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Fossil fuels are still considered the primary feedstock for global energy production,[1] with 86% 25 

of the global energy used comes from burning fossil fuels,[2] generating 35 billion tons of carbon 26 

dioxide (CO2) annually,[3] resulting in serious environmental pollution and climate change 27 

issues.[4] However, fossil fuel resources are finite because they are currently being consumed at 28 

a faster rate than they are generated.[5] Moreover, our reliance on fossil fuels for global energy 29 

production is expected to continue for the near future[1a, 3] and will increase with the increase in 30 

global population, which reached 7.62 billion as of June 2018.[1b, 6] An immediate solution that 31 

can relieve our reliance on fossil fuels and decrease the emissions of CO2, is the sustainable 32 

reduction of waste CO2 to useful chemicals and fuels.[1b, 4, 7]   33 

Various methods including electrocatalysis, photocatalysis, biocatalysis by cyanobacteria, 34 

green algae, and some autotrophic bacteria, and chemical transformation through organic 35 

reactions, have been proposed in the literature for the conversion of CO2 into useful products.[1b, 36 

4, 8] Of the different methods studied, electrochemical reduction of CO2 to useful chemicals such 37 

as methane (CH4), methanol (CH3OH), ethylene (C2H4), ethanol (CH3CH2OH), formic acid 38 
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(HCOOH), carbon monoxide (CO) etc. appears to be the most promising approach because: (1) 39 

the electrocatalytic process can be conducted in ambient conditions with highly controllable 40 

reaction step;[1b, 9] (2) the products of electrochemical reduction can be adjusted by varying the 41 

reaction parameters;[4] (3) the electrochemical reduction system can be employed for practical 42 

application;[4] and (4) the electric power required to drive the system can be obtained from 43 

renewable energy sources such as solar or wind.[1b, 4, 9] The latter is attractive because it can 44 

solve one of the main issues in the proliferation and development of renewable energy, and that 45 

is intermittency, by providing an energy storage solution for intermittent renewable energy 46 

sources.[1b] 47 

Among the different products that can be generated from electrochemical reduction of CO2, 48 

CH4 production is very attractive because: (1) of their high energy density;[4] (2) they are 49 

relatively clean burning in combustion engines;[1a, 10] (3) of the advantage of existing 50 

infrastructure for natural gas storage, transport and consumption;[1a, 5, 7a, 11] and (4) it can act as 51 

an energy carrier for surplus renewable electricity from wind or solar.[5, 11a] However, the 52 

electrochemical reduction of CO2 to CH4 is faced with the same challenges like every 53 

electrocatalytic CO2 reduction, such as the highly negative potentials of approximately ‒1.9 V 54 

vs NHE (Normal hydrogen electrode) required for bending the linear and extremely stable CO2 55 

molecule,[1b, 7c] the need for a precious metal catalysts to reduce the overpotential,[10] and the 56 

reactions are not sufficiently specific resulting in a mixture of gaseous and liquid products, 57 

instead of a single product.[4, 10] Also, in aqueous electrolyte the hydrogen evolution reaction 58 

(HER) competes with the CO2 reduction reaction (CO2RR), which necessitates the development 59 

of very effective catalysts with low activity towards HER.[1b, 12]   60 

Hybrid biosystems, combining inorganic (for HER) and microbial (for CO2 reduction) 61 

catalysts for converting CO2 to value-added products are recently gaining attention in the 62 

scientific community.[7a, 7c, 13] For example, Nichols et al.[7a] combined a biocompatible 63 

photo(electro)chemical HER catalyst with an autotrophic obligate anaerobic archaeon, 64 
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Methanosarcina barkeri, that uses the in situ generated H2 for CO2 reduction to CH4. A new 65 

approach that has emerged in recent years is that of microbial electrosynthesis (MES), which 66 

relies on chemolithoautotrophic bacteria or archaea that can uptake electrons directly or 67 

indirectly (for example, as H2 or formate) from the cathode of an electrochemical cell to 68 

catalyze the reduction of CO2 into fuels or value-added chemicals at low potentials.[8, 14] In this 69 

regard, MES acts as a hybrid biosystem where the biocompatible material component (cathode) 70 

catalyzes the HER to generate H2 and the microbial component, which forms a biofilm on the 71 

cathode, uses these reducing equivalents to fix CO2. Since MES uses electricity as the energy 72 

source, it can be coupled to renewable energy sources such as wind or solar, and in the case of 73 

solar it mimics natural photosynthesis where light, water and CO2 are used to generate chemical 74 

products. MES has several advantages compared to electrochemical CO2 reduction because 75 

they utilize live microbial catalysts that are abundant in nature, regenerative, environmentally 76 

friendly, and have good selectivity for desired products (e.g., acetate, CH4).
[15]  77 

In MES system, the common method used to deliver CO2 to chemolithoautorophs on the 78 

cathode is through CO2-gas bubbling.[16] Since CO2 reduction proceeds via the adsorption of 79 

CO2 molecules at the biocathode, the low solubility of gaseous CO2 in solution can lead to 80 

diffusion and mass-transfer limitations, which affect conversion rate and efficiency of MES.[17] 81 

Hence the development of a cathode architecture with a three-phase interface (i.e., between CO2 82 

gas, cathodic biofilm and electrolyte) is highly desirable. Bubble-less gas exchange hollow fiber 83 

membranes (HFM) are effective for delivering gaseous substrate,[18] and they have been used 84 

in a variety of applications from photobioreactors,[19] membrane-supported biofilm reactors 85 

(MBfR) for water and wastewater treatment,[20] tissue engineering,[21] and development of 86 

artificial organs.[22] In MBfR, gaseous substrate is delivered directly from the inside of hollow 87 

fibers to a biofilm attached on the outer wall of the HFM. Recently, our group developed 88 

electrically conductive, catalytic and porous hollow-fiber cathode (CCPHF) made of metal or 89 

polymer for simultaneous recovery of energy as H2 and clean water from wastewater.[23] The 90 
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unique aspect of these cathodes is that, in addition to their role as cathodes for HER, they can 91 

also function as a porous membrane for filtration of treated water.  92 

Inspired by the MBfR concept and our CCPHF cathode architecture, here we report for the 93 

first time a hybrid biosystem combining biocompatible nickel-based CCPHF (Ni-CCPHF) 94 

cathode with enriched CO2-fixing hydrogenotrophic methanogen community in MES cell 95 

(Scheme 1) for the conversion of CO2 to CH4 with high Faradaic efficiency (77%) and low 96 

cathodic potential (–1V vs. Ag/AgCl). The marriage between artificial (the inorganic catalyst) 97 

and natural (microbial catalysts) platforms created an advanced functional material with 98 

enhanced function over the individual parts when separated. The Ni-CCPHF cathode facilitated 99 

direct delivery of CO2 gas into the biocathode through the pores in the hollow fibers. The 100 

enriched hydrogenotrophic methanogen community on the cathode surface can use the H2 101 

generated from proton reduction at the cathode as a source of reducing equivalent for the 102 

reduction of CO2 to CH4. The CCPHF cathode architecture in MES has several advantages 103 

summarized as follows: (1) the high specific surface area of the CCPHF cathode maximizes the 104 

diffusion of CO2 gas; (2) the small radial dimensions of the hollow fiber cathodes maximizes 105 

the surface-area-to-volume ratio, thus solving the issue of cathode packing density for large-106 

scale applications; and (3) direct delivery of CO2 gas to the biofilm attached on the cathode 107 

avoids the gas-liquid mass transfer limitations. 108 

The custom-built Ni-CCPHF cathode fabricated with nickel (Ni) nanoparticles and the 109 

relevant characterizations are presented in Figure S1. Scanning electron microscope (SEM) 110 

image of the Ni-CCPHF cathode (Figure S1a), and its cross-section (Figure S1b) confirm that 111 

the cathode had a small radial dimension with outer diameter of ~950 µm and wall thickness of 112 

~80 µm. These features are advantageous for improving specific surface area and packing 113 

density of the cathode. The SEM images confirm that the Ni-CCPHF cathode is porous with 114 

pore diameter ranging from 1 to 2 µm (Figure S1a, c). Energy dispersive X-ray spectroscopy 115 

(EDS) analysis (Figure S1d) revealed that Ni was the most abundant element (≥ 90%) on the 116 
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surface. In this study, Ni was used as a cathode material because: 1) it has a lower HER 117 

overpotential compared to most other non-noble metal catalysts; [24] 2) it is more stable under 118 

alkaline conditions compared to most other non-noble metal catalysts;[25] the local pH at the 119 

cathode surface is likely to be alkaline due to water reduction;[24] and 3) most importantly, it is 120 

much cheaper compared to precious metal catalysts such as platinum (Pt), which is commonly 121 

used as benchmark catalyst for HER in microbial electrochemical systems.[26]  122 

Submerged flat sheet cathodes are typically used in previous MES studies.[27] For scale up, 123 

it is challenging to fabricate flat sheet diffusive cathodes for large-scale MES reactors. In 124 

contrast, metal-based hollow fiber membranes are easier to fabricate, by adapting 125 

manufacturing processes (i.e. phase inversion/sintering method), which are already used in the 126 

industry,[28] as well are easier to integrate in modules. It is a known fact in membrane science 127 

that hollow fibers are more easily packed than flat sheet membranes.  Also, experience from 128 

membrane modules show that hollow fiber design achieves higher specific surface area 129 

(surface-area-to-volume ratio) than flat sheet design. The average specific surface area or 130 

packing density (m2 membrane surface/m3 volume) of hollow fiber membrane in commercial 131 

modules are reported at 263 m2 m-3 whereas 100 m2 m-3 for flat sheet membranes.[29] The outer 132 

diameter (~1 mm) of the hollow fiber membranes used in the current study is within the range 133 

of hollow fibers used in practice. With the dimensions (outer diameter of ~1 mm) of the Ni-134 

CCPHF used in our study, the specific surface area can be increased by adding more fibers to 135 

the polyethylene tube (4 cm long and 0.8 cm diameter) without increasing reactor volume (270 136 

mL); this could not be achieved with flat sheet electrodes without increasing the volume of the 137 

reactor. Also, because they are self-supporting, the hollow-fiber membranes greatly simplify 138 

the hardware for fabrication. Whereas flat-sheet diffusive membranes require a porous support, 139 

and the reactor configuration might be complex.[30] 140 

The Ni-CCPHF cathode in our study acted as membrane contactor for gas delivery; high 141 

gas electrode contact area (as high as ~4000 m2 m-3 of gas in passive delivery) is created due to 142 
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the gas delivery from the inner hollow volume. Indeed, the porous nature of the hollow fiber 143 

further enhances the interfacial area in the electrode. Although the dimensions of the hollow 144 

fiber are of macroscopic level (Figure S2), the larger interfacial area can be created due to the 145 

porous structure and gas diffusion design, which can promote and enhance mass-transport and 146 

functionality of inorganic and microbial catalysts. 147 

The performance of the Ni-CCPHF cathodes for microbial electrochemical CO2 reduction 148 

to CH4 was tested in two sets of duplicate double-chambered MES reactors (experimental and 149 

control 1 reactors; Figure 1). The two sets of reactors were operated in parallel for 8 batches 150 

under the same environmental and operational conditions (applied potential of – 1.0 V versus 151 

Ag/AgCl [– 0.8 V versus SHE; standard hydrogen electrode], 30 oC temperature, etc.). The 152 

average duration of each batch was 6-8 days, except for the acclimation period (first 4 batches), 153 

which was 15 days. In the experimental reactors, only one bundle of Ni-CCPHFs was used to 154 

serve as both the cathode and gas-transfer membrane to deliver pure CO2 gas by passive 155 

diffusion to the biofilm attached on the surface of the cathode (Figure 1a), whereas in the control 156 

1 reactors, two separate bundles of Ni-CCPHFs were used, with one bundle serving only as a 157 

cathode, and another bundle serving only as a gas-transfer membrane to deliver pure CO2 gas 158 

by passive diffusion (Figure 1b). The average reduction current density for the experimental 159 

reactors in batch 8 of operation was three times higher (j = – 0.13 ± 0.01 mA cm-2) than control 160 

1 reactors (j = – 0.047 ± 0.005 mA cm-2) (Figure 2a), with average Faradaic efficiency (FE) of 161 

77.5 ± 3.0% for the production of CH4 from CO2 at a rate of 140 ± 13 mmol m-2 d-1. Production 162 

of H2 was also observed at a rate of 286 ± 5 mmol m-2 d-1 in the experimental reactors. In 163 

contrast, the FE for CH4 was significantly lower (2.9 ± 4% and rate was 3 ± 4 mmol m-2 d-1) in 164 

control 1 reactors. Although substantial reduction current was produced in the control 1 reactors, 165 

the main product generated was H2 gas at a rate of 200 ± 104 mmol m-2 d-1.  166 

In addition to the gaseous products (i.e. CH4 and H2), soluble organic compounds (acetate 167 

and formate) were also detected in the electrolytes of both sets of reactors (Table S1), but at 168 
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very low concentrations, and the FE for acetate and formate was ≤ 1%. The rates of formation 169 

of acetate (14 ± 15 mmol m-2 d-1) and formate (13.4 ± 16.1 mmol m-2 d-1) were higher in the 170 

experimental reactors than in control 1 reactors (acetate: 2.5 ± 0.5 mmol m-2 d-1; formate: 0.1 ± 171 

0.2 mmol m-2 d-1). The mixed culture inoculum source, which was used for enriching 172 

hydrogenotrophic methanogens, might have also favored the enrichment of other CO2-fixing 173 

microorganisms, which can accept reducing equivalents from the cathode to reduce CO2 to 174 

various end products.[31] However, in the experimental reactors there was high selectivity 175 

towards CH4 production (77.5 ± 3.0%), because the dual-function Ni-CCPHF cathode provided 176 

a suitable niche (both reducing equivalents and CO2 were concurrently available to the biofilm 177 

on the cathode) for the enrichment of hydrogenotrophic methanogens on the surface of the 178 

cathode. Whereas in the control reactors, the source of electron donor (cathode) was separated 179 

from the electron acceptor (CO2), and this might have limited the growth of methanogens on 180 

the cathode due to diffusion and mass-transfer limitation of CO2. This was supported by 181 

quantitative polymerase chain reaction (qPCR) analysis of the cathodic biofilm microbial 182 

community at the end of batch 8. The qPCR data targeting the 16S rRNA gene of methanogenic 183 

archaea confirmed that members of the order Methanobacteriales (genus Methanobacterium) 184 

were the dominant methanogens (>99%) detected in this study. In general, the dominant 185 

methanogens detected on the biocathode of microbial electrochemical systems belong to the 186 

hydrogenotrophic methanogen Methanobacterium.[11a, 11b, 32] Higher abundance of 187 

Methanobacteriales was observed on the biocathode of the experimental reactor (4.91±1.2 × 188 

106 copies cm-2) than control 1 reactor (Ni-CCPHF bundle serving only as cathode: 0.334±0.47 189 

× 106 copies cm-2, and Ni-CCPHF bundle serving as gas-transfer membrane: 0.52±0.73 × 106 190 

copies cm-2). Moreover, the higher methanogenic archaea to bacteria ratio (calculated by qPCR) 191 

in the cathodic biofilm of the experimental reactor (0.44 ± 0.3) than in the control 1 reactor (< 192 

0.1 on both bundles), suggests that the dual-function Ni-CCPHF cathode provided a suitable 193 

niche for the enrichment of methanogens on the cathode.  194 
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The SEM images of the Ni-CCPHF cathodes (Figure 3) taken at the end of batch 8 indicated 195 

that microbial growth was denser on the experimental reactors (Figure 3a, b) than control 1 196 

reactor (Figure 3c, d). Negligible microbial attachment was observed on the Ni-CCPHFs that 197 

were used only as a gas-transfer membrane to deliver CO2 (Figure 3c). A solid layer of inorganic 198 

foulant with complete blockage of the pores was observed on the Ni-CCPHFs that were used 199 

only as a cathode in the control 1 reactor (Figure 3d). EDS analysis of this solid layer (Figure 200 

S3) suggests the presence of calcium/magnesium phosphates and calcium/magnesium 201 

carbonates precipitates (5.9 At% C, 41.8 At% O, 8.3 At% P, 0.2 At% Ca, and 0.5 At% Mg). 202 

The increase in the local pH (i.e., the pH at the interface between cathode surface and 203 

electrolyte) due to water reduction (2H2O + 2 e- → H2 +2OH-) at the cathode may have resulted 204 

in the precipitation of carbonates or phosphates on the surface of the cathode in the control 1 205 

reactors. Lei et al.[33] reported inorganic salt (phosphates) precipitation at the cathode due to the 206 

rise in the local pH during water reduction. Such precipitation was not observed in the 207 

experimental Ni-CCPHFs, which served as both a cathode and gas-transfer membrane to deliver 208 

pure CO2 gas by passive diffusion to the biofilm, possibly because of the dissolution of CO2 in 209 

electrolyte (CO2 (aq) + H2O  H2CO3  H+ + HCO3
-), resulting in weak acids (H2CO3 and 210 

HCO3
-) that can buffer the increase in local pH.  211 

Confocal laser scanning microscopy (CLSM) image of the experimental reactor Ni-CCPHF 212 

cathode cross-section revealed a well-colonized biofilm on the outer surface of the hollow fiber 213 

after eight batches of operation (Figure S4). It should be noted that none of the gaseous cathodic 214 

reduction products (i.e., CH4 or H2) were detected in the CO2 reservoir gasbag connected to the 215 

Ni-CCPHF cathode, suggesting that no biological/abiotic reactions were taking place in the 216 

inner surface of the Ni-CCPHF cathode. 217 

To further confirm that the CH4 generated was mainly through microbial CO2 reduction, 218 

the electrochemical behavior of the Ni-CCPHF cathode alone in the absence of microorganisms 219 

was tested in a separate reactor (control 2 reactor) under the same conditions as the experimental 220 
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reactors. The measured reduction current density of the control 2 reactor was four times lower 221 

(j = – 0.03 mA cm-2) than the experimental reactors (Figure 2a), and the main product generated 222 

was H2 from HER at a rate of 139 mmol m-2 d-1. Possible gaseous or soluble products from 223 

electrochemical reduction of CO2 were not detected in the abiotic control (i.e., control 2 reactor). 224 

These results further confirm that the observed CH4 in the experimental and control 1 reactors 225 

was due to microbial CO2 reduction by hydrogenotrophic methanogens. The enhanced current 226 

density and observed high H2 yields in the experimental reactor (286 ± 6 mmol m-2 d-1) than 227 

control 2 reactor (139 mmol m-2 d-1) suggest the possibility of direct electron uptake by H2 228 

producing bacteria (biotic hydrogen evolution) existing along with hydrogenotrophic 229 

methanogens in the biocathode. Our qPCR data supports the presence of bacteria in the 230 

biocathode of the experimental reactors, however, elucidating their function was not within the 231 

scope of this study. Jourdin et al.[34] reported 8-fold higher current densities from a H2 232 

producing-autotrophic mixed culture bacteria in graphite plate biocathode (– 0.19 mA cm-2) 233 

than abiotic control (– 0.023 mA cm-2) at – 0.75 V vs SHE cathode potential. The presence of 234 

H2 producing bacteria such as Desulfovibrio with the hydrogenotrophic methanogen 235 

Methanobacterium, in mixed culture biocathodes were reported in the literature.[10] Members 236 

of the genus Desulfovibrio, a sulfate reducing bacteria, were reported for catalyzing H2 237 

production in mixed culture biocathodes.[26, 35] Although the current study was not designed to 238 

determine the different routes (direct or indirect) of electron flow at the cathode, from the 239 

available data we can speculate that multiple electron flows (direct via biotic H2 production or 240 

indirect via abiotic HER) might have occurred for driving the sustainable reduction of waste 241 

CO2 gas to a useful energy source (i.e., CH4) (Figure S5). 242 

Linear sweep voltammetry (LSV) analysis was conducted at the end of batch 8 for the Ni-243 

CCPHF cathode of the experimental and control 1 reactor (Figure 2b). The reduction current 244 

density was higher for the experimental than control 1 cathode at the sweep potential window 245 

opted for the LSV analysis. Also, the onset potential for generating reduction current density 246 
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was lower for the experimental (– 0.32 V) than control 1 cathode (– 0.47 V) (Figure 2b). 247 

However, the magnitude of current density was drastically reduced after detaching the biofilm 248 

from the surface of the experimental Ni-CCPHF cathode by sonication followed by rinsing with 249 

0.1 M HCl (data not shown). These observations suggest that the cathodic biofilm of the 250 

experimental reactor was playing a key role in improving the cathode performance through 251 

reducing the cathode overpotential by 0.15 V against control 1 cathode. The lower overpotential 252 

for the experimental cathode than control 1 cathode might also be due to the lack of inorganic 253 

precipitates that can block the active surface of the cathode for HER as previously described 254 

(Figure 3d). The lowering of cathode overpotential is one of the reasons for observing 255 

improvement in the reduction current density for the experimental reactor over the control 1 256 

reactor (Figure 2a). 257 

The growth of a dense biomass without precipitation of inorganic matter on the surface of 258 

Ni-CCPHF cathode in the experimental reactors confirms that the dual-function porous hollow 259 

fiber cathode enabled a better control of the three-phase interface (i.e., CO2, cathodic biofilm 260 

and electrolyte) where different reactions can take place (i.e., biological: CO2 reduction and 261 

physico-chemical: HER, pH increase, precipitation of ions, etc.). Direct diffusion of CO2 gas 262 

through the pores of the hollow fibers ensured higher CO2 availability for the proliferation of 263 

hydrogenotrophic methanogens. In addition, this cathode architecture provided a sustainable 264 

way to buffer the pH increase in the cathode compartment, minimizing inorganic precipitation, 265 

which can block the active surface of the cathode for HER. These simultaneous phenomena 266 

resulted in high FE for CH4 production in the experimental reactors compared to control 1 267 

reactors. 268 

To test the effect of CO2 concentration on the cathodic biofilm electrosynthesis of CH4, one 269 

of the experimental reactors was operated for an additional batch (batch 9) under different CO2 270 

concentrations (Table 1). The other experimental reactor was discontinued after batch 8 of 271 

operation due to detaching the biofilm for LSV analysis as previously described. The CO2 gas 272 
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in batch 9 was supplied by passive diffusion through the pores of the Ni-CCPHF cathode as in 273 

previous batches except for one of the tests (condition 4) where pure CO2 gas was supplied in 274 

the reactor’s headspace rather than through the Ni-CCPHF cathode. The biocathode 275 

electrosynthesis activity for CH4 production was proportional to the feed CO2 concentration. 276 

The CH4 production rate was improved by four times, with FE of 83% when the CO2 277 

concentration was increased from 20% (condition 1: 20% CO2 and 80% N2) to 100% (condition 278 

2: pure CO2). This dependency of biocathode electrosynthesis on CO2 concentration was 279 

reconfirmed when the CO2 concentration was reduced back to 20% (condition 3: 20% CO2 and 280 

80% N2), where biocathode electrosynthesis of CH4 was minimized reaching to values similar 281 

to condition 1 (Table 1). In contrast, hydrogen production rates were higher at 20% CO2 282 

(conditions 1 and 3) than 100% CO2 (condition 2) (Table 1). The high rates of production and 283 

FE for H2 at low CO2 concentration (20%) suggests that hydrogenotrophic methanogens were 284 

CO2 limited. The increase in reduction current density was also correlated with the increase in 285 

CO2 concentration (Figure S6); the maximum reduction current density was increased by a 286 

factor of 1.6, from – 0.11 mA cm-2 (condition 1) to – 0.18 mA cm-2 (condition 2).  287 

The production rate and FE for CH4 were significantly lower when CO2 was supplied 288 

through the headspace (condition 4) than through the pores of the Ni-CCPHF cathode 289 

(conditions 1 to 3). The diffusion and mass-transfer limitations of CO2 gas from the reactor 290 

headspace to the surface of the submerged biocathode might have reduced the microbial 291 

electrochemical CO2 reduction to CH4. Also, the reduction current density was drastically 292 

reduced from j = – 0.18 mA cm-2 in condition 2 (pure CO2) to j = – 0.025 mA cm-2 in condition 293 

4 (pure CO2) (Figure S6). Although the FE for H2 production was dominant (84%) in condition 294 

4, it seems that the low CO2 availability near the cathode affected the H2 yield too, as the rate 295 

of H2 generated in condition 4 was 1.75 times lower than condition 2 despite the same 296 

concentration (100%) of CO2 was used in both conditions (Table 1). It has been demonstrated 297 

that carbonic acid (H2CO3) and bicarbonate (HCO3
-)[36] can reduce cathode overpotential by 298 
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catalyzing HER on metallic materials, such as stainless steel and nickel, due to their ability to 299 

deprotonate easily.[37] Also, Ki et al.[38] showed that addition of CO2 (100%) to the cathode 300 

chamber eliminated pH-related concentration overpotentials in microbial electrolysis cell by 301 

decreasing the pH of the electrolyte. Thus, making CO2 more available to the Ni-CCPHF 302 

cathode may enhance reduction current density and rate of H2 production, and this could explain 303 

why the current density and H2 production was higher in condition 2 than 4. Overall, the 304 

observed high reduction current densities and better Faradaic conversions of current to CH4 in 305 

conditions 1, 2 and 3 compared to condition 4 demonstrate that carbon capture and conversion 306 

by chemolithoautotrophs was accelerated when CO2 was supplied directly to the cathodic 307 

biofilm using Ni-CCPHF cathode.  308 

In conclusion, we have established an efficient hybrid bioinorganic system for CO2 309 

reduction to CH4 by coupling a new cathode configuration with enriched methanogenic 310 

community. Employing Ni-CCPHF as an advanced material with dual function (i.e. acting as a 311 

gas-transfer membrane for CO2 delivery and inorganic electro-catalyst for hydrogen 312 

generation) created a suitable niche for increasing the density and activity of biological catalyst 313 

(i.e., hydrogenotrophic methanogens). The superior performance of CO2 reduction to CH4 with 314 

FE of 77% was attributed to the cathode architecture, which enabled a better control of the 315 

three-phase interface (CO2 gas, catholyte and biocathode), mimicking the gas diffusion 316 

electrodes used in fuel cells. This cathode architecture can also provide a sustainable way to 317 

buffer the local pH at the cathode of microbial electrochemical systems, thus decreasing pH-318 

related concentration overpotentials caused by the increase in local pH due to water reduction. 319 

[36, 38] The concept of hybrid bioinorganic system for CO2 reduction is not only limited to 320 

hydrogenotrophic methanogens, but lends itself to other chemolithoautotrophs, such as 321 

homoacetogens which can reduce CO2 to acetate using reducing equivalents from the cathode. 322 

Also, the concept of using CCPHF cathode in MES is not limited to metal-based HFMs, but 323 

cheaper membranes such as polymeric HFMs can be used to fabricate these types of CCPHF 324 
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cathodes, thus minimizing cost of fabrication. For example, porous polymeric hollow fibers can 325 

be converted to a cathode by coating them with non-noble metal catalysts using atomic layer 326 

deposition method. [8] Most importantly, this cathode architecture makes the MES process 327 

highly attractive for on-site carbon capture and utilization of CO2 gas generated from various 328 

industrial sources. 329 
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Figure and Scheme Legends 433 

 434 

Scheme 1. A schematic of a microbial electrosynthesis (MES) reactor showing the 435 

replacement of conventional submerged flat cathode with electrically conductive, catalytic 436 

and porous hollow-fiber (CCPHF) cathode. The CCPHF cathode acts as an inorganic electro-437 

catalyst for hydrogen generation from proton reduction and as a gas-transfer membrane for 438 

direct CO2 delivery to CO2-fixing hydrogenotrophic methanogens (biological catalyst) on the 439 

cathode through the pores of the hollow fibers. Water oxidation reaction occuring at the anode 440 

supplies the electrons for the hydrogen evolution reaction at the cathode of MES.  441 

Hydrogenotrophic methanogens utilize the hydrogen generated at the cathode as a source of 442 

reducing equivalents for the conversion of CO2 to CH4. 443 

 444 

Figure 1. Schematic diagram of (A) experimental and (B) control 1 microbial electrosynthesis 445 

(MES) reactors used in this study. 1) Anode compartment; 2) Cathode compartment; 3) 446 

Reference electrode; 4) Potentiostat; 5) Gasbag for collecting O2; 6) Gasbag for passive 447 

delivery of CO2; 7) Gasbag for collecting CH4. In the experimental reactor (Figure 1a), the 448 

Ni-CCPHF bundle served as both, a cathode to provide reducing equivalents and a gas-449 

transfer membrane to deliver CO2 directly by passive diffusion. In the control 1 reactor 450 

(Figure 1b), two separate Ni-CCPHF bundles were used. One of the Ni-CCPHF bundles acted 451 

as a cathode to provide reducing equivalents, and the second bundle was used as a gas-452 

transfer membrane to deliver CO2. One of the Ni-CCPHF bundles connected to the orange 453 

wire acted as a cathode to provide reducing equivalents, and the second bundle connected to 454 

the CO2 gasbag was used as a gas-transfer membrane to deliver CO2. 455 

 456 

Figure 2. (A) Average amperometric current density (normalized to the projected surface area 457 

of the cathode) generation over time in batch 8 of operation for the experimental and control 458 

reactors. In the experimental reactors, the Ni-CCPHF bundle served simultaneously as a 459 

cathode and gas-transfer membrane to deliver pure CO2 gas through passive diffusion (Figure 460 

1a). In the control 1 reactors, two separate Ni-CCPHF bundles were used. One bundle acted 461 

as a cathode, and the second bundle was used as a gas-transfer membrane to deliver pure CO2 462 

gas through passive diffusion (Figure 1b). The abiotic control reactor (i.e. control 2 reactor) 463 

was operated similarly to the experimental reactors, except no microbial inoculum was added 464 

to the cathode chamber; (B) linear sweep voltammetry (LSV) with a scan rate of 1 mV s-1 for 465 

the cathodes from the experimental and control 1 reactor. Inset was added to clearly show the 466 

onset overpotential for the different cathodes. Pure CO2 gas was delivered passively without 467 

making bubbles so that the system remained undisturbed during electrochemical 468 

measurement. 469 

 470 

Figure 3. Scanning electron microscope (SEM) images taken at the end of batch 8 for the 471 

cathodic biofilms developed on Ni-CCPHF cathode of experimental reactor (A and B) and 472 

control 1 reactor (C - Ni-CCPHF that was used only as a gas-transfer membrane for CO2 473 

delivery, and D - Ni-CCPHF cathode that served only as a cathode). 474 

  475 
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Table 1. Summary of methane and hydrogen production rates and corrosponding Faradaic 476 

efficiencies in batch 9 of the experimental reactor.  477 

Experimental conditions Measured CH4  

production rate 

(mmol m-2 d-1) 

Measured H2  

production rate 

(mmol m-2 d-1) 

Faradaic efficiency 

for CH4 (%) 

Faradaic efficiency 

for H2 (%) 

Condition 1 (20% CO2)  36.9 350.5 24.3 68.0 

Condition 2 (100% CO2)  161.0 159.5 83.9 20.8 

Condition 3 (20% CO2)  48.8 285.7 30.6 82.1 

Condition 4 (100% CO2)1 5.9 90.9 21.8 84.1 

1Condition 4: pure CO2 gas was supplied in the reactor’s headspace rather than through the pores of the Ni-478 
CCPHF cathode. 479 
 480 

 481 

  482 
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 483 
 484 

Scheme 1. A schematic of a microbial electrosynthesis (MES) reactor showing the replacement 485 

of conventional submerged flat cathode with electrically conductive, catalytic and porous 486 

hollow-fiber (CCPHF) cathode. The CCPHF cathode acts as an inorganic electro-catalyst for 487 

hydrogen generation from proton reduction and as a gas-transfer membrane for direct CO2 488 

delivery to CO2-fixing hydrogenotrophic methanogens (biological catalyst) on the cathode 489 

through the pores of the hollow fibers. Water oxidation reaction occuring at the anode supplies 490 

the electrons for the hydrogen evolution reaction at the cathode of MES.  Hydrogenotrophic 491 

methanogens utilize the hydrogen generated at the cathode as a source of reducing equivalents 492 

for the conversion of CO2 to CH4. 493 

 494 

 495 

  496 
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 507 
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 509 

 510 

 511 

Figure 1. Schematic diagram of (A) experimental and (B) control 1 microbial electrosynthesis 512 

(MES) reactors used in this study. 1) Anode compartment; 2) Cathode compartment; 3) 513 

Reference electrode; 4) Potentiostat; 5) Gasbag for collecting O2; 6) Gasbag for passive delivery 514 

of CO2; 7) Gasbag for collecting CH4. In the experimental reactor (Figure 1a), the Ni-CCPHF 515 

bundle served as both, a cathode to provide reducing equivalents and a gas-transfer membrane 516 

to deliver CO2 directly by passive diffusion. In the control 1 reactor (Figure 1b), two separate 517 

Ni-CCPHF bundles were used. One of the Ni-CCPHF bundles acted as a cathode to provide 518 

reducing equivalents, and the second bundle was used as a gas-transfer membrane to deliver 519 

CO2. One of the Ni-CCPHF bundles connected to the orange wire acted as a cathode to provide 520 

reducing equivalents, and the second bundle connected to the CO2 gasbag was used as a gas-521 

transfer membrane to deliver CO2. 522 
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 534 

 535 

 536 

 537 

 538 

Figure 2. (A) Average amperometric current density (normalized to the projected surface area 539 

of the cathode) generation over time in batch 8 of operation for the experimental and control 540 

reactors. In the experimental reactors, the Ni-CCPHF bundle served simultaneously as a 541 

cathode and gas-transfer membrane to deliver pure CO2 gas through passive diffusion (Figure 542 

1a). In the control 1 reactors, two separate Ni-CCPHF bundles were used. One bundle acted as 543 

a cathode, and the second bundle was used as a gas-transfer membrane to deliver pure CO2 gas 544 

through passive diffusion (Figure 1b). The abiotic control reactor (i.e. control 2 reactor) was 545 

operated similarly to the experimental reactors, except no microbial inoculum was added to the 546 

cathode chamber; (B) linear sweep voltammetry (LSV) with a scan rate of 1 mV s-1 for the 547 

cathodes from the experimental and control 1 reactor. Inset was added to clearly show the onset 548 

overpotential for the different cathodes. Pure CO2 gas was delivered passively without making 549 

bubbles so that the system remained undisturbed during electrochemical measurement. 550 

  551 
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 552 
 553 

Figure 3. Scanning electron microscope (SEM) images taken at the end of batch 8 for the 554 

cathodic biofilms developed on Ni-CCPHF cathode of experimental reactor (A and B) and 555 

control 1 reactor (C - Ni-CCPHF that was used only as a gas-transfer membrane for CO2 556 

delivery, and D - Ni-CCPHF cathode that served only as a cathode).  557 

  558 

  

  

50 µm 30 µm 

50 µm 50 µm 



     

22 

 

Table of Contents 559 

Nickel-based conductive, catalytic and porous hollow fiber for effective microbial 560 

electrochemical reduction of CO2 to methane; hence addressing two challenges facing society 561 

in the current century (i.e., energy crisis and global warming). 562 

 563 

Keywords: CO2 reduction, microbial electrosynthesis, porous hollow fiber cathode, waste to 564 

resource, electromethanogenesis  565 

 566 

 567 

M. F. Alqahtani, K. P. Katuri, S. Bajracharya, Y. Yu, Z. Lai, and P. E. Saikaly* 568 

 569 

Porous Hollow Fiber Nickel Electrodes for Effective Supply and Reduction of Carbon 570 

Dioxide to Methane through Microbial Electrosynthesis 571 

 572 

 573 
 574 

  575 



     

23 

 

Supporting Information  576 

 577 

Porous Hollow Fiber Nickel Electrodes for Effective Supply and Reduction of Carbon 578 

Dioxide to Methane through Microbial Electrosynthesis 579 

 580 

Manal F. Alqahtani, Krishna P. Katuri, Suman Bajracharya, Yuanlie Yu, Zhiping Lai, and 581 

Pascal Elias Saikaly* 582 

 583 

Experimental Section  584 

Fabrication of nickel-based electrically conductive, catalytic and porous hollow-fiber (Ni-585 

CCPHF) cathode: The Ni-CCPHF cathodes having an average pore size of 1-2 μm (Figure S1) 586 

were fabricated through combined phase-inversion/sintering method.[1] In brief, nickel powders 587 

(~3 μm particles), N-methyl-2-pyrrolidinone (NMP, HPLC grade, 99.5%, Alfa Aesar), 588 

polyether sulfone (PES, Ultrason® E6020P, BASF) and polyvinylpyrrolidone (PVP, Alfa 589 

Aesar) were mixed and well dispersed by ball milling for 18 h, followed by degassing under 590 

vacuum for 24 h. Then, the suspension was extruded through a spinneret using water as the 591 

inner and outer coagulant. The skeleton of the formed hollow fibers was dried at room 592 

temperature and then sintered at 560 °C for 6 h to remove organic compounds under air-flow 593 

(500 mL/min). After cooling to room temperature, the hollow fibers were heated at 810 °C for 594 

6 h under pure H2 environment (pumped at a flow rate of 500 mL/min), to reduce the Ni-CCPHF 595 

cathode from the metal oxide to the metal state. 596 

Preparation of Ni-CCPHF cathode bundle: The cathode was configured using eight Ni-597 

CCPHFs (10 cm long each with an outer diameter of 0.09 cm) assembled into a single bundle 598 

(Figure S2). One of the ends of the Ni-CCPHF cathode bundle was placed in one polyethylene 599 

tube (4 cm long and 0.8 cm diameter) housing, and electrical connection was established 600 

between the hollow fibers by filling the gaps with conductive silver epoxy. An insulated 601 

stainless-steel wire (0.08 cm diameter) was attached to the Ni-CCPHF bundle (using conductive 602 

silver epoxy) as a current collector for the cathode-assembly. Nonconductive epoxy was applied 603 

as an additional layer around the conductive silver epoxy to avoid the contact of silver with the 604 
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electrolyte during the reactor operation. The other end of each Ni-CCPHF opening was filled 605 

with epoxy glue. Approximately 2 cm of each fiber was embedded in the electrical gluing, 606 

leaving an active surface area of 2.27 cm2 per fiber and a cathodic specific surface area of 6.7 607 

m2 m-3 (based on electrolyte volume of 270 ml). 608 

Microbial electrosynthesis (MES) reactor construction and operation: A schematic 609 

representation of the reactor is presented in Figure 1. Two-chambered electrochemical cell 610 

constructed from borosilicate glass bottle were used for the experiments. Anode and cathode 611 

chambers were separated by Nafion® 117 membrane (Sigma, USA). The total and working 612 

volume of each chamber was 300 mL and 270 mL, respectively. The cathode chamber has a 613 

screw cap on the top with appropriate ports for positioning the Ni-CCPHF cathode bundle, 614 

current collector and gasbags (Calibrate, Inc., USA). Additional ports were positioned on the 615 

wall of the cathode chamber for inserting the reference electrode (BASi, USA), headspace gas 616 

measurements (not shown in Figure 1 for simplicity) and for the replacement of electrolyte. The 617 

anode chamber also has a screw cap on the top with an appropriate port for positioning the 618 

gasbag. Additional ports were positioned on the wall of the anode chamber for connecting the 619 

anode to the potentiostat (VMP3, BioLogic Science Instruments), and for replacement of 620 

electrolyte. Activated carbon fiber brush electrode (Mill-Rose, USA), heated at 450 °C for 15 621 

min, was used as the anode. Both the anode and cathode were positioned parallel to the Nafion® 622 

117 membrane.  623 

Two types of MES reactors (experimental and control 1), were constructed in duplicate and 624 

operated in parallel under the same conditions. In the experimental reactors, the Ni-CCPHF 625 

bundle cathode served as a cathode to provide reducing equivalents for hydrogenotrophic 626 

methanogens and as a gas-transfer membrane to deliver CO2 directly by passive diffusion to 627 

methanogenic biofilm attached on the surface of the cathode (Figure 1a). In the control 1 628 

reactors, two separate Ni-CCPHF cathode bundles having equivalent surface area were 629 
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positioned parallel to each other at a distance of 4 cm in the cathode chamber. One of the Ni-630 

CCPHF cathode bundles acted as a cathode to provide reducing equivalents for 631 

hydrogenotrophic methanogens, and the second bundle was used as a gas-transfer membrane 632 

to deliver CO2 (Figure 1b).  633 

The reactors were operated in fed-batch mode at 30 °C under a cathode set potential of –1.0 634 

V vs. Ag/AgCl using a potentiostat (VMP3, BioLogic Science Instruments). Buffered synthetic 635 

mineral medium containing (g L-1): NH4Cl, 1.5; Na2HPO4, 0.6, KCl, 0.1 and 2.5, Na2HCO3; 636 

and trace minerals and vitamin solutions, was used as the electrolyte (conductivity: 5.62 mS 637 

cm-1 and pH 7.0) in both compartments.[2] Enriched hydrogenotrophic methanogen community 638 

was used as the inoculum (see below) to start the experimental and control 1 reactors. For the 639 

first four batches, the experimental and control 1 reactors were supplemented with the inoculum 640 

(10 % v/v) to allow enough time for microbial communities to acclimatize and form a biofilm 641 

on the cathode for driving the CO2 reduction. Following this acclimatization period, subsequent 642 

batch cycles were fed only with the synthetic medium without any inoculum. Also, for the first 643 

four batches, the cathode chamber was operated under H2:CO2 (20:80) environment, and for 644 

the rest of the batches, only pure CO2 gas was supplied, unless stated otherwise. Throughout 645 

the experimental period, CO2 gas was supplied through passive diffusion from the inside of 646 

hollow fibers (gas phase) to the outside (liquid phase) through the pores of the Ni-CCPHF 647 

cathode. To allow CO2 gas to diffuse passively through the pores of the Ni-CCPHF cathode, 648 

the other end of the polyethylene tube housing, used for making the Ni-CCPHF cathode bundle, 649 

was connected to a gas reservoir (250 ml gasbag) through a tube connector. Precaution was 650 

taken to ensure that all connections were well sealed with nonconductive epoxy/Teflon tape 651 

wherever necessary. 652 

In addition, an abiotic control reactor (control 2), with no addition of inoculum, was 653 

operated to assess the contribution of abiotic reactions from the cathode under set potential on 654 

the process performance. The abiotic reactor was operated similarly to the experimental reactors, 655 
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except no microbial inoculum was added to the cathode chamber. 656 

Inoculum: Anaerobic sludge (Manfouha Wastewater Treatment Plant, Riyadh, KSA) was used 657 

for the enrichment of hydrogenotrophic methanogens in a closed serum bottle (1 L) under 658 

H2:CO2 (20:80) environment. The growth synthetic medium described above was used for the 659 

enrichment process. Concentrated anaerobic sludge (100 mL) was added to the serum bottle 660 

containing 500 mL of oxygen-free growth medium under N2 environment (anaerobic glove box, 661 

Coy laboratories, USA), and sealed with butyl rubber. The headspace of the serum bottle was 662 

flushed for 10 min with a mixed gas containing H2:CO2 (20:80). Then this bottle was subjected 663 

for continuous mixing in a shaking incubator at 30 C for two months. Once every five days, 664 

the headspace of the serum bottle was flushed with H2:CO2 (20:80), and once every 10 days, 665 

the supernatant solution (i.e. fermented broth above the settled biomass) in the serum bottle was 666 

replaced with fresh oxygen-free growth medium. After two months of enrichment, a good 667 

stoichiometric conversion of H2 to CH4 (> 90%) was observed, and the enriched biomass was 668 

harvested for subsequent inoculation of the MES reactors.   669 

Scanning electron microscopy (SEM): ~1 cm long pieces of biofilm-covered Ni-CCPHFs were 670 

soaked in 2% glutaraldehyde solution containing phosphate buffer (50 mM, pH 7.0) and stored 671 

at 4 C for 2 days. Then, the samples were incubated overnight with 0.2% osmium tetra oxide 672 

solution. Followed by washing with phosphate buffer, the samples were dehydrated in serial 673 

graded ethanol solutions. After drying, the samples were fixed on aluminum metal stub using 674 

double side cupper tape. Then the samples were coated by gold/palladium for 30 seconds at 25 675 

mA current using sputter coating apparatus under argon atmosphere. Scanning electron 676 

micrographs were visualized using Quanta 600D (FEI, The Netherlands). Virgin Ni-CCPHF 677 

cathode was subjected directly for imaging without any metal coating. 678 

Energy-dispersive X-ray spectroscopy (EDS): The EDS detector on Quanta 600D FEI and 679 

ZEISS Merlin 61-95 SEM (accelerating voltage 20KV and spot-size 6) was switched to 680 
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determine the elemental composition of the Ni-CCPHF outer surface.  Elemental peaks were 681 

identified using the built-in software and the atomic (At) % of each element was analyzed over 682 

the scanned area.  683 

Confocal laser scanning microscopy (CLSM): ~1 cm long piece of biofilm-covered Ni-CCPHF 684 

from experimental reactor was prepared for confocal imaging.  Prior to CLSM imaging, the 685 

biofilm on the surface of Ni-CCPHF was washed in phosphate buffer (0.1 M, pH 7.0) and 686 

stained by incubating for 15 min in 1 mL of phosphate buffer (0.1 M, pH 7.0) containing 1.5 687 

μL of Syto 9 (Invitrogen Corp., Carlsbad, CA) under dark conditions.[2] A Zeiss LSM 510 688 

Axiovert Inverted CLSM with a 40× Achroplan oil immersion lens was used to image the 689 

biofilm. Images were obtained using an excitation wavelength of 488 nm and a BP500-550 690 

emission filter, for green fluorescence. 691 

Electrochemical Analysis: Electrochemical measurements and recordings were carried out 692 

using VMP3 BioLogic potentiostat using three-electrode setup. Chronoamperomentry at –1 V 693 

vs Ag/AgCl and linear sweep voltammetry (LSV) at a scan rate of 1 mV s-1 were conducted. 694 

Analytical measurements: Volatile fatty acids (VFAs) and gas composition (H2, CH4, and CO2) 695 

were analyzed according to chromatography methods described previously.[3] At the end of 696 

each batch cycle, gas samples from the headspace and gasbags were collected by airtight 697 

syringe for analysis of gas composition by gas chromatography (GC; model 310, SRI 698 

Instruments) equipped with a thermal conductivity detector according to Hari et al.[3b] A 1.83 699 

m molecular sieve packed 5A column and argon gas as carrier was used for measuring H2 and 700 

CH4 concentrations, and a 0.91 m silica gel column and helium gas as carrier was used for 701 

measuring CO2 concentration. The total volumes of the gases were calculated as described 702 

previously.[3a]  Liquid samples were taken from the cathode chamber and filtered through a 703 

0.20-um pore diameter syringe filters prior to VFA measurements. The VFAs were analyzed 704 

using ion chromatography (IC, Dionex ICS-3000), equipped with a high-performance 705 
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conductivity detector and AS11 column. The samples were introduced through the column for 706 

separation by the mobile phase deionized water and KOH. 707 

Quantitative polymerase chain reaction (qPCR): Five 1-cm long Ni-CCPHFs were sampled 708 

and placed in a sterile centrifuge tubes containing 3 ml of sterile media and vigorously vortexed 709 

to detach biofilm from the surface of the cathode. DNA was extracted from aliquots (250 µl) of 710 

samples using the PowerSoil™ DNA extraction kit (MO BIO Laboratories Inc., USA) as per 711 

the manufacturer’s instructions, and quantified using a NanoDrop spectrophotometer (Thermo 712 

Scientific).  713 

To quantify the abundance of total Bacteria, total Archaea and various methanogenic 714 

Archaea (Methanobacteriales, Methanomicrobiales, Methanosarcinaceae and 715 

Methanosaetaceae), qPCR was performed in a 25-µL reaction volume containing 12.5 µL of 2 716 

 iQ Supermix (Bio-Rad Laboratories, Hercules, CA), 0.5 µM of each primer, 0.2 µM of each 717 

probe, 1 µl sample DNA, and RNase-free sterile water to a final volume of 25 µL. Amplification 718 

was performed using the CFX96 real-time PCR detection system (Bio-Rad Laboratories, 719 

Hercules, CA) with PCR conditions described by Ritalahti et al.[4]  and Yu et al.[5]  All primers, 720 

probes and plasmid standards used in this study are listed in Table S2. For each qPCR run, a 721 

negative (no template) control was used to test for false positives or contamination. The 722 

genomic DNA from each sample was amplified in triplicate. For standard clone preparation, 723 

the PCR amplicons were first cloned into a TOPO cloning vector (pCR 2.1-Topo vector, 724 

Invitrogen, Carlsbad, CA) according to the manufacturer’s protocol. Plasmids from transformed 725 

cells were extracted by the PureYieldTM Plasmid Miniprep System (Promega, Madison, WI). 726 

Copy number per microliter was calculated from the mass concentration and molecular weight 727 

of each extracted plasmid DNA. Standard template DNA was 10-fold diluted in series and the 728 

threshold cycle (Ct) values for each dilution were plotted against the concentration of each 729 

dilution to construct the standard curves. 730 
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The total gene copy number in the buffer (30 µL) used for eluting extracted DNA was 731 

normalized to the total surface area of the Ni-CCPHFs used for extracting DNA, and the results 732 

were presented as copies cm-2 of cathode 733 

Calculations of Faradaic efficiencies: Using the ideal gas law equation, the moles (n) of gas 734 

generated from the measured gas volume were estimated. 735 

n (mol) = 
pV

RT
           Equation (1) 736 

Where p is gas pressure (1 atm), V is the volume of the gas in L, which was calculated from the 737 

GC gas composition measurement, T is the temperature (298 K) and R is the gas constant 738 

(0.08206 L atm K-1 mol-1). The Faradaic efficiency (FE) for the different products was 739 

calculates as follows:  740 

FE (H2) % =
 nH2(mol)∗2F

∫ Idt
t

t=0

 ×100        Equation (2) 741 

FE (CH4) % =
 nCH4(mol)∗8F

∫ Idt
t

t=0

 ×100        Equation (3) 742 

FE (acetate, CH3COOH) %=
 nCH3COOH(mol)∗8F

∫ Idt
t

t=0

 ×100     Equation (4) 743 

FE (formate, HCOOH) %=
 nHCOOH(mol)∗2F

∫ Idt
t

t=0

 ×100      Equation (5) 744 

Where nH2 and nCH4 are the number of moles of hydrogen and methane calculated from Eq 1. 745 

The nCH3COOH and nHCOOH were calculated from acetate and formate production measured by IC 746 

as described above. I is the current (A), 2 is the moles of electrons needed to produce one mole 747 

of hydrogen or formate, 8 is the moles of electrons needed to produce one mole of methane or 748 

acetate, F is Faraday’s constant F=96485 C/mol e-, and dt (s) is the time over which the data 749 

was analyzed. 750 

  751 
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Table S1. Concentration of different volatile fatty acids determined by ion chromatography.  752 

 753 

 754 

Table S2. Primers, probes and plasmid standards used in this study. 755 

Primer-probe Target Plasmid standard Sequence 5’-3’ References 
BAC 1055F 

BAC 1392R 
BAC 1115 probe 

Total Bacteria Geobacter sulfurreducens 

(NC002939) 

ATGGYTGTCGTCAGCT 

ACGGGCGGTGTGTAC 
CAACGAGCGCAACCC 

[4] 

ARC 787F 

ARC 1059R 

ARC 915F probe 

Total Archaea Methanosarcina 

thermophila 

(M59140) 

ATTAGATACC CSBGTAGTCC 

GCCATGCACCWCCTCT 

AGGAATTGGCGGGGGAGCAC 

[5]  

MBT 857F 

MBT 1196R 

MBT 929 probe 

Methanobacteriales 

(hydrogenotrophic) 

Methanobacterium 

formicium 

(EU 544028) 

CGWAG GGAAG CTGTT AAGT 

TACCG TCGTC CACTC CTT 

AGCAC CACAA CGCGT GGA 

[5] 

MMB 282F 

MMB 832R 

MMB 749 probe 

Methanomicrobiales 

(hydrogenotrophic) 

Methanomicrobiales KB 1-1 

(AN – DQ301905) 

ATCGR TACGG GTTGT GGG 

CACCT AACGC RCATH GTTTA C 

TYCGA CAGTG AGGRA CGAAA GCTG 

[5] 

MSC 380F 

MSC 828R 

MSC 492 probe 

Methanosarcinaceae 

(mixotrophic) 

Methanosarcina 

thermophila 

(M59140) 

GAAAC CGYGA TAAGG GGA 

TAGCG ARCAT CGTTT ACG 

TTAGC AAGGG CCGGG CAA 

[5] 

MST 702F  

MST 863R  

MST 753 probe 

Methanosaetaceae 

(acetoclastic) 

Methanosaeta KB 1-1 

(AY 570685) 

TAATC CTYGA RGGAC CACCA 

CCTAC GGCAC CRACM AC 

ACGGC AAGGG ACGAA AGCTA GG 

[5] 

 756 
 757 

  758 

Reactors Acetate (M) Formate (M) Propionate (M) n-Butyrate (M) 

Experimental reactor 160.3 ± 171 70 ± 68 7 ± 9 2.03 ± 1.4 

Control 1 reactor 28.1 ± 5 1.2 ± 1.7 0.4 ± 0.6 1.17 ± 0.2 
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 766 

 767 

 768 

 769 

 770 

 771 

 772 

 773 

 774 

 775 

 776 

 777 

 778 

 779 

 780 

 781 

 782 

 783 

 784 

Figure S1. (A) Scanning electron microscope (SEM) image of the custom-built Ni-CCPHF 785 

cathode; (B) SEM image of the cross section of the Ni-CCPHF cathode; (C) SEM image of 786 

the surface of the Ni-CCPHF cathode; (D) Energy-dispersive X-ray spectroscopy (EDS) 787 

spectrum of the surface of the Ni-CCPHF.  788 
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 791 
Figure S2. Image showing the hollow fibers prepared as a bundle and inserted into a 792 

polyethylene tube. 793 

 794 

 795 

  796 
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 797 

Figure S3. Energy-dispersive X-ray spectroscopy (EDS) spectrum of Ni-CCHF cathode that 798 

served only as a cathode in control 1 reactor. 799 
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 801 
 802 

Figure S4. Confocal laser scanning microscope (CLSM) image (cross section) of cathodic 803 

biofilm developed on the Ni-CCPHF cathode of experimental reactor. The green color on the 804 

peripheral side of the Ni-CCPHF cathode represents microbial cells.  805 

  806 
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 807 

 808 
 809 

Figure S5. Schematic diagram representing possible bioelectrochemical reactions occurring on 810 

the surface of the Ni-CCPHF cathode of the experimental reactor. This schematic depicts CO2 811 

gas delivered directly to hydrogenotrophic methanogens through the pores of the hollow fiber 812 

cathode.  The H2 generated from hydrogen evolution reaction (HER) on the cathode surface is 813 

utilized by hydrogenotrophic methanogens for CH4 generation.  Also, this schematic depicts 814 

biotic H2 generation by H2 producing bacteria, and the biotic H2 is consumed by 815 

hydrogenotrophic methanogens for CH4 generation. 816 
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 829 

 830 
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 832 
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 834 

 835 

 836 

 837 

Figure S6. Amperometric current density over time for experimental reactor operated under 838 

different passive CO2 concentrations (batch 9). Condition 1: 20% CO2  and 80% N2; Condition 839 

2: 100% CO2; Condition 3: 20% CO2 and 80% N2. Condtion 4: pure CO2 gas was supplied in 840 

the reactor’s headspace rather than through the pores of Ni-CCPHF cathode. 841 
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