-assisted MES systems for CO2 capture and renewable energy storage in real-field 

conditions. 

4.3.4 Enhanced efficiency of renewable energy storage by MES with FTO/BiVO4/Mo 

photoanode      

Solar-to-acetate conversion efficiency was quantified in the biotic MES using Nernst 

equation as described in Fig. 4.7, and taking into consideration the final acetate 

concentration, pH value in anodic and cathodic chamber and CO2 partial pressure in the 

gasbag connected to the CHT/Ni foam biocathode. The theoretical redox potentials 

calculated for OER at the anode under sun illumination and CO2 reduction to acetate at the 

cathode were +0.99 V and –0.33 V vs. SHE, respectively, leading to a minimum cell voltage 

(1.32 V) to power MES reactors. The Gibbs free energy (ΔG) for acetate production (6.42 

± 1.21 mM) from biotic MES under sun illumination was 1799 ± 339 J. Since 0.14 ± 0.05 

mM acetate could be generated in the dark, the total solar energy utilized for acetate 

production was 1760 ± 339 J. The total solar energy input was 181.44 kJ at 50 mW/cm2 

for 7 days, resulting in a solar-to-acetate conversion efficiency of 0.97 ± 0.19%, which was 

among the highest ever reported in microbial photoelectrosynthesis [21]. As CO2 

conversion to acetate is mainly a H2-mediated process [41, 57, 58], a theoretical cathode 

potential of –0.33 V vs. SHE might not be sufficient for H2-mediated CO2 conversion to 

acetate. Thus, the solar-to-acetate conversion efficiency was also calculated using the 

actual anode and cathode potentials to reflect the actual energy consumption. 
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Figure 4.12 Nernst equation used for estimating the half redox potential at the surface of 

FTO/BiVO4/Mo photoanode and CHT/Ni foam biocathode, respectively. The solar-to-

acetate conversion efficiency was obtained by dividing the calculated Gibbs free energy 

for acetate production in MES by the total solar illumination (181.44 kJ) at 6 cm2 

FTO/BiVO4/Mo for 7 days. 

As can be seen from Fig. 4.6, the anodic overpotential (ηOER) for water splitting under 

sun illumination was 0.54 V vs SHE, which is acceptable for water splitting at MES anode 

with large surface area (compared to 3 mm glassy carbon disc electrode commonly used 

for electrochemical OER tests) [18]. Based on the actual anode (1.53 V vs. SHE) and 

cathode (–0.72 V vs. SHE) potentials in MES under 0.5 sun illumination, the actual Gibbs 

energy calculated for the photo-assisted acetate formation was 3.0 ± 0.64 kJ, representing 

an actual solar-to-acetate conversion efficiency of 1.65 ± 0.35%. This energy conversion 

efficiency, which could be further improved if we minimize the energy loss due to the light 

reflection from the anode chamber (44.27 kJ as shown in Fig. 4.7), is 70% higher than the 
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theoretical value and the highest ever reported so far for photo-assisted MES systems 

equipped with photoanodes [16, 17, 21]. Compared to global natural photosynthesis (0.2%) 

[59], more efficient solar energy storage and CO2 valorization could be achieved with an 

excellent product selectivity via photo-assisted MES technology. 

The significantly higher solar-to acetate conversion efficiency of photo-assisted MES 

system in the current study could be attributed to the narrow bandgap of BiVO4/Mo 

photoanode (2.6 eV) vs. TiO2 photoanode (3.2 eV) [16]. The limited absorption of sunlight, 

induced by the large bandgap of TiO2 nanowire arrays, generally leads to higher energy 

demand for initiating anodic OER and thus reduces the overall solar-to-acetate conversion 

efficiency (0.38%), as reported by Liu et al. [17]. Several strategies have been thus 

developed or proposed to further enhance the solar-to-biochemical conversion efficiency 

in photo-assisted MES systems. One strategy is to narrow the bandgap and enhance the 

solar harvesting capability of MES photoanode through photocatalyst modifications, such 

as co-catalyst coating (e.g. NiCoO2 [19]) and heterojunction formation [21]. As a good 

example, Xiao et al. [21] improved the solar-to-methane conversion efficiency from 0.1% 

to 1.28% by developing heterojunction structures with Cu2ZnSnS4/CdS deposition on TiO2 

photoanode, which resulted in its narrow bandgap and easy electron-hole separation. Apart 

from enhancing solar harvesting property of MES photoanode, the overall performance of 

photo-assisted MES can be further enhanced by: (1) utilizing photovoltaic devices as the 

power supply [60]; (2) optimizing MES configuration to minimize pH fluctuations [49] 

and internal resistance [24] between the anode and cathode chambers; and (3) tuning MES 

operation conditions [9, 40, 46] and selecting more efficient chemolithoautotrophs [2] to 

improve bioproduct formation. 
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4.4 Conclusions 

This study developed a highly efficient and sustainable microbial photoelectrosynthesis 

system to simultaneously capture CO2 and store renewable energy. An applied bias was set 

between MES photoanode and cathode to imitate and study the fluctuations of electrode 

potential in real-field applications. Owing to the narrow band gap of BiVO4/Mo composite, 

a wider range of solar spectrum could be absorbed, leading to enhanced production of 

photocurrent, significant decline of anodic overpotential for OER and improved cathode 

potential for CO2 reduction under sun illumination. A theoretical solar-to-acetate 

conversion efficiency up to 0.97 ± 0.19% was realized, and its performance was sustained 

for 7 days with no obvious decrease, both of which are among the highest ever reported for 

this type of hybrid MES system. The coupling of renewable energy (solar energy) and MES 

in this study could potentially overcome a major energy barrier faced by MES systems, 

which require high energy input for OER, CO2 reduction and chemolithoautotrophic 

growth, and opens an opportunity for the development of sustainable artificial 

photosynthesis of low-cost carbon-based compounds (such as volatile fatty acids) and 

biofuels.  
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Conclusion 

5.1 Summary of dissertation research 

Recycling CO2 into value-added organic products through microbial electrosynthesis 

(MES) is attractive from the perspective of circular bioeconomy [1]. However, several 

challenges need to be addressed before scaling-up MES systems. The overall objective of 

this dissertation has been to advance MES technology for CO2 valorization and renewable 

energy storage in real applications, by developing novel dual-functional cathode 

architecture, exploring the resistance of MES system to CO2 flow rate fluctuation and 

testing the feasibility of MES system for solar energy conversion. 

The performance of MES system to translate CO2 into value-added bioproducts is 

commonly determined by the chemolithoautotrophs grown on MES cathode surface. To 

improve biofilm formation on the cathode and the rates of product generation, the work 

presented in Chapter 2 developed a novel dual-functional (cathode as well as a CO2 supply 

membrane) porous hollow-fiber electrode architecture (Ni-PHF) for efficient CO2 delivery 

to microbes on MES cathode surface. By modifying with multi-walled carbon nanotubes, 

Ni-PHF/CNT obtained high specific surface area and enhanced electrode-microbe electron 

transfer, which in turn facilitated bacterial adhesion, acetate production rate (247 ± 17 

mM/d/m2) and electron utilization (~ 83%) in MES [2]. The utilization of porous PHF 

cathodes in MES system could easily integrate with traditional membrane technology for 

high packing density and direct CO2 delivery to chemolithoautotrophs, which could 

address the needs in some industries for direct utilization of flue gas without further CO2 

treatment. 

The applicability of porous hollow fiber cathode in MES was further tested in Chapter 
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3 to analyze the resistance of MES system and cathodic microbial community to the 

changes in CO2 mass transfer and flow rate fluctuation. MES was operated with two 

different delivery methods of CO2 at a constant flow rate, either directly through 

electrically conductive hollow tube biocathode or indirectly by sparging CO2 into the 

medium through electrically insulated ceramic hollow tube, to determine the effects of CO2 

mass transfer on MES performance and microbial community. Subsequently, the effect of 

four different CO2 flow rates (0.3, 1, 3 and 10 ml/min) on current density, biochemical 

production from CO2, and microbial community (biofilm and suspension) were evaluated 

in MES. The results obtained in Chapter 3 demonstrated that biochemical production from 

CO2 could be significantly enhanced with direct CO2 delivery to microbes or faster CO2 

flow rate, however, the biofilm and suspended microbial community responsible for CO2 

conversion showed high resistance to CO2 fluctuations, no matter which delivery method 

or flow rate we chose. Another important finding from this chapter was the dominance of 

key members responsible for methane (Methanobacterium) and acetate (Acetobacterium) 

production in both biofilm and suspended biomass in MES, which indicates the potential 

hydrogen-mediated electron pathway for microbial electrochemical CO2 reduction. These 

results are promising and a step forward in the implementation of MES systems for real-

field applications in certain industries (such as anaerobic digestion or power plant) where 

CO2 flow rates fluctuate.  

 Although the resistance of MES system was demonstrated in Chapter 3, the practical 

application of MES relies heavily on the further reduction of energy input for anodic OER, 

cathodic microbe-catalyzed CO2 reduction and ohmic loss. Chapter 4 of this dissertation 

explores the feasibility of harvesting renewable energy in MES system for anodic water 
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splitting and cathodic CO2 reduction. The effectiveness of BiVO4/Mo photoanode under 

sun illumination to reduce energy requirement for OER and maintain cathode potential for 

CO2 reduction in MES was demonstrated, indicating the possibility of overcoming a major 

energy barrier faced by MES systems by coupling MES systems with renewable energy 

supply to mimic natural photosynthesis. Also, high solar-to-biochemical conversion 

efficiency and long-term stability of FTO/BiVO4/Mo photoanode was achieved in photo-

assisted MES, which provides a sustainable approach for both CO2 valorization and 

renewable energy storage. Another important finding in Chapter 4 was the impacts of light 

on-off switch on the dynamic change and inter relationship of anode/cathode potentials at 

an applied bias. The potential fluctuations during 7 days’ light on-off switch in photo-

assisted MES reactors were revealed and no damage to cathodic biofilm was discovered, 

which further proves the robustness of MES system and makes the solar-powered MES 

process highly attractive for on-site carbon capture and utilization. 

5.2 Future work 

Transition from the linear model of material and energy production and consumption to 

a circular bioeconomy is a key aspect in maintaining environmental sustainability for the 

future. The MES platform could incorporate the use of renewable electricity for CO2 

recycling and commodity production, showing a promising prospect for electricity-driven 

bioproduction of short and medium chain fatty acids from CO2 employing acetogenic 

bacteria as biocatalysts [1]. MES can further play a complementary role in attaining 

circular CO2/bio-based economy, if we can overcome some limiting factors to its 

application such as high operating costs and low product specificity as discussed recently 

by Prévoteau et al. [3].  
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To bring MES to the level of industrial application, the CO2 conversion rates have to be 

significantly improved, which could be achieved in three aspects as follows:  

1. Ensuring sufficient CO2 availability and electron donors will enhance the 

enrichment of chemolithoautotrophs. Development of porous membrane 

electrodes and gas diffusion electrodes in MES systems has been shown to be 

effective for CO2 delivery to the biofilm [2, 4]. Higher CO2 concentration and 

smaller CO2 bubbles have been proven to achieve higher mass transfer 

coefficient, which improved the CO2 utilization efficiency and bacterial growth 

[5]. Therefore, conductive membrane and gas diffusion electrodes could be 

proposed to bring MES technology closer to commercialization, with optimized 

operation conditions, such as gaseous CO2 flow rates, bubble size and 

concentration.  

2. Gaining a better understating of electron transfer mechanisms from the cathode 

to chemolithoautotrophs is required to develop better strategies for enhancing 

VFA production rates from CO2 reduction. Direct electron transfer (DET) from 

the electrode to chemolithoautotrophs appears to be thermodynamically more 

favorable than indirect electron transfer via the electrochemically evolved 

hydrogen. However, the coexistence of both electron transfer mechanisms is 

highly probable in mixed culture biocathodes. Therefore, a clear understanding 

of the dominant mechanism (i.e., direct versus H2-mediated electron transfer) in 

MES is important for the rational design of cathode. For example, if direct 

electron transfer is dominant, then biocompatible cathodes with high specific 

surface area are needed for bacterial attachment, whereas for H2-mediated 
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electron transfer, the cathode design can be modified by introducing more active 

sites for better HER.  

3. The selection of highly-efficient chemolithoautotrophs is of high priority. 

Genetic engineering of appropriate microbes could be one good option. For 

example, the acetogen Clostridium ljungdahlii was metabolically engineered 

for the production of more valuable biocommodities (such as butyrate) from 

H2:CO2 [6]. Microorganisms present in saline habitats such as mangrove and 

salt marsh are excellent habitats for CO2 fixing species and are playing an 

important role in carbon cycling [7]. Thus, saline environments could potentially 

become an ideal location to discover novel and efficient CO2 fixing communities 

that can potentially produce useful products with diversity in metabolism. 

The energy cost for MES operation may pose another challenge for scaling-up MES. 

Several strategies could be adopted to reduce energy input, such as the integration of 

renewable energy sources to MES, reduction of anodic OER overpotential using low-cost 

and effective catalyst, utilization of saline electrolyte to reduce ohmic losses, and chain 

elongation of SCFA to medium chain fatty acids (MCFAs) for easy extraction. Further 

research on electricity-driven microbial chain elongation is required to develop MCFA 

production process with high efficiency, reliability and controllability. However, a 

comprehensive energy analysis should be conducted to identify energy consumption from 

the different components in MES.  

Future aspects of improvement in MES from CO2 also include the use of hybrid systems, 

comprising of autotrophs for CO2 reduction and heterotrophs for further conversion of 

products after CO2 reduction. Similarly, hybrids of autotrophs at the biocathode with 
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heterotrophs at the bioanode can be used to achieve energy saving with simultaneous 

treatment of organic waste streams. Integration of MES with established biotechnologies, 

such as AD and fermentation, is a promising alternative for future development [8].
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APPENDICES 
 

Appendix A: Chapter 2 Supplementary Information 

 

 
Scheme A1 Electrophoretic deposition of multi-walled carbon nanotubes (MWCNTs) on Ni hollow 

fibers.
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Figure A1 Energy-dispersive X-ray spectroscopy (EDS) analysis showing elemental 

composition of (A) Ni-PHF and (B) Ni-PHF/CNT cathode. 
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Figure A2 Comparison of CO2 adsorption capability of Ni-PHF and Ni-PHF/CNT cathode.
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Appendix B: Chapter 3 Supplementary Information 

Experimental 

1. 16S rRNA gene library preparation and sequencing 

Archaea and Bacteria 16S rRNA gene region V4 sequencing libraries were prepared by a 

custom protocol [1]. Up to 10 ng of extracted DNA was used as a template for PCR amplification. 

Each PCR reaction (25 µL) contained (12.5 µL) PCRBIO Ultra mix (PCR Biosystems, USA) and 

400 nM of each forward and reverse tailed primer mix. PCR was conducted with the following 

program: Initial denaturation at 95°C for 2 min, 30 cycles of amplification (95°C for 15 s, 55°C 

for 15 s, 72°C for 50 s) and a final elongation at 72°C for 5 min. Duplicate PCR reactions were 

performed for each sample and the duplicates were pooled after PCR. The forward and reverse 

tailed primers were designed according to Illumina and contain primers targeting the Archaea and 

Bacteria 16S rRNA gene region V4: [515FB] GTGYCAGCMGCCGCGGTAA and [806RB] 

GGACTACNVGGGTWTCTAAT [2]. The primer tails enable attachment of Illumina Nextera 

adaptors necessary for sequencing in a subsequent PCR. The resulting amplicon libraries were 

purified using the standard protocol for Agencourt Ampure XP Beads (Beckman Coulter, USA) 

with a bead to sample ratio of 4:5. DNA was eluted in 25 µL of nuclease free water (Qiagen, 

Germany). DNA concentration was measured using Qubit dsDNA HS Assay kit (Thermo Fisher 

Scientific, USA). Gel electrophoresis using Tapestation 2200 and D1000/High sensitivity D1000 

screentapes (Agilent, USA) was used to validate product size and purity of a subset of sequencing 

libraries. 

Sequencing libraries were prepared from the purified amplicon libraries using a second PCR. 

Each PCR reaction (25 µL) contained PCRBIO HiFi buffer (1x), PCRBIO HiFi Polymerase (1 

U/reaction) (PCRBiosystems, UK), adaptor mix (400 nM of each forward and reverse) and up to 
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10 ng of amplicon library template. PCR was conducted with the following program: Initial 

denaturation at 95 °C for 2 min, 8 cycles of amplification (95 °C for 20 s, 55 °C for 30 s, 72 °C for 

60 s) and a final elongation at 72 °C for 5 min. The resulting sequencing libraries were purified 

using the standard protocol for Agencourt Ampure XP Beads (Beckman Coulter, USA) with a 

bead to sample ratio of 4:5. DNA was eluted in 25 µL of nuclease free water (Qiagen, Germany). 

DNA concentration was measured using Qubit dsDNA HS Assay kit (Thermo Fisher Scientific, 

USA). Gel electrophoresis using Tapestation 2200 and D1000/High sensitivity D1000 screentapes 

(Agilent, USA) was used to validate product size and purity of a subset of sequencing libraries. 

The purified sequencing libraries were pooled in equimolar concentrations and diluted to 2 nM. 

The samples were paired-end sequenced (2x300 bp) on a MiSeq (Illumina, USA) using a MiSeq 

Reagent kit v3 (Illumina, USA) following the standard guidelines for preparing and loading 

samples on the MiSeq. >10% PhiX control library was spiked in to overcome low complexity 

issues often observed with amplicon samples. 

2. Serum vial experiment 

In order to examine whether sulfate-reducing bacteria (SRB) were utilizing 2-

bromoethanesulfonate (BES) and sulfate as electron acceptors, and H2 and acetate as electron 

donors in the MES reactors, two sets of serum vial experiments were conducted using suspended 

biomass collected from MES cathode chamber (in Phase I) as inoculum. The first set of serum vial 

experiments was divided into two groups: a. Control group with no addition of BES; b. Group 2 

with addition of 15 mM BES. 1 mM acetate prepared in DSMZ 879 media (omitting yeast extract, 

Na-resazurin, D-Fructose, L-Cysteine, MgSO4 and Na2S) and 1.5 bar H2:CO2 (80:20) at headspace 

of serum vials were used as electron donors. The gas (H2S, SO2, CH4) composition at the headspace 

of the serum vials was analyzed using a gas chromatograph system (GC-MS, Agilent 
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Technologies) every 4 days and BES concentration was measured using Ion Chromatograph with 

AG18 column (IC 1600, Dionex) at the end of the serum vial test.  

To further confirm the role of SRB in MES cathode chamber, a second set of serum vial 

experiments was conducted using molybdate as an inhibitor of SRB [3]. The serum vials were 

divided into three groups with 1.5 bar N2:CO2 (80:20) added to the headspace: a. Control group 

with addition of 15 mM BES and 0.83 mM MgSO4; b. Group 2 with addition of 15 mM BES, 0.83 

mM MgSO4 and 1mM acetate; c. Group 3 with addition of 15 mM BES, 0.83 mM MgSO4, 1mM 

acetate and 2.5 mM sodium molybdate to inhibit SRB [3]. The gas composition at the headspace 

of the serum vials was analyzed with GC-MS every 4 days. 

To check whether H2 or acetate could serve as electron donors for methane production, another 

serum vial test was conducted with three groups: a. Control group without electron donors (acetate 

and H2); b. Group 2 with 1.5 bar H2:CO2 (80:20); c. Group 3 with 1 mM acetate. DSMZ 879 media 

(omitting yeast extract, Na-resazurin, D-Fructose, L-Cysteine, MgSO4 and Na2S) with 15 mM BES 

was used as media and suspended biomass collected from MES cathode chamber during 

enrichment stage was used as inoculum. The gas composition at the headspace of the serum vials 

was analyzed with GC-MS. 
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Figure B1 Biochemical production in A) Batch 1 and B) Batch 5 of enrichment phase (Phase I). 

Results from duplicate MEC reactors are presented as mean ± SD.
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Figure B2 Serum vial experiment to test whether 2-bromoethanesulfonate (BES) could be reduced by 

microbes in MES. Suspended biomass collected from MES cathode chamber during enrichment stage 

was used as inoculum. No BES was added to DSMZ 879 media (omitting yeast extract, Na-resazurin, 

D-Fructose, L-Cysteine, MgSO4 and Na2S) in the control group while 15 mM BES was added in BES 

group. 1 mM acetate and 1.5 bar H2:CO2 (80:20) at headspace of serum vials were used as electron 

donors in all serum vials. No SO2 was detected in the serum vials. 
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Figure B3 Serum vial experiment after 12 days utilizing sodium molybdate (Na2MoO4; inhibits sulfate 

reducers) to determine the role of sulfate-reducing bacteria in utilizing acetate in MES. Suspended 

biomass collected from MES cathode chamber during enrichment stage was used as inoculum. 

Control: no electron donors/molybdate added; NaAc and NaAc/Na2MoO4 groups: acetate as the sole 

electron donor. 
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Figure B4 Methane and hydrogen production in MES with abiotic CHT/Ni foam/CNT cathode and 

suspended biomass only, showing the role of suspended biomass in methane generation. CO2 was 

delivered through the abiotic CHT/Ni foam/CNT cathode at a flow rate of 10 ml/min. 
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Figure B5 Serum vial experiment for bio-methane production utilizing H2 or acetate as electron 

donors. Suspended biomass collected from MES cathode chamber was used as inoculum. Control 

group: no electron donors (acetate and H2); H2 group: 1.5 bar H2:CO2 (80:20) as electron donor; NaAc 

group: 1mM acetate as electron donor. No SO2 was detected in the serum vials. 
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Figure B6 Scanning electron microscope (SEM) images taken at different magnifications of biofilm 

formation on CHT/Ni foam/CNT biocathode in MES at the end of Phase III. 
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Figure B7 Heatmap of the 15 most abundant phylotypes in the original sludge and biocathode during 

enrichment phase (i.e., phase I). The taxa level shown on the left-hand side represents the phyla and 

the lowest classification level possible (o: order, f: family, or g: genus). 
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Figure B8 The principal component analysis (PCA) with 95% confidence ellipse conducted based on 

operational taxonomic units of cathode biofilms and suspended biomass in MES cathode chamber in 

Phase II. Red round dots: suspension in cathode chamber of reactor 1 (R1) or reactor 2 (R2) with direct 

(DiS) or indirect (InS) CO2 delivery. Black round dots: biofilm samples from biocathode of reactor 1 

(R1) or reactor 2 (R2) with direct (DiC) or indirect (InC) CO2 delivery. 
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Figure B9 The principal component analysis (PCA) with 95% confidence ellipse 

conducted based on operational taxonomic units of cathode biofilms and suspended 

biomass in MES cathode chamber in Phase III. Red round dots: suspension in cathode 

chamber of reactor 1 (R1) or reactor 2 (R2) at a flow rate of 0.3 ml/min (FR03S), 1 ml/min 

(FR1S), 3 ml/min (FR3S) and 10 ml/min (FR10S). Black round dots: biofilm samples from 

biocathode of reactor 1 (R1) or reactor 2 (R2) at a flow rate of 0.3 ml/min (FR03C), 1 

ml/min (FR1C), 3 ml/min (FR3C) and 10 ml/min (FR10C). 
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Appendix C: Chapter 4 Supplementary Information 

 

 

Figure C1 (A) Large scan XPS spectrum of BiVO4/Mo photoanode before and after 7 days of 

operation in MES, and the corresponding comparison of (B) Bi 4f spectra, (C) V 2p spectra and (D) 

Mo 3d spectra, respectively. 

 



175 
 

 

 

Figure C2 SEM images of biofilm formation on the outer surface (A, B) and inner surface (C) of the 

CHT/Ni foam cathode showing a well-colonized biofilm suggesting that Ni-foam cathode architecture 

supported bacterial proliferation and growth. (D) EDS analysis of elements on the surface of biofilm-

covered CHT/Ni foam cathode after 7 days of MES operation. 
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Figure C3 (A) SEM images of surface morphology and (B) EDS analysis of surface elements of 

CHT/Ni foam cathode after 7 days of operation in abiotic MES. 
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Figure C4 Methane production in biotic/abiotic MES systems over time. No product was detected in 

abiotic MES reactors with FTO/BiVO4/Mo photoanode under solar illumination.  
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Figure C5 (A) (B) SEM images of surface morphology and (C) EDS analysis of surface 

elements of FTO/BiVO4/Mo photoanode after 7 days of operation in MES. The white 

particles correspond to salts deposited from the anolyte after 7 days of operation in MES. 

 

 

 

 


