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Microbial electrolysis provides a new approach for hydrogen generation from 

renewable biomass. At current stage, the most likely limiting factors for successful 

scale up of this technology are the large internal resistance and high fabrication cost. 

This dissertation presents an attempt to overcome these limitations by investigating 

novel microbial electrolysis cell (MEC) architecture and efficient and economic 

cathode material. A single-chamber membrane-free MEC was designed for the first 

time, which significantly reduced the internal resistance and high cost associated 

with membranes. The new MEC achieved a 76% increase in volumetric hydrogen 

production rate than a two-chamber system. This improvement was also associated 

with an 18-fold increase in current densities, which indicated its great potential for 

further enhancement in hydrogen production.  



To reduce the high cathode cost associated with platinum catalyst, precious-metal-

free cathodes were developed by electrodepositing NiMo and NiW on a carbon fiber 

weaved cloth material and evaluated in tubular single-chamber MECs. At an applied 

voltage of 0.6 V, MECs with NiMo cathode accomplished a hydrogen production 

rate of 2.0 m3/day/m3 at current density of 12 A/m2, which was 33% higher than that 

of MECs with NiW cathode. Due to better catalytic activity of NiMo catalyst, 

electrodeposition conditions of NiMo were further optimized to enhance the 

performance and reduce catalyst loading. And the optimal condition was selected as:  

a Mo/Ni mass ratio of 6/10 in electrolyte bath, an applied current density of 0.05 

A/cm2 and electrodeposition duration of 10 min. Under this optimal condition, the 

NiMo catalyst had a formula of Ni6MoO3 with a nodular morphology. The NiMo 

loading was reduced to 1.7 mg/cm2 and the performance of MEC with the developed 

NiMo cathode was comparable to that with Pt cathode with a similar loading. This 

result indicates that a much lower cathode fabrication cost can be achieved compared 

to that using Pt catalyst, and thereby significantly enhancing the economic feasibility 

of the MEC technology.  
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Chapter 1 
 

General Introduction 
 

 

1. Hydrogen and hydrogen production  

With increasing concerns about climate change, limitation of fossil fuels (oil and 

natural gas), and security of energy supply, hydrogen as the clean energy carrier for 

the future has drawn intense global interests due to its unique properties [97]. 

Hydrogen is a clean fuel that is almost free of emissions of CO2, acid gases and other 

pollutants as the only product of its utilization is water vapor. Moreover, hydrogen 

can be produced anywhere and from a wide variety of resources, including 

renewables, nuclear energy and fossil fuels. Approximately 50 million metric tons of 

hydrogen, or 10 percent of world oil production equivalent, are produced annually 

for commercial application [46].  Most of them are generated from non-renewable 

fossil fuel sources [52]: about 48% from natural gas via steam methane reforming 

(SMR), 30% from heavy oil and naphtha, coal gasification producing another 18%, 

and only 4% from water electrolysis [52]. Among which, SMR is the most common 

and least expensive method of production. Consequently, 95% of hydrogen in US is 
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produced by this technology [19]. And water electrolysis is normally for some niche 

applications, where small amounts of pure hydrogen are locally needed [63]. The 

development of advanced technologies for producing hydrogen from renewable 

energy resources that minimize environmental impacts is now given high priority.  

 

Biohydrogen is expected to play an important role in a non-fossil fuel future 

economy. Over the past 20 years, several bio-processes for hydrogen production 

have been studied extensively. While fermentative hydrogen production has seen 

promising development in recent years, one of the major barriers to its practical 

application is low yield [28,52]. Despite a stoichiometric potential of 12 mol-H2/mol-

glucose, current fermentation techniques can only produce 2-3 mol-H2/mol-glucose 

with the rest of energy mostly stored in organic acids and alcohols. Photobiological 

process is another promising way for hydrogen production, since the solar energy is 

the most abundant energy source on the planet. This process can be carried out by 

photoheterotrophs or photoautotrophs, such as microalgae and cyanobacteria, using 

different mechanisms with hydrogenases or nitrogenases [6]. However, one of the 

main challenges is oxygen inhibition, which leads to its low efficiency [1,21].  

 

2. Hydrogen production through microbial electrolysis 

Hydrogen production by microbial electrolysis, a technique independently 

discovered by two research groups a few years ago [49,80,82], provides a completely 

new avenue for the production of hydrogen from biomass. This process occurs in a 
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system known as a microbial electrolysis cell (MEC), which has previously been 

referred to as a bio-electrochemically assisted microbial reactor (BEAMR) [49,18] or 

a biocatalyzed electrolysis cell (BEC) [82]. In an MEC, electrochemically active 

microbes growing on the surface of the anode break down organic matter into CO2, 

electrons, and protons. The electrons and protons travel through the external circuit 

and solution, respectively, and combine at the cathode to generate hydrogen (Fig. 1-

1). If acetate is used as substrate as carbon source, the anode process of an MEC is 

the same as that of a microbial fuel cell (MFC) and the cathode process is the same 

as that of a water electrolyzer as shown in Table 1-1 and Fig.1-2. 

 
 

Table 1-1. Electrode reactions and potentials of MEC, MFC, and water electrolysis 
systems under standard conditions (pH=7).  

 
Process Anode reaction/potential Cathode reaction/ 

potential 
Potential 
difference 

MEC CH3COO- + 4 H2O = 2 HCO3
-
 + 9 H+ + 8 e-  

    (E=-0.279 V) 
2 H+ + 2 e- = H2             
    (E=-0.414V) 

-0.135 V 

MFC CH3COO- + 4 H2O = 2 HCO3
-
 + 9 H+ + 8 e-  

     (E=-0.279 V) 
O2 + 4H+ + 4e- = 2H2O 
    (E=0.806 V) 

1.085 V 

Water 
electrolyzer 

2H2O= O2 + 4H+ + 4e-

     (E=0.82 V)        
2 H+ + 2 e- = H2            
    (E=-0.414V) 

-1.22 V 

Note: Acetate is used as model electron donor for MEC and MFC. 
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Fig. 1-1. Schematic of a single chamber MEC, with a power supply as the driving 
force for electrons flow from anode to cathode. 
 

 

Fig. 1-2. Schematic of a single-chamber air-cathode MFC, showing the anode, where 
bacteria form a biofilm on the surface, and a cathode, which is exposed to air. 
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For an MEC, the electrode potential can be written as follows for anode reaction: 

92
3

3

][][
][

ln
8 +−

−

−°=
HHCO

COOCH
F

RTEE anan      (Eq. 1-1) 

where Ean°  (0.187 V) is the standard electrode potential for acetate oxidation, R 

(8.314 J/K/mol) is the universal gas constant, T (K) is the absolute temperature, and 

F (96485 C/mol e-) is Faraday’s constant. And for the cathode reaction, the electrode 

potential can be written as follows: 

2][
ln

2
2

+−°=
H
p

F
RTEE H

catcat                (Eq. 1-2) 

where Ecat
o (0 V) is the standard electrode potential for hydrogen. For electrode 

reactions in MECs at pH 7, the anode potential is calculated as -0.279 V and the 

cathode potential is -0.414 V (Table 1-1).  

 

The equilibrium voltage of the overall reaction can be calculated as follows: 

  Eeq  = Ean - Ecat  = (-0.414) – (-0.279) = - 0.14 V                  (Eq. 1-3) 

The negative equilibrium voltage indicates that hydrogen cannot be produced from 

acetate spontaneously and that an additional voltage (at least 0.14 V) has to be 

applied in order for the reaction to proceed. In practice, the applied voltage is 

normally lager than the theoretical equilibrium voltage (Eeq) due to the internal losses 

in the system. Experiments have demonstrated that an applied voltage of 0.2 V or 

more is needed to obtain reasonable current density and thus useful hydrogen 

production rates [15,83]. This voltage, however, is much lower than the theoretical 
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value of 1.2 V that required for water electrolysis. Table 1-1 compares the electrode 

reactions and potentials in an MEC, an MFC, and a water electrolyzer. 

 

Compared to fermentative hydrogen production, the MEC process can utilize a 

variety of organic materials. Dark fermentation requires a fermentable 

(carbohydrate-rich) substrate, which limits the use of biomass containing other 

organic matter (e.g., proteins or organic acids) as substrate.  In MECs, on the other 

hand, bacterial respiration can occur on a wide array of substrates, ranging from pure 

compounds of sugars, carboxylic acids, alcohols, and proteins to complex mixtures 

such as biomass hydrolysate and domestic, animal, food-processing wastewaters.  

 

3.  Exoelectrogens and extracellular electron transfer mechanisms 

Exoelectrogens are microorganisms applied in anodes of MECs that are capable of 

exocellular electron transfer [55] and have been referred to electricigens [58], and 

anode-respiring bacteria [59,96]. Hydrogen generation in an MEC is directly linked 

to the ability of exoelectrogens on the anode to facilitate the transfer of electrons 

from substrate to anode (current generation). The study of exoelectrogens has 

emerged as a new sub-field of microbiology [4,16,67,101] and many research efforts 

have been made to characterize exoelectrogens in MFCs [58,73]. While it is possible 

that the microbial activity and electron transfer might be affected by the applied 

external voltages (anode potential), and/or different solution chemistry--for example 

dissolved oxygen in MFCs and hydrogen in MECs--the current-generation 
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capabilities and general electron transfer mechanisms of electrochemically active 

bacteria in MFCs are also applicable to MECs.  

 

MFC studies have shown the presence of diverse bacterial communities enriched 

from various environments, such as domestic wastewater [51], ocean sediments [75], 

and anaerobic sewage sludge [42].  Isolated exoelectrogens appear to belong to 

diverse genetic groups, including four of the five Proteobacteria (α,β,γ and δ) 

(Rhodoferax, Shewanella, Pseudomonas, Aeromonas, Geobacter, Geopsychrobacter, 

Desulfuromonas, Desulfobulbus)[10,32,33,39,72,102,107], Firmicutes (Clostridium) 

[65], Acidobacteria (Geothrix) [2], and Actinobacteria (Propionibacterium)[100].   

 
 

The mechanisms used for extracellular transport of electrons by exoelectrogens are 

still being studied. Three mechanisms have been revealed thus far for MFCs (Fig. 1-

3) [54]: (1) direct electron transfer using outer membrane cytochromes; (2) electron 

transfer by conductive bacterial appendages (nanowires); and (3) biogenic soluble 

mediators that “shuttle” electrons from cells to anode. ). The first two EET 

mechanisms initially were revealed based on investigations of how dissimilatory 

metal-reducing bacteria use solid minerals during the course of their respiratory 

electron-transfer process [33,62,71]. Recent work revealed the third mechanism by 

providing evidence that bacteria synthesize appendages called nanowires capable of 

transferring electrical current based on the measurements of electrical conductance 
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across the wire diameter and along their length [22,27,74]. For some exoelectrogens, 

one mechanism may dominant in the electron transfer. For example, Pseudomonas 

aeruginosa and Geothrix fermentans can only transfer electrons in the presence of 

self-produced mediators [2,4,32,33,65,67,72]. Other exoelectrogens, such as 

Geobacter and Shewanella species, may have both the outer membrane cytochromes 

and nanowires involved in electron transfer. A recent study showed that Shewanella 

oneidensis also produces flavins that can function as an electron mediator [99], 

indicating the possibility of the involvement of all three mechanisms in electron 

transfer by a single bacterial species. 

 

While pure cultures can provide well-controlled systems for the studies of electron 

transfer mechanisms as well as for metabolic and genetic engineering, engineers 

prefer mixed cultures rather than pure cultures for energy production from waste 

materials because mixed cultures utilize a greater variety of substrates, are 

significantly more robust, easier to grow at large scales, and more economical to 

assemble and operate without concerns of contamination [79]. Mixed cultures, 

enriched from domestic wastewater and anaerobic sewage sludge have been used in 

most MEC studies [49,80,18,82,15,56,83,95]. While some isolates from mixed 

cultures demonstrate electrochemically active properties, most of them exhibit lower 

current densities when grown as pure cultures compared to the mixed cultures [54]. 

The interactions between species in mixed cultures that enable these greater current 

densities, however, remain unclear. While it has been demonstrated that metabolites 
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generated by one species can be utilized by another species as a shuttle to transfer 

electrons [67], further research is required to elucidate metabolic patterns of niche-

partitioning, interspecies communication, and food web dynamics that enable a 

diverse anode microbial community to optimize current output.   

 

 

Fig. 1-3. Mechanisms for extracellular electron transport in an MFC anode 
(Reprinted from the reference [54].(1) direct contact (top in green); (2) by nanowires 
(middle in purple); and (3) self-produced mediators (bottom in blue). 
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4.  Electrode Materials 

4.1.  Anode  

Most research in microbial electrochemical systems has utilized carbon-based 

materials for the anode, due to their good conductivity, biocompatibility, and 

versatility in morphologies, sufficiently low overpotentials and low costs [55,84]. 

Although carbon materials tend to corrode at high potentials on the oxygen electrode 

side during water electrolysis [66], they are chemically stable under the anaerobic 

anodic process in MEC. Carbon materials with high surface areas have been used as 

MEC anodes to increase the number of bacteria attached to the surface and thereby 

increase anodic current output [57]. These materials include graphite granules, 

graphite brushes, graphite felt, carbon cloth, and carbon paper (Table 1-2). Flat, 

woven carbon cloth or thin graphite felt maintains a secure connection across the 

anode surface and allows for easy adjustment of the anode-cathode distance, 

providing advantages over other carbon materials in terms of reducing internal 

resistance for scaling up since the spacing of electrodes made of these materials can 

be very small. Fig. 1-4 shows a woven-fiber carbon cloth anode with a diameter of 

10 µm. The micro scale fibers and large space between the fibers provide a three 

dimensional structure for the development of biofilm consisting of 1-2 µm microbes. 

Carbon paper can form a similar structure, but the low physical strength of carbon 

paper affects its attractiveness as MEC anode. Graphite granules and graphite 

brushes can add large electrode resistance to the system. 
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To further increase the anode performance, various methods were investigated to 

modify electrode surfaces in MFCs, which might be applied to MEC anodes due to 

the similarity of the two systems. Current density was greatly improved by using 

self-assembled monolayers (SAMs) of anthraquinone-1,6-disulfonic acid (AQDS) 

[17], by incorporating electron mediators such as Mn(IV), Fe(III), neutral red and 

Ni2+ and Fe3O4 [61] into graphite electrodes to facilitate electron transfer to anode 

surface. Enhanced performance was also observed by high temperature treatment of 

carbon cloth anode with ammonia [14].   

 

 

 

 

 

 

 

 

 

 

B A 

 
Fig. 1-4. Woven-fiber carbon cloth (A) with 10 µm fibers (B) 
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4.2. Cathode 

Similar to the cathode of a water electrolyzer, an MEC cathode normally consists of 

metal catalysts, catalyst supporting materials and cathode substrate. The application 

of catalysts decreases the activation energy barrier considerably, thereby lowering 

the cathodic activation overpotential and improving the kinetics of the hydrogen 

evolution reaction (HER) at the cathode surface. Platinum is well-known as the best 

catalyst material for this reaction and is commonly used in MEC systems to enhance 

the hydrogen evolution reaction on cathodes (Table 1-2). More recently, biocathodes 

that use bacteria as cathode catalysts have also been explored in MECs for hydrogen 

production [37,85].  

 

A catalyst support provides a physical surface for dispersion of small metal particles 

to achieve high surface area.  Carbon has generally been used as the support due to 

its minor interference with the supported catalyst and good conductivity. Carbon 

supports also provide wettability and reduce the noble metal loading on the electrode. 

For the platinum cathodes of most MECs, carbon powder was used to support 

platinum and the mixture was applied to a base carbon material, such as carbon cloth 

or carbon paper, with a binder (i.e. Nafion). 

 

5.  MEC reactors and Performance 

MECs are typically designed as a two-chamber system with the bacteria in the anode 

chamber separated from the cathode chamber by a membrane. Various membranes 
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have been used in microbial electrochemical systems, including cation exchange 

membranes (CEMs), such as Nafion®, CMI-7000, and Fumasep FKE [49,82], anion 

exchange membranes (AEMs), such as AMI-7001 [8,41], bipolar membranes, and 

charge mosaic membranes [86]. The use of a membrane not only reduces the 

crossover of fuels and bacteria from the anode to the cathode chamber and helps 

maintain the purity of the hydrogen gas evolved at the cathode, but also functions as 

a separator to avoid any short circuit. The drawback of using a membrane in MECs, 

however, is that it may affect proton and/or hydroxyl ion transfer at neutral pH and 

thus increase the internal resistance. For example, a pH drop in the anode chamber 

occurred due to the faster charge transfer rates of cations other than protons across 

the cation membranes [41,81,83]. Anion exchange membranes (AEMs), such as 

AMI-7001(Membranes International, USA) demonstrated a better performance in 

MECs [15,83] due to the transportation of negatively charged ions, such as 

phosphates and bicarbonate, that can facilitate the proton transfer [25]. Bipolar 

membranes (BPM) and charge mosaic membranes (CMM) also were examined in 

MECs [81]. With respect to the transport numbers for protons and/or hydroxyl ions 

and the ability to prevent pH increase in the cathode chamber, the ion exchange 

membranes are rated in the order BPM>AEM>CMM>CEM [73].   

 

Fig. 1-5 shows the schematics of various double-chamber MEC designs developed in 

the past few years. Double-chamber MEC with two liquid chambers (Fig. 1-5A) was 

used in most of previous studies [9,15,18,82,37,49,85]. The chambers can be bottle-
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type [49], cube-type [9,15,18], disc-type [82] or rectangular-type [37,85], and are 

typically separated by membrane materials. Both anode and cathode are soaked in 

solutions and the hydrogen produced is collected at the headspace of the cathode 

chamber. The advantages of this design include the production of relatively pure 

hydrogen gas in the cathode chamber, the reduction of biocontamination of cathode 

metal catalysts, and the control of different microbial species or communities in the 

anode and cathode chambers, which may be required for MECs with microbial 

biocathodes [37,85]. Current densities (0.2-3.3 A/m2) and hydrogen production rates 

(0.015 –1.1 m3/day/m3) are obtained using this type MECs (Table 1-2). 

 

Double-chamber MECs with one liquid chamber and one gas chamber (Fig. 1-5B, 

5C) were also developed using gas diffusion cathodes either with a membrane 

electrode assembly (MEA) structure [83] or without a membrane [95]. The 

advantage of using a gas diffusion cathode is that directly releasing of produced 

hydrogen to a gas phase reduces the mass transfer resistance compared to the gas 

transfer through a liquid phase. For the MEC with MEA structure, a large portion of 

potential losses were associated with the membrane [83]. For the gas diffusion 

cathode without a membrane, the main challenge may be cathode leaking or flooding. 

A high hydrogen production rate of 6.32 m3/day/m3 was obtained in the MEC with a 

membrane-free gas diffusion cathode when operated in a continuous-flow mode (Fig. 

1-5C) [95]. The high hydrogen production rate was probably mainly due to the high 

electrode surface area to volume ratio based on the comparison of the current density 
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generated by this system with others (Table 1-2).   The potential of applying an MFC 

instead of an external power supply to power an MEC was also explored (Fig. 1-5D) 

[94]. However, the performance was low, with a current density of 0.4 A/m2 and a 

hydrogen production rate of 0.015 m3/day/m3.   

 

Table 1-2. The components and performances of double-chamber MEC systems 
System description System performances 

Anode Cathode/ 
 Pt mg cm-2 MembraneSubstrate Eap

(V) 

Liquid
vol. 
(mL) 

IA
1

(Am-2)
CE

2

(%) 
rH2

3

(%) 
ηW

4

(%) 

QH2
5 

m3·d-1·m-

3

Ref. 

carbon 
cloth 

carbon 
paper/0.5  Nafion  acetate 0.6 200 -- 78 72 -- -- [49] 

Ti mesh/0.5  Nafion  acetate 0.5 6600 0.5 -- 53 -- 0.02 [82] 
Ti mesh/0.5 CEM acetate 1 3300 2.4 23 23 148 0.33 [83] 

CEM acetate -
0.7a 250 1.2 -- <49b -- 0.63 [85] graphite felt, 

biocathode CEM acetate -
0.7a 250 3.3 -- <21b -- 0.04 [37] 

graphite 
felt 
 

Ti plate/ 0.5  Nafion  acetate 0.8 360 2.8 62 53 -- 0.052 [9]  

AEM cellulose 0.6 42 -- -- 68 268 0.11 [15] graphite 
granules 

carbon 
cloth/0.5  AEM acetate 0.6 42 -- 96 91 261 1.1 [15] 

carbon 
paper/0.5 Nafion  domestic

wwc 0.5 512 0.2 23 9.9 -- -- [18] Carbon 
paper carbon 

paper/2 PEM acetate 0.35 900 0.4 33 32 -- 0.015 [94] 

Carbon 
felt 

Carbon cloth/ 
0.5  -- acetate 1 50 4.7 95 97.5 -- 6.32 [95] 

a: poised cathodic potential vs Ag/AgCl; b: cathodic hydrogen recovery,  the percentage of current 
used in producing hydrogen on the cathode; 
 c: ww: wastewater 
1IA: current density; 2CE: Coulombic efficiency; 4ηW: energy efficiency; 5QH2: hydrogen 
production rate. 
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Fig. 1-5. Schematics of various double-chamber MEC systems: (A) an MEC with 
two liquid chambers [49,18,82,1537,85,9]; (B) an MEC with one liquid chamber and 
one gas chamber [37,85,83]; (C) a continuous-flow MEC with one liquid chamber 
and one gas chamber [95]; (D) coupled MFC-MEC system [94]. 
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6.  Challenges of MEC technology for practical applications  

A greater than 100-fold increase in hydrogen production rate has been achieved in 

MECs in less than five years, yet the MEC technology is still in its infancy. 

Enhancing hydrogen production rate is one of the greatest challenges for realizing 

the practical applications of this technology, since most reported results are less than 

1.1 m3/day/m3 (Table 1-2). There are three aspects needed to improve in order to 

booster hydrogen production rate: anode performance, internal resistance, and 

cathode performance. While enhancement of anode performance can be achieved 

through isolating highly efficient exoelectrogens, genetically engineering 

exoelectrogens, and manipulating mixed bacterial cultures, the limiting factors for 

MEC performance at the current stage of this technology are most likely the high 

cathode overpotential and large internal resistance caused by the neutral pH 

condition [25]. While there are some advantages using double-chamber systems, the 

main challenge of using this type of MEC is the high membrane resistance. A 

membrane (Nafion) resistance up to 86 % of total internal resistance was reported 

[26]. Efficient reactor designs are needed to reduce the internal resistance.   

 

Another challenge for the successful scale up of MEC technology is the high 

fabrication cost. Besides the cost of membranes applied in double-chamber systems, 

platinum used as cathode catalyst is the biggest part of the cost. While almost all 

MEC studies use platinum as cathode catalyst, the development of a cost effective 

cathode catalyst for hydrogen evolution under realistic conditions in MECs is needed. 
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7.  Dissertation overview 

This dissertation focuses the development of efficient reactor design and cost 

effective cathode materials for enhancing hydrogen production in MECs, which are 

presented as three papers. In the first paper, a single-chamber membrane-free MEC 

system was designed for the first time to reduce the high internal resistance and high 

costs related to membranes. The performance of the reactor was evaluated using one 

mixed culture and one pure culture: Shewanella oneidensis MR-1. This new design 

greatly enhanced hydrogen production rate by 76% with an 18 times increase in 

current density by the mixed culture. Stable hydrogen production from lactic acid by 

S. oneidensis was also observed. Different methods to suppress hydrogenotrophic 

methanogens in MECs with mixed culture were also explored.     

 

The second paper represents an attempt to contribute to the development of efficient 

but cost-effective non-platinum cathodes for hydrogen production in MECs. In this 

study, Ni-alloy catalyst were developed by electrodepositing NiMo and NiW on a 

carbon fiber weaved cloth material and evaluated in electrochemical cells and single 

chamber tubular MECs. The MEC with NiMo cathode exhibited a 33% higher 

hydrogen production rate than that with NiW cathode and its performance was 

comparable to that of the MEC with Pt catalyst.  

 

The third paper described a further improvement of NiMo cathode by optimizing its 

electrodeposition conditions, bath composition, the applied current density and 
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duration time, to further enhance its performance and reduce its loading. The optimal 

condition for electrodeposition of NiMo on carbon cloth was founded at a Mo/Ni 

mass ratio of 6/10 in electrolyte bath, an applied current density of 0.05 A/cm2 and 

electrodeposition duration of 10 min. Under this condition, the NiMo catalyst has a 

formula of Ni6MoO3 with a nodular morphology. The NiMo loading on the carbon 

cloth was reduced to 1.7 mg/cm2 and the performance of MEC with the developed 

NiMo cathode was comparable to that with Pt cathode with a similar loading.  
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ABSTRACT 

Microbial electrohydrogenesis provides a new approach for hydrogen generation 

from renewable biomass. Membranes were used in all the reported microbial 

electrolysis cells (MECs) to separate the anode and cathode chambers. To reduce the 

potential losses associated with membrane and increase the energy recovery of this 

process, single-chamber membrane-free MECs were designed and used to 

investigate hydrogen production by one mixed culture and one pure culture: 

Shewanella oneidensis MR-1. At an applied voltage of 0.6 V, this system with a 

mixed culture achieved a hydrogen production rate of 0.53 m3/day/m3 (0.11 

m3/day/m2) with a current density of 9.3 A/m2 at pH 7 and 0.69 m3/day/m3 (0.15 

m3/day/m2) with a current density of 14 A/m2 at pH 5.8. Stable hydrogen production 

from lactic acid by S. oneidensis was also observed. Methane was detected during 

the hydrogen production process with the mixed culture and negatively affected 

hydrogen production rate. However, by employing suitable approaches, such as 

exposure of cathodes to air, the hydrogenotrophic methanogens can be suppressed. 

The current density and volumetric hydrogen production rate of this system have 

potential to increase significantly by further reducing the electrode spacing and 

increasing the ratio of electrode surface area/cell volume.    

 

Keywords: Hydrogen, microbial electrolysis cells (MECs), membrane-free, 

methanogens, Shewanella oneidensis MR-1 
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1.  Introduction 

The global interests in hydrogen as a clean energy carrier remain due to its unique 

properties and the high efficiencies of hydrogen fuel cells in converting hydrogen to 

electricity. The development of advanced technologies for producing hydrogen from 

renewable energy resources that minimize environmental impacts is now given high 

priority. Microbial electrohydrogenesis provides a completely new approach for 

hydrogen generation from biomass, such as biowaste and wastewater, and 

accomplishing waste treatment at the same time [15,18,49,53,82,83]. Its overall 

process is similar in principle to the electrolysis of water, except that microbes are 

used at the anode to decompose organic matter into CO2, electrons, and protons. Low 

energy consumption is one of multifold advantages of this system over water 

electrolysis. As low as 0.2 V is needed to produce hydrogen in microbial 

electrohydrogenesis, while a theoretically minimum applied voltage of 1.23 V is 

required for water electrolysis [43,83]. Other benefits include no expensive catalysts 

needed on the anode and the potential achievement of waste reduction 

simultaneously. This process also has multiple advantages over the fermentative 

hydrogen production, such as higher hydrogen recovery and more diverse substrate. 

More than 90% of hydrogen can be harvested by microbial electrohydrogenesis 

versus 33% by fermentation [10,15,48]. Various biodegradable organic materials, 

such as carbohydrates, protein, amino acids, alcohols, fatty acids can potentially be 

utilized for hydrogen production by microbial electrohydrogenesis compared to 

mainly carbohydrates by fermentation (30,47,53).  
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While microbial electrolytic hydrogen production has tremendous potential, the 

development of this technique is still in its infancy. In spite of the fact that 

information about the anode materials and microorganisms used in microbial fuel 

cells (MFCs) might be applicable to this system due to their similar anodic process, 

efficient and scaleable designs are critical for the successful applications of the 

microbial electrolysis. Membranes were employed in all the studies reported up to 

date [15,18,49,53,82,83] to separate anode and cathode. However, membranes, such 

as Nafion membranes are expensive, and can increase the internal resistance 

especially at neural pH. Rozendal et al. (83) reported considerable potential losses 

associated with cation exchange membrane (CEM, 0.38V) and anion exchange 

membrane (AEM, 0.26V), which increased the optimal value of the applied voltage 

and significantly decreased the energy recovery. The removal of membrane not only 

can simply the construction, operation and maintenance of MECs, but also can 

decrease the internal resistance, thus increase the hydrogen production rate.  

 

In this study, single-chamber membrane-free microbial electrolysis cells (MECs) 

were designed for the first time and used to investigate hydrogen production by one 

mixed culture and one pure culture: Shewanella oneidensis MR-1.  

 

2.  Materials and Methods 

2.1.  Construction of single-chamber membrane-free MECs  
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Two kinds of single-chamber membrane-free MECs were constructed to investigate 

the hydrogen production efficiency of the systems (Fig. 2-1). The first system was 

made from wide mouth glass bottles (500 mL) and used to investigate hydrogen 

production by a mixed culture (Fig. 1A). The anode (3.5 × 4 cm2) and cathode (4 × 5 

cm2) were held together by plastic screws with electrodes spaced 2 cm apart. The 

second system was made from clear borosilicate glass serum vials (100 mL) and 

used to investigate hydrogen production by S. oneidensis. Serum vials were chosen 

for the pure culture test mainly because they are easily sealed and autoclaved, and 

maintaining anaerobic condition after autoclave. The anode and cathode (both in 3×3 

cm) in this system were separated by a layer of cloth (4×4 cm, First Brands 

Corporation, USA) to avoid short circuit. For both systems, the anodes were made of 

type A carbon cloth (without wet-proofing; E-Tek, USA) and the cathodes were type 

B carbon cloth (30% wet-proofing; E-Tek, USA) containing 0.5 mg/cm2 Pt catalyst. 

The cathode was prepared as follows: (i) a commercial Pt catalyst (20 wt% Pt/C, E-

TEK) was mixed with Nafion (5%, Sigma-Alderich) for 10 hours in a ratio of 7 μL 

Nafion per mg of Pt/C catalyst to form a paste; (ii) the paste was then applied on 

both sides of cathode; (iii) the cathode was dried at room temperature for 24 hours. 

Titanium wire was used to connect the electrodes with the circuit for both systems. 
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               (a)                                         (b)                                          (c) 

 
Fig. 2-1. Photographs (a, b) and schematic (c) of single-chamber membrane-free 
MECs 
 

2.2. Operation of MECs with mixed culture 

The bacteria used in the MECs were enriched in conventional single-chamber MFCs 

using local domestic wastewater as the inoculum [50]. When the voltage output of 

the MFCs reached over 0.5 V at 1000 Ω external resistor, the anodes were removed 

and placed in MECs containing a pH 7 medium solution (300 mL). The medium 

solution contained following (per liter): NaH2PO4, 10.2g; Na2HPO4, 33.8 g; NH4Cl, 

0.31 g; KCl, 0.13 g; and mineral (12.5 mL) and vitamin (12.5 mL) solutions as 

reported [3]. Sodium acetate (20 mM) was used as carbon source for all experiments 

with mixed cultures. After purging the MECs with N2 gas for 10 min, a voltage 

ranging from 0.3 to 0.6 V was applied to the MECs by connecting the positive pole 

of a programmable power supply (3645A, Array Elec. Co. Ltd) to the anodes, and 

the negative to the cathodes. A high-precision resistor (1.1Ω) was incorporated in the 

electrical circuit, and the voltage (V) over the resistor was recorded using a 
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multimeter with a data acquisition system (2700, Keithly, USA) to calculate current 

density. Experiments were conducted in batch mode and solutions in MEC were 

replaced when the generated current decreased to less than 50 μA or methane 

concentration in the headspace was higher than 5%.  

 

A biotic control with microorganisms but without application of electricity was 

conducted in order to establish that dark fermentative hydrogen production such as 

hydrogen generation via mesophilic syntrophic acetate oxidation did not take place 

[89]. Since methane was detected during the hydrogen production process, another 

control experiment was conducted to investigate the possibility of methane 

generation from H2 and CO2 through the Sabatier process catalyzed by metal 

catalysts on the surface of cathodes. The MEC without microorganisms was first 

purged with hydrogen for 10 minutes, injected with CO2 to reach 25% in the 

headspace, and then operated at an applied voltage of 0.6 V.  

 

In addition, three methods were employed to suppress the growth of methanogens, 

including: (i) lowering the environment pH by using a medium solution (pH 5.8) 

containing phosphate buffer: NaH2PO4, 25.4g/L; Na2HPO4, 4.25g/L; (ii) exposing 

the cathode to air for 15 minutes when the methane content in the head space was 

higher than 5%; (iii) boiling the anodes from MFCs at 100 °C for 15 minutes before 

placing them in MECs. 
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2.3. Operation of MECs with S. oneidensis 

Since high current density was obtained in an MFC with S. oneidensis cultured under 

aerobical condition [78], S. oneidensis MR-1 (ATCC) was cultured aerobically in 

this study using a soy broth medium solution (30 g/L) as suggested by ATCC. The 

serum vial MECs were filled with a medium solution (40 mL) containing following 

(per liter): soy broth, 30g (Becton, Dickinso and Company); lactic acid, 1g; 

NaH2PO4, 10.2g; Na2HPO4, 33.8 g. The solution pH was adjusted to 7 using NaOH.  

The MECs were sealed with rubber serum stoppers and crimp style aluminum seals 

(Miller Analytical), purged with N2 gas to remove oxygen and autoclaved. The 

MECs were then inoculated with 40 mL cell solution and operated at an applied 

voltage of 0.6 V. Experiments were conducted in triplicate with one control 

experiment without inoculums. The experiments were operated in a semi-continuous 

mode; half solutions (40 mL) were replaced with fresh medium using a sterile 

syringe without opening the MECs when the produced current started to decreased. 

All experiments were conducted at 30 °C in a temperature controlled chamber. And 

all the reactors were covered by aluminum foils to eliminate the possibility of 

hydrogen production by photo-fermentation. 

 

2.4. Analyses 

The volume of biogas produced by the mixed culture was measured using water 

replacement method by connecting a gas tight gradual cylinder with the MECs 

through plastic tubing. The gases produced by S. oneidensis in serum vials MECs 
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were measured and released using a glass syringe. All biogases were sampled 

regularly and the composition was analyzed for their fraction using a gas 

chromatograph (Agilent, 6890; J&W Scientific, USA) equipped with a thermal 

conductivity detector and a column (113-3133 CARBONPLT, 30m ×0.32 mm×3μm, 

J&W Scientific, USA) with argon as the carrier gas. The actual biogas production 

was calculated from the total gas production and their specific gas fractions as 

following:  

ftTt GVHsV )( ,+=     (2.1) 

Where, Vt and VT,t, the cumulative volume in mL for a specific biogas such as H2, 

CH4, and CO2 and the total cumulative volumes for all gases at sample time t, Gf the 

gas fractions measured by GC, and Hs headspaces of reactors, equaling 20 and 200 

mL for reactors with pure and mixed cultures, respectively. The expected biogas 

production based on the integrated current over time was calculated as:  

F

IdtV
V

t

M

tE 2
0

,

∫
=          (2.2) 

Where, VE,t (mL) is the expected specific biogas production at sample time t based 

on integrated current over time, F Faraday’s number (96485 C/mol), VM the molar 

gas volume (25200 mL/mol at 30 °C), and 2 is for 2 e-/mol H2. The cathodic 

hydrogen recovery (RCAT), which indicates the conversion of electron to hydrogen on 

the surface of cathode was obtained as  RCAT =Vt/VE,t.  
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Coulombic efficiency (CE) is the percentage of substrate used in producing current. 

CE can be calculated as a ratio of total recovered coulombs obtained by integrating 

the current over time to the theoretical coulombs that can be produced from the 

substrate, as given by: 

CFbv

Idt
C

t

E Δ
= ∫0

                             (2.3) 

Where b is the number of moles of electrons produced per mole of substrate; v is the 

volume of substrate solution; and ΔC is the concentration difference of substrate 

from time 0 to time t (mol/L). And the overall hydrogen recovery (RH2) was obtained 

as RH2 = CERCAT. The Hydrogen yield (YH2) was the amount of hydrogen produced 

based on total substrate added. The hydrogen production rate, QH2 (m3/day/m3 or 

m3/day/m2) was calculated based on the measured hydrogen production rate 

normalized to the solution volume or anode surface area. 

 

The energy efficiency can be calculated based on only electrical input (electrical 

energy efficiency, ηW) or based on both electrical and substrate inputs (overall energy 

efficiency ηW+S) and obtained as follows: 

∫
Δ

== t
HH

E

H
W

IdtV

Hn
W
W

0

222η    (2.4) 

where WH2 is the amount of energy recovered as hydrogen, WE is the amount of 

electrical energy applied to the system, n is the number of moles of hydrogen 
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produced by time t;  ΔHH2 (=-285.53 kJ/mol) is the energy content of hydrogen; V is 

the applied voltage, and I is the current generated at applied voltage V.  

∫ Δ+

Δ
=

+
=+ t

SS

HH

SE

H
SW

HnIdtV

Hn
WW

W

0

222η   (2.5) 

where WS is the amount of chemical energy consumed, nS is the number of moles of 

substrate consumed by time t; ΔHS  (870.28 kJ/mol) is the heat of combustion of 

acetate.  

 

3. Results 

3.1. Hydrogen production by the mixed culture 

Hydrogen was produced right after anodes from MFCs were placed in MECs at an 

applied voltage of 0.6 V. A total of 110 mL of hydrogen was collected by the end of 

the first batch. The hydrogen production rate and current density continuously 

increased throughout the second batch.  In the third batch, a stable current output (9.3 

A/m2) (based on anode surface area) was obtained and a total of 372 mL hydrogen 

was collected by the end of third day with an average hydrogen production rate of 

0.4 m3/day/m3 based on the liquid volume of reactor and 0.086 m3/day/m2 based on 

anode surface area (Fig. 2-2). Reducing the applied voltage from 0.6 to 0.4 V 

resulted in about 56% decrease in both average current density (4.1 A/m2) and 

hydrogen production rate (0.17 m3/ day/ m3). The hydrogen production was 

accompanied by the production of CO2. The volumetric CO2 production rates were 
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0.1 m3/ day/ m3 at 0.6 V and 0.03 m3/ day/ m3 at 0.4 V in the third batch, which were 

about 18-25% of the hydrogen production rate.  

 

No CH4 were detected in first two batches (data not shown) and the first day of the 

third batch at both applied voltages. CH4 was started to accumulate in the second day 

of the third batch and its concentration increased to 3.5% and 5.5% by the end of 

third day at applied voltages of 0.6 and 0.4 V, respectively. Accumulation of 

methane negatively affected hydrogen production when its content was beyond 

1.5%. At applied voltage of 0.6 V, hydrogen production rate was decreased from 

0.53 to 0.25 m3/day/m3 at the 43rd hour where the methane content was about 1.1% 

as shown in Fig. 2-2. When a voltage of 0.3 V was applied to the MEC, no 

significant amount of biogas was produced with an estimated hydrogen production 

rate less than 0.01 m3/ day/ m3. And no biogases were detected in the biotic control 

experiment during three week operations.  
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Fig. 2-2.  Biogas production and current densities at applied voltages of (a) 0.6 V and 
(b) 0.4 V (pH 7.0). 
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Applied voltages significantly influenced the hydrogen conversion efficiency of the 

single-chamber membrane-free MECs as summarized in Table 2-1. The cathodic 

hydrogen recovery increased from 5% at 0.3 V to 72% at 0.4 V and further increased 

to 82% at 0.6 V. Assuming all the substrate was consumed, the overall hydrogen 

recovery was 62% and 23% with a Coulombic efficiency of 75% and 32% at 0.6 and 

0.4 V, respectively. Correspondingly, the hydrogen yield was also reduced from 2.5 

to 1.0 mol H2 /mol acetate when applied voltage decreased from 0.6 to 0.4 V.  

 
Table 2-1. Performances of MECs at various applied voltages and pH values.  

 
pH Applied 

Voltage 
(V) 

Current 
density 
(A/m2) 

CE 
(%) 

RCAT
(%) 

RH2
(%) 

YH2
(%) 

ηW 
(%)

ηW+S
(%) 

QH2
 

(m3·d-1·m-3)

0.3 2.5 24 5 1.2 - - - - 
0.4 4.1 32 72 23 1.0 267 27 0.20 

 
7 

0.6 9.3 75 82 62 2.5 204 58 0.53 

5.8 0.6 14 73 87 64 2.6 215 60 0.69 
 Assuming all substrate all consumed. 
 Calculated based on liquid volume 
 Calculated based on anode area 

 
 

The energy efficiencies based on voltage input (ηW) were 204 % and 267% at an 

applied voltage of 0.6 and 0.4 V, respectively. The fact that ηW was bigger than 

100% was resulted from the contribution of bacterial oxidation of acetate. 

Theoretically, ηW will decrease to 100% when the applied voltage increases to 

around 1.45 V [53]. When the energy efficiency was evaluated on the basis of both 

the applied voltage and substrate oxidation (assuming all acetate was consumed), the 
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overall energy efficiency (ηW+S) were 58% and 27% at the applied voltages of 0.6 

and 0.4 V, respectively.  

 

3.2. Inhibition of methanogenesis 

Methane produced in previous tests could be resulted from anaerobic methanogensis 

using acetate or H2/CO2 as substrates. It is also possible that methane could be 

produced through a well known Sabatier process, catalyzed by metal catalysts on 

cathode [5]:  

CO2 + 4H2 → CH4 + 2H2O   (2.6) 

The presence of methanogens using acetate as carbon sources would lower the 

Coulombic efficiency and hydrogen recovery by competing with the 

electrochemically active bacteria for substrates. Methane production from H2 and 

CO2 through methanogens or Sabatier process would lower the cathodic hydrogen 

recovery. The fact that no methane was detected in the first two batches using 

enriched bacteria from MFCs with acetate as carbon source indicates that the 

acetotrophic methanogens was not able to compete with the electrochemically active 

bacteria on the anode. Another fact that no activity was detected in the control 

experiment that run for 3 weeks using an autoclaved electrolysis cell (no inoculum) 

with H2 and CO2 in headspace indicates that the methane produced in the previous 

tests was not through the Sabatier process either. Therefore, the methane should be 

produced mainly through the catalytic activities of hydrogenotrophic methanogens. 

Since methanogens are obligate anaerobes and sensitive to pH, oxygen, heat, and 

 



 
 
 
 

 
 

35

chemicals [47], the following three approaches was applied to eliminate the 

methanogenesis in the system. 

 

3.2.1. Operation of MECs at pH 5.8  

It was reported that methane production rate would drop sharply at pH below 6.3 in 

fermentation processes since neutral pH is preferred by most of the methanogens 

[11; 98]. Experiments were conducted using pH 5.8 medium solution to investigate 

whether methanogens can be inhibited at lower pH without affecting the 

electrochemically active microorganisms. Although no methane was produced in the 

first two batches at the applied voltage of 0.6 V, about 1.4% of methane was detected 

in the headspace by the end of the second day of the third batch. Such a 

concentration is comparable to the 1.5% at pH 7, indicating that methanogens were 

not suppressed by lowering the pH in the tested system. Similar results were also 

reported in fermentation systems where a high methanogenic activity was still found 

at pH 4.5 [40]. 

 

3.2.2. Exposure of cathodes to air  

Since methanogens are obligate anaerobes and sensitive to oxygen, experiments were 

conducted by exposing cathodes to air for 15 minutes during medium replacement 

process to suppress their growth. Without exposure of cathodes to air, the content of 

methane kept increasing in the first four batches. About 9% of methane was detected 

in the headspace of the MEC operated with pH 5.8 solution by the end of the third 
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batch, and 22% by the end of the fourth batch (Fig. 2-3). Hydrogen production rate 

decreased with the increase of methane accumulation. At the fifth batch, exposure of 

cathode to air for 15 minutes significantly decreased the methane content to less than 

1% in the following two days operation. Correspondingly, the hydrogen production 

rate was increased from 0.18 m3/day/m3 in the fourth batch (26th to 56th hour, Fig. 2-

3) to 0.69 m3/day/m3 in the fifth batch (56th to 94th hour, Fig. 3). However, the 

hydrogen production rate started to reduce after 94th hour due to the decrease of 

current density caused by the decreased substrate concentration and the slightly 

increase in methane production. This decline was accompanied with a drop in CO2 

production from 0.206 to 0.076 m3/day/m3 in the same period. The current density 

was in the range of 13-15.7 A/m2 in the fifth batch (56th to 94th hour) with an overall 

hydrogen recovery of 64% at pH 5.8 (Table 2-1).   

 

3.2.3. Heat treatment of anodes 

Heat treatment of seed sludge (75 to 121°C for 15 minutes to 2 hours) has been 

commonly used in fermentative hydrogen production processes to screen spore-

forming hydrogen-producing bacteria and inhibit methanogenesis [47,57]. In this 

study, heat treatment was also applied to suppress methanogens. Anodes with 

bacteria enriched in MFCs were boiled at 100 °C for 15 minutes before being placed 

in the MECs. No biogases were produced in the first-week operation at an applied 

voltage of 0.6 V. Less than 2% of hydrogen was detected at the end of first batch (14 

days) in comparison to the 40% without heat treatment, suggesting that 
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electrochemically active microorganisms were affected by the heat treatment. On the 

other hand, about 1% of methane was still detected in the headspace, indicating that 

the methanogens present in the mixed culture were not completely suppressed.  
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Fig. 2-3. Effect of exposing cathode to air on hydrogen production at pH5.8 and an 
applied voltage of 0.6 V 
 

3.3. Hydrogen production by S. oneidensis.  

Fig. 2-4 represents hydrogen production from lactic acid by S. oneidensis in the 

single-chamber membrane-free MEC at an applied voltage of 0.6 V. A hydrogen 

content of 0.7% was detected in the headspace after the MEC was inoculated with S. 

oneidensis for 18 h.  A total of 2.5 ml (about 12% in the headspace) of hydrogen was 
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accumulated in the first batch. After half solution (40 mL) was replaced with S. 

oneidensis medium solution around the 500th hour, hydrogen production rate was 

increased significantly from less than 0.005 m3/day/m3 in the first batch to about 

0.025 m3/day/m3 with a total of 23 mL hydrogen collected by the 1400th hour.  

Carbon dioxide was also accumulated but no methane was detected over two-month 

operation.  
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Fig. 2-4. Hydrogen production with pure culture S. oneidensis MR-1(arrow indicates 

the replacement of the half medium solution). 
 

4. Discussion  

By using a single-chamber MEC without a membrane, it was possible to produce 

hydrogen as much as 0.53 m3/day/m3 at pH 7.0 and 0.69 m3/day/m3 at pH 5.8 with a 

mixed bacterial culture at an applied voltage of 0.6 V. These values are 76% and 

130% higher than that (0.3 m3/day/m3) of using a gas-cathode-chamber MEC at 
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applied voltage of 1.0 V [83], but lower than the 1.1 m3 H2/day/m3 reported by 

Cheng and Logan using a two-chamber MEC [15]. The current density (9.3 A/m2 at 

pH 7.0 and 14 A/m2 at pH 5.8) generated in this study, however, is over 3 times 

higher than that reported in a two-chamber system (3 A/m2) reported by Liu et al 

[49] and 18 times higher than that of the gas-cathode-chamber MEC (less than 0.5 

A/m2) [83] at same applied voltage of 0.6 V. Furthermore, it is also 69% higher than 

the current density of 5.5 A/m2 (calculated based on the hydrogen production rate 

and energy efficiency) reported by Cheng and Logan [15]. The high current densities 

achieved here was possibly resulted from the removal of membrane, which could 

contribute 38% of total resistance using CEM and 26% using AEM at an applied 

voltage of 1.0 V [83]. While high current density should result in high hydrogen 

production rate, the relatively low hydrogen production rate reported here was 

mainly due to the large MEC volume/electrode ratio employed in this study. If the 

MEC volume reduces to a similar size as the electrode set, the hydrogen production 

rate has the potential to increase to 4-7 m3/day/m3. Since the electrodes were spaced 

2 cm apart in the MECs of this study, further reducing the distance between anode 

and cathode would decrease the ohmic resistance, which in turn would increase the 

current density and hydrogen production rate. Unlike the single chamber membrane-

free MFCs, in which decreasing the anode and cathode spacing to less than 1 cm 

would lead to a decrease in current densities due to the effect of oxygen on anode 

bacteria [12], the spacing between the anode and cathode in MECs can be very small 

since no oxygen is present in the system. 
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In addition to high current density and potential hydrogen production rate, the single-

chamber membrane-free systems also possess other advantages, such as, simplifying 

system design, lowering the cost of operation, maintenance and construction, 

preventing problems specifically associated with membranes, and avoiding concerns 

on water pressure of cathode if one side of the cathode facing to the gas phase. 

 

The potential loss of hydrogen due to the growth of hydrogenotrophic 

microorganisms remains a challenge for this single-chamber membrane-free system 

using a mixed culture. It might be the main reason for the low cathodic hydrogen 

recovery (72% at 0.4V and 82% at 0.6V at pH 7) obtained in this study in 

comparison with the 92% -101% recovery reported in two-chamber systems 

[15,49,83]. However, by employing suitable approaches, such as exposure of 

cathodes to air, it is possible to suppress the hydrogenotrophic bacteria, resulting in a 

decrease of CH4 production. Another approach of avoiding the consumption of 

hydrogen is to use pure bacterial culture. Here we demonstrated the hydrogen 

production from lactic acid by S. oneidensis MR-1 without the formation of CH4, 

although its current density and hydrogen production rates are quite low in 

comparison with the mixed culture. Screening of highly efficient microorganisms 

from the mixed culture and/or engineering the microorganism through genetic 

modification would significantly increase the feasibility of this technology with a 

single-chamber membrane-free design.  
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5. Conclusions  

Single-chamber membrane-free MECs were designed and successfully produced 

hydrogen from organic matter using one mixed culture and one pure culture: 

Shewanella oneidensis MR-1. At an applied voltage of 0.6 V, a hydrogen production 

rate of 0.53 m3/day/m3 was obtained using a mixed bacterial culture by the single 

chamber MECs operated at pH 7.0. Higher hydrogen production rate (0.69 

m3/day/m3) was obtained when the MECs were operated at pH 5.8. High current 

densities of 9.3 A/m2 (pH 7) and 14 A/m2 were achieved with the mixed culture in 

the single chamber MEC system, attributing to the reduced potential losses 

associated with membrane. Applied voltages exerted significant influences on 

MEC’s performance. The performances at 0.6 V were more than two times higher 

than those at 0.4 V in terms of hydrogen production rate, overall energy efficiency, 

hydrogen yield, Coulombic efficiency and current density. While 0.3 V was the 

minimum applied voltage to achieve measurable hydrogen production rate in the 

MEC system. Hydrogenotrophic methanogens in the mixed culture systems 

adversely affected hydrogen production.  However, their activities can be suppressed 

by exposing cathodes to air for 15 min. Lowering solution pH (5.8) and heat 

treatment (100 °C) for 15 min) of electrode did not effectively inhibit the activities of 

methanogens. Methanogenesis was avoided by using the pure bacterial culture S. 

oneidensis in this MEC system. However, the current hydrogen production rates 

were much lower than those with the mixed culture systems. The current density and 

volumetric hydrogen production rate of this system have potential to increase 
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significantly by further reducing the electrode spacing and increasing the ratio of 

electrode surface area/cell volume.    
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ABSTRACT 

Platinum has excellent catalytic capabilities and is commonly used as cathode 

catalyst in microbial electrolysis cells (MECs). Its high cost, however, limits the 

practical applications of MECs. In this study, precious-metal-free cathodes were 

developed by electrodepositing NiMo and NiW on a carbon-fiber-weaved cloth 

material and evaluated in electrochemical cells and tubular MECs with cloth 

electrode assemblies (CEA). While similar performances were observed in 

electrochemical cells, NiMo cathode exhibited better performances than NiW 

cathode in MECs. At an applied voltage of 0.6 V, the MECs with NiMo cathode 

accomplished a hydrogen production rate of 2.0 m3/day/m3 at current density of 270 

A/m3 (12 A/m2), which was 33% higher than that of the NiW MECs and slightly 

lower than that of the MECs with Pt catalyst (2.3 m3/day/m3). At an applied voltage 

of 0.4 V, the energy efficiencies based on the electrical energy input reached 240% 

for the NiMo MECs. These results demonstrated the great potential of using carbon 

cloth with Ni alloy catalysts as a cathode material for MECs. The enhanced MEC 

performances also demonstrate the scale-up potential of the CEA structure, which 

can significantly reduce the electrode spacing and lower the internal resistance of 

MECs, thus increasing the hydrogen production rate. 

 

Keywords: hydrogen production; microbial electrolysis cells (MECs); NiMo; NiW; 

cathode catalyst; electrodeposition.  
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1.  Introduction 

With growing concerns about global warming and the finite supply of fossil fuels, 

hydrogen as a clean energy carrier for the future has drawn global interests. 

Microbial electrolysis cell (MEC) technology provides a new approach for hydrogen 

production from renewable biomass [49,82]. This system uses microbes to 

breakdown organic materials at anode and evolve hydrogen gas at cathode by 

combining protons and electrons released from the anode. This process holds 

multiple advantages over hydrogen production by water electrolysis, including low 

energy requirements and concomitant treatment of biowaste or wastewater [53,55]. 

Despite its recent advances in reactor design [7,34,95] and operation [45,91,93,94], 

many challenges still need to be overcome for realizing the practical applications of 

this technology, among which the high cost of cathode is one of the most critical 

ones [53,55].   

 

Cathodes with Pt catalyst are commonly used in MEC studies [9,15,83,49,82] 

possibly due to its excellent catalytic capabilities and popularity in microbial fuel 

cell (MFC) studies [55].  Several alternatives to Pt for oxygen reduction in MFCs 

were investigated, including cobalt tetramethoxyphenylporphyrin (CoTMPP) and 

iron phthalocyanine (FePc) [13,103-106]. However, few attempts have been made to 

investigate non-Pt catalyst in MECs. Selembo et al. [90] developed nickel oxide 

catalysts through cathodic electrodeposition of NiSO4 and (NH4)2SO4 onto on a sheet 

metal and tested them in MECs.  Harnisch et al. [29] synthesized tungsten carbide 
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powder via a carburization procedure and explored its electrocatalytic behavior in 

MECs by pasting the powder onto graphite disc with Nafion. A brush cathode made 

of stainless steel was also investigated in MEC systems [8]. On the other hand, 

extensive studies have been carried out on precious-metal-free catalysts for hydrogen 

evolution reaction (HER) in water electrolysis [60,64]. Ni-based alloys have 

demonstrated high intrinsic electrocatalytic activity in HER and exhibited better 

catalytic capability than single Ni catalyst because of synergistic electronic effect 

among alloys [60,64]. Although hydrogen production from water electrolysis and 

MEC shares the same cathodic reaction, the operational conditions in water 

electrolyzers are significantly different from those in MECs [49,82]. The 

performance of Ni-alloy catalysts at neutral pH and in complex bacterial medium 

solution has not been well studied. In addition, Ni-based catalysts for water 

electrolysis were normally electrodeposited on sheet metals with smooth surface 

[60,64]. In MECs, three dimensional electrode materials may be preferred to increase 

the surface area for catalytic activities to overcome the low current density at neutral 

pH. However, the thickness of such a material has to be limited in a certain range 

due to negative effect of large average electrode spacing on MEC performance [8].  

 

This study represents an attempt to contribute to the development of efficient, stable 

and cost-effective Ni-alloy cathodes for hydrogen production in MECs. Cathodes 

were developed by electrodepositing Ni alloys (NiMo and NiW) onto a three-

dimensional carbon-fiber-weaved cloth material and were evaluated at neutral pH 
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using electrochemical cells. These electrodes were also examined for hydrogen 

production in single-chamber tubular MECs with cloth electrode assembly (CEA).  

 

2.  Materials and Methods 

2.1.  Ni-alloy cathodes preparation 

Cathodes were prepared by electrodepositing NiMo and NiW on carbon cloth (Type 

B, without wet-proofing; E-Tek, USA) using one-compartment two-electrode cells. 

A piece of the carbon cloth (2 × 2 cm2) was soaked in 70% ethanol for 10 minutes to 

degrease, rinsed with DI water, and then used as working electrode. A platinum foil 

(3 × 3 cm2) of high purity (99.99%, Alfa Aesar) was used as counter electrode. 

Voltage was applied to the cells with the positive pole connected to the counter 

electrode (Pt electrode) and negative pole to the working electrode (carbon cloth) 

using a digital power supply (3645A, Array Elec. Co. Ltd). Platinum was also 

electrodeposited on carbon cloth cathodes for comparison. The composition of 

electrolytes and electrodeposition conditions were modified from a previous study 

[64] and listed in Table 3-1. After deposition, the cathodes were carefully rinsed with 

DI water to remove residues of bath chemicals and unattached catalyst particles, and 

then dried at 104 °C for 12 hours. The weight differences before and after the 

deposition was used to calculate the catalyst loading based on the projected cathode 

surface area (4 cm2). The morphology of the developed cathodes was examined 

using scanning electron microscope (SEM, Quanta 600 FEG, FEI, USA) at 20 kV. 
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Table 3-1. Experimental conditions for electrodeposition of catalysts on carbon cloth 
 

* Used to adjust pH to the final value. 

 NiMo NiW Pt 
Current density, A/m2 250  125  200  
Duration, minute 90 90 90  
pH 10 10 - 

NiSO4·6H2O  40  NiSO4·6H2O  20 K2PtCl6 0.7 
Na2MoO4·2H2O 25  Na2WO4·2H2O  20 HClO4 10 
Sodium citrate 45  Potassium citrate 25  

Chemicals, g/L 

NH4OH Excess* Na2CO3 Excess*  

 
 

2.2.  Evaluation of developed cathode in electrochemical cells  

Chronopotentiometry experiments were carried out using a potentiostat (G300 

potentiostat, Gamry Instrument Inc) to evaluate the developed cathodes in 

electrochemical cells with the same medium solution used in our previous study [34] 

except that no carbon source (sodium acetate) and microorganisms were added. The 

electrochemical cell contains an anode and a cathode chamber, which were separated 

by an anion exchange membrane (AMI-7001; Membrane International, USA). A 

platinum foil (3 × 3 cm2) was used as counter electrode in the anode chamber and the 

developed cathode was used as working electrode in the cathode chamber. An 

Ag/AgCl electrode (RE-5B, Bioanalytical systems, USA) placed in a luggin capillary 

was used as reference with the tip of the luggin capillary located near the surface of 

working electrodes. The cathode chamber was continuously purged with argon gas 

(99.99% pure) to maintain an oxygen-free condition. Current densities ranging from 

0.01 to 0.8 mA/cm2 were applied and the corresponding potentials at each current 

density were recorded for at least 60 minutes. These potentials were then plotted 
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against current densities to evaluate the performance of cathodes, where a higher 

potential at same current densities indicates a better cathode performance.  

 
2.3.  Evaluation of the developed cathodes in tubular membrane-free MECs  

The developed cathodes were also evaluated in tubular membrane-free MECs for 

hydrogen production. The MECs were constructed with clear borosilicate glass 

serum tubes (28 mL) as main body (Fig. 3-1A). Carbon cloth (3 cm in diameter, type 

A without wet-proofing; E-Tek, USA) with biofilms developed in MFCs was used as 

anode and separated from the cathode (2 × 2 cm2) by a layer of cloth (4 × 4 cm2), 

forming a CEA structure (Fig. 3-1B). The development of biofilms on anodes was 

conducted in single chamber MFCs as described previously [34, 50]. When stable 

voltage output of the MFCs was obtained, the MFC anodes were removed and placed 

in the tubular MECs. Titanium wires were used to connect the circuit. 

A B 

Anode 

Cloth 

Cathode 

 
 
Fig. 3-1. Photo (A) and schematic of the cross section (B) of a single-chamber 
tubular MEC. 
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The fabricated MECs were filled with 18 ml medium solution containing 5 g/L of 

.4.  Analyses 

r es were measured and released using glass syringes. All biogases 

were sampled regularly and analyzed for their fraction using a gas chromatograph 

sodium acetate trihydrate, 100 mM phosphate butter (pH 7) and other nutrients [34] 

and then sealed with rubber serum stoppers and crimp style aluminum seals (Miller 

Analytical). After being purged with N2 gas for 15 minutes, voltages (0.6, 0.4, 0.35, 

and 0.3 V) were applied to the MECs by connecting the positive pole of a 

programmable power supply (3645A, Array Elec. Co. Ltd) to the anodes, and the 

negative to the cathodes. A high-precision resistor (2.2 or 3.3 Ω) was incorporated in 

the electrical circuit, and the voltage (V) over the resistor was recorded using a 

multimeter with a data acquisition system (2700, Keithley, USA) to calculate current 

density. Experiments were conducted in batch mode and the solutions in MECs were 

replaced when the generated current decreased to less than 50 μA. In order to 

suppress the growth of methanogens, cathodes were exposed to air for 15 minutes at 

the end of each batch cycle.  Two control experiments were carried out at an applied 

voltage of 0.6 V to investigate hydrogen production under abiotic and cathode 

catalyst-free conditions, respectively. For the abiotic control, NiMo was used as the 

cathode catalyst. For the catalyst-free control, the plain carbon cloth (Type B, 

without wet-proofing; E-Tek, USA) were used as cathode.   Experiments were 

conducted in triplicate at 30 ± 2 °C in a temperature controlled chamber. 
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(6890N, Agilent, USA) equipped with a thermal conductivity detector and a column 

(113-3133 CARBONPLT, J&W Scientific, USA) with argon as the carrier gas. The 

accumulated hydrogen production was calculated from head space, the released 

volume and specific gas fractions as following:  

)(
1

i

t
VxxVV ⋅+⋅= ∑      ,tRtihi

=

Where, Vi and Vh, VR,t the cumulative hydrogen volume from beginning to the time i, 

the volume of headspace (10 mL) and the volume of released biogas at time t, 

xpected biogas production based on the 

tegrated current over time, the cathodic hydrogen recovery (RCAT) indicating the 

respectively; xi and xt the mole fractions of hydrogen in the headspace and in the 

released volume at corresponding time.  

 

All other parameters, including the e

in

conversion of electron to hydrogen on the surface of cathode, the overall hydrogen 

recovery (RH2), hydrogen yield (YH2) based on total substrate added, the Coulombic 

efficiency (CE) based on total added substrate, and energy recovery (ηW) based on 

electricity input were calculated as previously described [7,34]. The hydrogen 

production rate (QH2 (m3/day/m3) was calculated based on the measured hydrogen 

production rate normalized to the solution volume. 
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3. Results 

.1.  Morphology of the cathodes  

hode was made of carbon fibers with a diameter of 8-10 µm 

st layer was developed on the fibers with a 

3

The carbon cloth cat

(Fig. 3-2A).  A smooth NiMo cataly

thickness of ~5 µm (Fig. 3-2B), which is thicker than the coarse NiW catalyst layer 

(NiW) (<1 µm Fig. 3-2C) developed on the cathode. The thicker layer of NiMo than 

NiW was possible due to the higher current density (250 vs 125 A/m2) applied in the 

electrodepositing process. While the exact compositions of the developed Ni alloy 

catalysts were not examined in this study,  Navarro-Flores et al. [64] reported the 

formation of Ni7Mo and Ni3W structure on Cu surface at current densities of 1600 

and 100 A/m2 with similar electrolyte compositions. For the cathode electrodeposited 

with platinum, aggregates were formed and sparsely distributed on carbon fiber 

surface (Fig. 3-2D). This was consistent with the results based on the weight 

measurements that the loading of Pt (0.7 ± 0.3 mg/cm2) was lower than those of 

NiMo (25 ± 5 mg/cm2) and NiW (6 ± 2 mg/cm2).  
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Fig. 3-2. SEM micrographs showing the surface morphology of plain carbon cloth 
fibers (A) and carbon fiber coated with NiMo (B), NiW (C) and Pt (D). Cross-
ections of the NiMo and NiW catalyst layers were shown in the inserted pictures of 

(B) and (C), respectively. 
s
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3.2.  Cathode performances in electrochemical cells 

 similar trend was observed for the developed cathodes in the chronopotentiometry 

(F ith the increase of current 

A

tests ig. 3-3). Their potentials decrease rapidly w

densities at lower current densities (<0.2 mA/cm2) followed by a gradual descent at 

higher current densities (0.2-0.8 mA/cm2). NiMo and NiW cathodes exhibited 

similar potentials (less than 5 mV difference) over the whole range of current 

densities tested, with a slightly (less than 20 mV) better performance than the Pt 

cathode. Based on the cathode potential of -0.69 − 0.72 V and the typical anode 

potential of -0.3 V [7,34] at the current density range of 0.2-0.8 mA/cm2, we 

estimated that an applied voltage ~ 0.4 V is needed for the MECs operated in this 

current density range [1,5]. 
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Fig. 3-3. Cathode potentials as a function of current density 
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3.3.  Hydrogen production in tubular MECs with the developed cathodes 

Hydrogen production was investigated at applied voltages of 0.6, 0.4, 0.35, and 0.3 

V in the tubular MECs with the developed cathodes. At each applied voltage, at least 

three batch experiments were carried out before switching to another applied voltage. 

In spite of the comparable performances in electrochemical cells, the MEC with 

NiMo cathode generated 40 mL hydrogen in 28 hours with an average hydrogen 

production rate of 2.0 m3/day/m3, which was 33% higher than the MEC with NiW 

cathode (1.5 m3/day/m3) at the applied voltage of 0.6 V (Fig. 3-4A). About 33 mL 

hydrogen was collected from the MEC with Pt cathode within 18 hours, which 

presented a hydrogen production rate of 2.3 m3/day/m3. The performance differences 

in electrochemical cells and in MECs were possibly due to the varied influences of 

the complicated biological system (biofilms, metabolic products etc) on the catalysts. 

Reducing the applied voltage from 0.6 to 0.4 V resulted in 20% - 30% decrease in 

hydrogen production rates (Fig. 3-4B). When the applied voltage was further reduced 

to 0.35 V, a 55 - 70% decrease in hydrogen production (0.3-0.7 m /day/m ) was 

observed for all the systems. At the applied voltage of 0.3 V, the hydrogen 

production rates further decreased to 0.04 - 0.35 m / day/ m . No hydrogen was 

detected after a one-week operation for the abiotic control experiment. Less than 1 

mL of hydrogen was collected after a one-week operation of the MEC with the 

catalyst-free control. 
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Fig. 3-4. Hydrogen production in MECs with various cathodes at 0.6 V (A) and 
hydrogen production rates at various applied voltages (B) 
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During the hydrogen production process, we also observed significant current change 

when releasing the biogas with glass syringe. Fig. 3-5 shows one of the batch 

experiments using NiMo MECs. Current density dropped 20-40% each time when 

biogas was released and gradually recovered in about 2 hours. The variation in 

current density may be caused mainly by the change of effective cathode surface 

area.  When gas pressure was released, vigorous effervescence from the cathode 

surface was visually observed. The bubble holdup on the surface might reduce the 

effective cathode area, lowering the current density. After the trapped bubbles 

gradually released from the surface, the current recovered. The current change may 

g. 3-5. Current density change in response to gas release in one batch for the NiM
 at an applied voltage of 0.6 V. The arrow indicates gas rel
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also be related to the varied HCO3
- and CO3

2-concentrations in solution due to the 

release of biogas. CO2 was generated during the production of H2 and accumulated 

achieved a 

ydrogen yield of 2.6 mol H2/mol acetate, which was 18% higher than that of the 

M gen yield for Pt MEC was 1.9 mol H2/mol 

in solution in the forms of H2CO3, HCO3
- and CO3

2-. The pressure drop during the 

biogas release decreased the concentration of these ions and resulted in the increase 

of internal resistance and thus the decrease of current density [25]. In our previous 

study, the current density was stable throughout the batch experiment when the 

biogas was continuously collected using water replacement method [34]. 

 

3.4.  Hydrogen recovery and yield 

Hydrogen recovery is the product of Coulombic efficiency (CE) and cathodic 

recovery (RCAT). For all MECs tested, CE and RCAT both quickly increased with the 

applied voltage from 0.3 to 0.4V, but leveled off from 0.4 to 0.6 V (Fig. 3-6). NiMo 

MECs demonstrated 3-27% higher CE and RCAT than NiW MECs over the applied 

voltage of 0.4 and 0.6 V (Fig. 3-6). While the RCATs of the Pt MECs were almost 

same with those of the NiMo MECs at the applied voltages of 0.4 and 0.6 V, 

respectively, their CEs were 25-27% lower than that of NiMo MECs. At the applied 

voltage of 0.6 V, the overall hydrogen recoveries were 65% and 55% for the NiMo 

MEC and the NiW MEC, respectively. Correspondingly, NiMo MEC 

h

NiW ECs. Surprisingly, the hydro

acetate, which is even less than that of the NiW MEC at the applied voltage of 0.6 V. 

This lower yield was possibly resulted from the methanogenesis in the Pt MEC. It 
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was found that methane content was above 1% after 18th hour and hydrogen content 

was significantly reduced. Then the batch was stopped. On the other hand, methane 

content was non-measureable at the end of batch (over 30 hour) for NiMo and NiW 

MECs. Furthermore, it was assumed that all substrate were consumed for yield 

calculation. However, it was high possible that only part of substrate was oxidized in 

18 hour operation for Pt MEC. Therefore, its obtained hydrogen yield was 

conservative.  
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Fig. 3-6. Coulombic efficiencies (CE) (closed symbols), cathodic recoveries (RCAT) 
(open symbols) (A), and hydrogen yields (B) of MECs at various applied voltages. 

(circle for NiMo, rectangle for NiW, and triangle for Pt) 
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Fig. 3-7. Energy efficiencies of MECs with various cathodes 
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3

Both NiMo an of 240% and 

200%, respectively at an applied voltage of 0.4 V (Fig. 3-7). The NiMo MECs 

demonstrated 50-60% higher energy efficiency than the NiW MECs at other applied 

voltages. Pt MECs showed 15% lower energy efficiency than NiMo MECs at higher 

applied voltages (0.4 and 0.6 V); however, it operated more efficiently at lower 

applied voltages (0.3 and 0.35 V). An energy efficiency of 280% was obtained for 

MECs with Pt at 0.35 V.  

 

4. Discussion  

By electrodepositing NiMo, NiW and Pt onto carbon cloth, it was demonstrated in 

this study that MECs with NiMo cathode c

terms of hydrogen production rate, especially at applied 

). At an applied voltage of 0.6 V, the NiMo MEC 

on rate of the NiMo MECs is a 60-700% higher than 

.5. Energy efficiency  

d NiW MECs achieved their highest energy efficiencies 

ould achieve performances comparable to 

those with Pt cathode in 

voltages above 0.4 V (Table 3-2

accomplished a hydrogen production rate of 2.0 m3/day/m3, which was 370% higher 

than that obtained using a single chamber MEC with Pt cathode in our previous 

study [34], and comparable to the single-chamber MEC with Pt cathode reported by 

Call and Logan [7]. This result is also 160% higher than the 0.76 m3/day/m3 obtained 

in the MEC with nickel oxide catalyst on sheet metal  [90], and 17% higher than the 

1.7 m3/day/m3 obtained from a stainless steel cathode [8]. At an applied voltage of 

0.4 V, the hydrogen producti
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those reported previously (Table 3-2), demonstrating the potential of NiMo as 

ion rate. A non-conductive cloth 

yer was sandwiched between the anode and cathode forming a cloth electrode 

assembly in the tubular reactor. The cathode area to volume ratio, which was 0.22 

cathode catalyst for hydrogen production in MECs. 

 

Besides the high intrinsic electrocatalytic activity of NiMo or NiW and the 

synergistic effects of the transition metals [60,64], there are two additional possible 

reasons attributed to the good performances of the MECs in this study. First, the 

three-dimensional surface of carbon fibers provided much bigger specific surface 

area for electrodeposition of catalysts than flat sheet metals. This resulted in higher 

catalyst loadings, and consequently higher specific surface area of catalytic coatings, 

which improved the adsorption of hydrogen atom on the catalyst and decrease the 

corresponding overpotential, and thus increased the HER reaction rate [64,92].  

 

Second, the tubular MEC design with significantly reduced electrode spacing also 

contributed to the high volumetric hydrogen product

la

assembly. Such a structure not only can prevent the short circuit between the 

electrodes, but also can reduce the electrode spacing and the internal resistance of 

MECs and thus increase current density [24]. At the applied voltage of 0.6 V, current 

densities of 270 A/m3 (12 A/m2) was obtained for NiMo MECs in this study, which 

was 44-106 % higher than some previous studies (Table 3-2). The tubular MEC 

design also increased electrode area to volume ratio by rolling the cloth electrode 
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m2/m3 in this study, has potential to further increase to >10 m2/m3, thus significantly 

increase the hydrogen production rate. In addition, this single chamber tubular design 

implifies the construction and operation and can be easily scaled up. 

 

Vol. mg/cm A/m A/m % % mol/mo

s

 

Although the NiMo loading (25 ± 5 mg/cm2) was much high than the Pt loading (0.7 

± 0.3 mg/cm2) in this study, the fabrication cost for NiMo cathode was only about 

10% of that for Pt cathode based on the chemical costs. Optimization of the NiMo 

loading could further reduce the cost of NiMo cathode, thereby enhancing the 

economic feasibility of the MEC technology 

Table 3-2. Performances of MECs with different cathodes 

Appl. Catalyst 
2

Ic
2 

IV
3

CE RCAT YH2
l

ηW Q
% m ·d ·m

H2
 

3 -1 -3
Reference 

NiMo 12 270 75 86 2.6# 182 2.0 This study 

NiW 9 200 73 75 2.2#

* *

114 1.5 This study 

Pt, 0.5 -- -- 96

Pt, 0.5 13.5 300 56 85 1.9# 151 2.3 This study 

Pt, 0.5 9.3 43 75 82 2.5 204 0.53 7 

22 

0.6 V 

Ni +NiOx -- 131 -- 52 -- 137 0.76 20 

NiMo 9.5 210 70 78 2.2# 240 1.6 This study 

95 3.7 261 1.1 12 

Pt, 0.5 7.4 186 92 96 -- 254 2.0 5 

SS brush -- 188 -- 84 -- 221 1.7 

NiW 7.7 170 55 63 1.4# 200 1.1 This study 

Pt, 0.5 10.5 235 51 73 1.5# 205 1.6 This study 

* *

Pt, 0.5 4.1 103 92 96 -- 351 1.0 5 

0.4 V 

Pt, 0.5 4.1 19 32 72 1 267 0.2 7 

Pt, 0.5 -- -- 95 89 3.3 430 0.6 12 

 Calculated based on cathode surface area.  Calculated based on liquid volume.   

 
 # Assuming all substrate was consumed.       * Calculated based on reported data 
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ABSTRACT 

Non-platinum based cathodes were recently developed by electrodepositing NiMo on 

carbon cloth, which demonstrated good electrocatalytic activity for hydrogen 

evolution in microbial electrolysis cells (MECs). To further optimize the 

electrodeposition condition, the effects of electrolyte bath composition, applied 

current density, and duration of electrodeposition were systematically investigated in 

this study. The developed NiMo catalyst was characterized with scanning electron 

microscopy and energy dispersive spectroscopy and evaluated using 

chronopotentiometry and in an MEC. A suitable condition for electrodeposition of 

NiMo on carbon cloth was selected as:  a Mo/Ni mass ratio of 6/10 in electrolyte 

bath, an applied current density of 0.05 A/cm2 and electrodeposition duration of 10 

min. Under this condition, the NiMo catalyst has a formula of Ni6MoO3 with a 

nodular morphology. The NiMo loading on the carbon cloth was reduced to 1.7 

mg/cm2 and the performance of MEC with the developed NiMo cathode was 

comparable to that with Pt cathode with a similar loading. This result indicates that a 

much lower cathode fabrication cost can be achieved compared to that using Pt 

catalyst, and thereby significantly enhancing the economic feasibility of the MEC 

technology.  

Keywords: hydrogen production; microbial electrolysis cell (MEC); NiMo catalyst; 

electrodeposition.  
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1.  Introduction  

Microbial electrolysis cell (MEC) technology provides a new approach for hydrogen 

production from renewable biomass [49,53,55,82].  The development of non-

platinum cathode catalysts, such as nickel alloy [35], stainless steel brush [7], 

tungsten carbide [29], and nickel oxide [90], have attracted much attention recently 

to reduce the material costs of MECs . Ni-based alloys have demonstrated high 

intrinsic electrocatalytic activity in hydrogen evolution reaction (HER) in water 

electrolysis and exhibited better catalytic capability than single Ni catalyst because 

of synergistic electronic effect among alloys [31,60,64]. In our previous study, NiMo 

and NiW cathodes were developed by electrodepositing nickel alloy on carbon cloth 

and evaluated at neutral pH condition [35]. The three-dimensional surface of the 

carbon-fiber–weaved cloth provides an excellent base material for the nickel alloy 

catalysts, which were evidenced by the good performance of the developed cathodes 

[35]. An MEC with the developed NiMo cathode achieved a hydrogen production 

rate of 2 m3/day/m3, which was comparable to that of an MEC with a Pt cathode. 

However, the loading of NiMo (12.5±2.5 mg/cm2) was much higher than the Pt 

loading (0.35±0.15 mg/cm2) [35]. In addition, electrodepostion conditions can affect 

the composition and mophology of developed catalysts and subsequently affect the 

performance of developed cathodes [36,44,64,]. Therefore, further optimization of 

electrodeposition conditions, such as electrolyte bath composition, electrodeposition 
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duration, and current density, is needed to reduce the catalyst loading and to enhance 

the cathode performance of MECs. 

This study explored the optimal conditions for electrodeposition of NiMo onto 

carbon cloth for HER under neutral pH condition in MECs. The developed NiMo 

cathodes were characterized using chronopotentiometry, scanning electron 

microscopy (SEM) and energy dispersive spectroscopy (EDS). The cathodes were 

also examined for hydrogen production in single-chamber tubular MECs with cloth 

electrode assemblies (CEAs).This study represents a further attempt to develop 

efficient, stable and cost-effective Ni-alloy cathodes for hydrogen production in 

MECs.  

 

2.  Materials and Methods 

2.1.  NiMo cathode development 

Carbon cloths (Type B, without wet-proofing; E-Tek, USA) (2 × 2 cm2) were used as 

cathode substrate and the electrodeposition of NiMo were conducted in a single 

chamber cell as described previously [35]. First, the composition of the electrolytes 

(Mo/Ni ratio:1/10-1) (Table 4-1) on cathode performance was investigated with 

electrodeposition conducted at 0.1 A/cm2 for 15 minutes. The suitable electrolyte 

composition was selected based on this set of experiment and the effects of applied 

current density and electrodeposition duration were further investigated with a 

constant product of these two factors (Table 4-2). After deposition, the developed 
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cathodes were carefully rinsed with DI water, and then dried at 104 °C for 12 hours. 

The weight difference before and after the deposition was used to calculate the 

catalyst loading based on the double sides of the projected cathode surface area (2 × 

4 cm2). 

 
Table 4-1. Electrolyte bath compositions for electrodepositiona  
 
Mo/Ni b 1/10 3/10 6/10 10/10
NiSO4·6H2O  (g/L) 29.1 24.6 20.0 16.0
Na2MoO4·2H2O  (g/L) 2.9 7.4 12.0 16.0
Sodium citrate  (g/L) 22 22 22 22
NH4OH  used to adjust pH to 10 

Note: a. operated at 0.1 A/cm2 and 15 minutes 
b. total amount of Na2MoO4·2H2O and NiSO4·6H2O was kept constant,  

while their mass ratio varied from 1/10 to 1/1. 
 

Table 4-2. Experiment conditions for electrodeposition of NiMo on carbon cloth a 

 
  C0.4-15 C0.4-5 C0.4-2.5 C0.2-30 C0.2-10 C0.2-5 C0.1-60 C0.1-20 C0.1-10

Current, A 0.4 0.2 0.1 
Current density 
     A/cm2 0.1 0.05 0.025 
Duration, min 15 5 2.5 30 10 5 60 20 10 
Loading, 
  mg/cm2 4.5±1 1.2±0.3 0.8±0.2 8±2 1.7±0.3 1.3±0.2 10±3 5±2 1.5±0.3

a. Concentrations of Na2MoO4·2H2O and NiSO4·6H2O were 20.0 g/L and 12.0 g/L, respectively. 
 

2.2.  Evaluation of the developed NiMo cathodes by chronopotentiometry  

Chronopotentiometry experiments were carried out in a two-chamber 

electrochemical cell using a potentiostat (G300 potentiostat, Gamry Instrument Inc) 

following the same procedure and conditions reported previously [35]. Briefly, a 

platinum foil (3 × 3 cm2) was used as counter electrode in the anode chamber and the 

developed cathodes as working electrode in the cathode chamber that was 
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continuously purged with argon gas (99.99% pure) to maintain an oxygen-free 

condition. Current densities ranging from 0.01 to 2.5 mA/cm2 were applied and the 

corresponding potentials at each current density were recorded for at least 60 

minutes. These potentials were then plotted against current densities to evaluate the 

performance of cathodes, where a higher potential at same current densities indicates 

a better cathode performance.  

 

2.3.  Cathode surface characterization 

Scanning electron microscopy (SEM) analysis were conducted at 15 kV (Quanta 6 

00 FEG, FEI, USA) for characterization of the surfaces of the developed NiMo 

cathodes before MEC operations. The chemical composition of the NiMo coatings 

was determined by quantitative energy dispersive spectroscopy (EDS) attached to the 

SEM, which were carried out in different locations to obtain an average composition 

of the entire coating surface.  

 

2.4.  Evaluation of the developed NiMo cathodes in a tubular membrane-free 

MEC  

The developed NiMo cathodes were also selected and evaluated for hydrogen 

production in a tubular membrane-free MEC, which was constructed with clear 

borosilicate glass serum tubes (28 mL) as described previously [35]. The NiMo 

cathode (2 × 2 cm2) was separated by a layer of cloth from the anode made of carbon 
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cloth (3 cm in diameter, type A without wet-proofing; E-Tek, USA). A medium 

solution was prepared containing 5 g/L of sodium acetate trihydrate as carbon 

source, 100 mM phosphate butter (pH 7) and other nutrients [35]. Each MEC was 

inoculated with 5 mL bacterial solution from a well-acclimated MFC and 13 mL 

medium solution. All the 18 mL solution was replaced with new medium at the end 

of each batch.  

 

The MECs were operated following a similar procedure reported previously [35]. 

Briefly, MECs were sealed, purged with N2 gas for 15 minutes and then operated at 

two different applied voltages (0.6 or 0.4 V). The voltage (V) over a high-precision 

resistor (3.3 Ω) incorporated in the electrical circuit was recorded to calculate current 

density. Experiments were conducted in fed-batch mode and the solutions in MECs 

were replaced when the generated current decreased to less than 50 μA. In order to 

suppress the growth of methanogens, cathodes were exposed to air for 15 minutes at 

the end of each batch cycle [35].  Experiments were conducted in triplicate at 30 ± 2 

°C in a temperature controlled chamber. 

 

2.5.  Analyses 

The produced biogases were measured and released using glass syringes. The 

composition of the biogases were analyzed for their fraction using a gas 

chromatograph (6890N, Agilent, USA) equipped with a thermal conductivity 

detector and a column (113-3133 CARBONPLT, J&W Scientific, USA) with argon 
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as the carrier gas. Performance parameters, including cathodic hydrogen recovery 

(RCAT), Coulombic efficiency (CE) based on total added substrate, and energy 

recovery (ηW) based on electricity input were calculated as previously described [35]. 

The hydrogen production rate (QH2, m3/day/m3) was calculated based on the 

measured hydrogen production rate normalized to the liquid volume. 

 

3. Results  

3.1.  Effect of electrolyte composition on cathode performance 

Increasing the Mo content in the electrolyte from Mo/Ni ratio of 1/10 to 6/10 

resulted in better cathode performances at current densities ranging from 0.5 - 2.5 

mA/cm2. Further increase of the Mo/Ni ratio to 10/10, however, resulted in decrease 

of cathode potentials in this current density range (Fig. 4-1). At a current density of 1 

mA/cm2, a typical current density for MEC or MFC systems [53,55], the cathode 

potential was -684 mV with the Mo/Ni ratio of 6/10, which was 14 - 31 mV higher 

than those with other ratios tested. Therefore, a Mo/Ni mass ratio of 6/10 was 

selected for further optimization of other electrodeposition conditions, i.e. current 

density and electroplating duration. 
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Fig. 4-1. Cathode potentials of various NiMo cathodes developed from electrolyte 
baths with different Mo/Ni ratio, as listed in Table 1. 
 

3.2. Effects of current density and electrodeposition duration on cathode 

performance  

All three cathodes developed at current density of 0.05 A/cm2 (0.2 A) showed higher 

potentials than those developed at 0.1 A/cm2 (0.4 A) or 0.025 A/cm2 (0.1 A), 

especially at lower current density range (less than 1 mA/cm2) (Fig. 4-2). Longer 

electrodeposition duration resulted in better performances for the same applied 

current density when duration was less than 20 min (Fig. 4-2). However, the 

improvement of cathode performance was not obvious when deposition duration was 

further increase. For example, the cathode potentials of C0.2-10 (developed at 0.2 A 

and 10 min) were much higher than those of C0.2-5 and also slightly higher than 

those of C0.2-30, especially at higher current density range (>0.7 mA/cm2). The 

cathode C0.2-10 showed the highest cathode potential while C0.4-2.5 the lowest.  
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There was a 40 mV difference in cathode potential at 1 mA/cm2 for these two 

cathodes (Fig. 4-2).  

The catalyst loading on developed cathodes varied with electroplating conditions 

(Table 4-2). Although the same amount of Coulombs was applied, higher NiMo 

loading was achieved with lower current and longer duration. The loadings were 

1.2±0.3, 1.7±0.3, and 5±2 mg/cm2 for cathodes C0.4-5, C0.2-10 and C0.1-20, 

respectively.  
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Fig. 4-2. Cathode potentials of various NiMo cathodes developed at different applied 
current and duration, as listed in Table 2. Legend C0.4-15 indicating the cathode 
developed at applied current 0.4 A and duration 15 min. 
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3.3.  Morphology of the catalyst coatings  

Based on the chronopotentiometry results and catalyst loading, two cathodes, C0.2-5 

and C0.2-10, which demonstrated better cathode performance and lower loading, i.e., 

lower cost, the cathode, C0.4-2.5, which demonstrated the lowest cathode potentials, 

and the cathode, C0.1-60, which had the longest electrodeposition duration, were 

further examined for their morphologies using SEM (Fig. 4-3). For the cathode C0.4-

2.5 (0.4 A and 2.5 min), cracking and peeling surface was observed (Fig. 4-3A). 

With the same amount of Coulombs applied, the surface of the cathode C0.2-5 was 

covered by a thin layer of spherule shape catalysts, although a small portion of 

carbon fibers surface was not covered (Fig. 4-3B). Increasing the duration to 10 min 

(C0.2-10) resulted in a fully covered spherule catalyst layer on the carbon fibers (Fig. 

4-3C). For the cathode C0.1-60, much smooth and thicker catalyst coating was 

developed (Fig. 4-3D), corresponding to a high loading of 10±3 mg/cm2.  
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Fig. 4-3. SEM images of developed NiMo cathodes at various electrodeposition 
conditions: (A) 0.4 A (0.1 A/cm2) and 2.5 min (C0.4-2.5); (B) 0.2 A (0.05 A/cm2) 
and 5 min (C0.2-5); (C) 0.2 A (0.05 A/cm2) and 10 min (C0.2-10); (D) 0.1 A (0.025 
A/cm2) and 60 min (C0.1-60). The inserted pictures of (B) and (C) showed the cross-
section of the NiMo catalyst layer on one single carbon fiber.  
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3.4. Composition of the catalyst coatings  

The above four cathodes were further examined using EDS to determine the surface 

chemical composition of the catalyst coatings. All EDS spectra demonstrated the 

characteristic peaks for Ni, Mo and O and their atomic percent in each sample was 

summarized in Table 4-3. Different electrodeposition conditions resulted in different 

catalyst compositions. At applied current of 0.2 A, the Mo content increased from 8 

to 11% with the electrodeposition duration increased from 5 to 10 minutes, while Ni 

content decreased from 70 to 61 %. The Mo content in C0.2-10 was 2 times of that in 

C0.1-60. The amount of oxygen (57 %) in C0.4-2.5 was much higher than the other 

cathodes (<30 %).  

 
Table 4-3. Chemical composition of electrocatalysts obtained by EDS analysis 

Notation Conditions   Formula* At.% * 
  A min   Mo Ni O 
C0.4-2.5 0.4 2.5   Ni6MoO10 6 37 57 
C0.2-5 0.2 5   Ni9MoO3 8 70 22 
C0.2-10 0.2 10   Ni6MoO3 11 61 28 
C0.1-60 0.1 60   Ni13MoO6 5 65 30 

* numbers were rounded to integer 

 

3.5.  Hydrogen production in a tubular MEC with the developed NiMo cathode 

The cathode developed at 0.2 A and 10 min (C0.2-10), which demonstrated the best 

performance in the chronopotentiometry test, was evaluated in a tubular MEC for 

hydrogen production at applied voltages of 0.6 and 0.4V. Fig. 4-4 illustrated the first 

5 batches of MEC operation at 0.6 V. After the inoculation, the current density of the 
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MEC was very low (<1 A/m2) for the first 30 hours, then increased substantially to a 

peak of 9 A/m2. The current density continuously increased in the second batch and 

leveled off in the third to the fifth batches, with an average density of 12.5 A/m2. An 

average of 47 mL hydrogen was produced within 30 hours for batches 3-5, 

corresponding to a hydrogen production rate was 2.1 m3/day/m3 at the applied 

voltage of 0.6 V, which was 16.7% higher than that obtained at 0.4 V (Table 4-4).  
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Fig. 4-4. Current density and hydrogen production of an MEC with a NiMo cathode 
(C0.2-10) at applied voltage of 0.6 V. 
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Table 4-4. Performance of MECs with the developed NiMo and Pt cathodes.  

Eap  IA CE RCAT ηW QH2  
(V)  (Am-2) (%) (%) (%) m3·d-1·m-3 Reference

 C0.1-90＃ 12 75 86 182 2 35 
0.6 C0.2-10 12.5 79 90 196 2.1 This study

 Pt 13.5 56 85 151 2.3 35 
 C0.1-90＃ 9.5 70 78 240 1.6 35 

0.4 C0.2-10 11 74 83 253 1.8 This study
 Pt 10.5 51 73 205 1.6 35 

＃This NiMo was developed at applied current density 0.025 A/cm2 (0.1 A) for 90 min  
 

4. Discussions  

The above results demonstrated that electrolyte bath compositions and operation 

conditions (applied current density and duration) greatly affected on chemical 

composition, morphology of the catalyst coatings, and catalyst loading, which 

resulted in different catalytic performance of the developed cathodes. 

 

4.1 Chemical composition of the catalyst coatings 

Due to the synergistic electronic effect between Ni and Mo, the relative molar 

content of these two transition metals in the catalysts affect their electrocatalytic 

activities [31,60,88]. Higher Mo content in Ni alloys may lead to higher 

electrocatalytic activity for hydrogen evolution in acidic medium (normally 0.5 M 

H2SO4) and the maximum electrocatalytic activity of NiMo catalysts is predicted at a 

Mo content of about 15% [23,31,60].  
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The chemical composition of NiMo alloy is affected by the Mo/Ni ratio in electrolyte 

bath [69,70]. In this study, increasing the Mo/Ni molar ratio from 1/10 to 6/10 

resulted in improved cathode performances possibly due to the increase of Mo 

content in the alloy catalysts (Fig. 4-1). However, further increasing of Mo/Ni to 

10/10 possibly resulted in the Mo content higher than 15%, reducing its 

electrocatalytic activity (Fig. 4-1). Navarro-Flores et al. [64] evaluated NiMo catalyst 

for HER in acid condition and found that the catalysts with a Mo content of 12% 

demonstrated higher electrocatalytic activity than that with 25% Mo.  

 

The chemical composition of developed catalyst coatings is also affected by the 

applied current density. The induced co-deposition of Ni and Mo in citrate medium 

can be described by following reactions [69,70]:  

NiCit- + 2e- = Ni(s) + Cit3-           (4.1) 

MoO4
2- + NiCit- +2H2O +2e- = [NiCitMoO2]ads

- +4OH-       (4.2) 

[NiCitMoO2]ads
- +2H2O+4e- = Mo(s) + NiCit- + 4OH-          (4.3) 

H2O + e- = 1/2H2 +OH-                   (4.4) 

This model proposed that Ni deposition occurs by direct reduction of nickel species 

independently on molybdate reaction, whereas molybdate can deposit only with the 

help of a surface-adsorbed intermediate ([NiCitMoO2]ads
-) under the catalysis 

induced by Ni. And considering that the potential of Mo deposition (Erev (Mo6+ +6e- 

= Mo) = –1.05 to –0.91 V) is much more negative than that of Ni (Erev (Ni2+ +2e- = 

Ni)= –0.22 V) [87], at low applied current density for electrodeposition, water 
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splitting reaction (reaction (4)) is normally the major electrode process, then Ni 

deposition, and Mo deposition is the least. This leads to low Mo content at low 

applied current density for electrodeposition [44,20,38]. The Mo content (5%) of 

C0.1-60 developed at low applied density (0.025 A/cm2, 0.1 A) was much lower than 

the 11% of C0.2-10 developed higher applied density (0.05 A/cm2, 0.2A), which 

resulted in lower cathode potentials (Fig. 4-2). Krstajic et al [44] also reported that 

Mo molar content increased with current density from 0.02 to 0.1 A/cm2.  

 

Moreover, electrodeposition duration may affect the chemical composition of 

developed catalyst coatings and thus electrocatalytic activity, mainly through the 

change electrolyte bath composition. Due to the preferential electrodeposition of Ni, 

the Mo/Ni ratio in the electrolyte bath would increase with time when duration was 

less than 20 min. Therefore, there would be more Mo and less Ni content in the 

developed coatings. This phenomenon can be supported by the higher Mo content in 

C0.2-10 than C0.2-5 (Table 4-3). However, with longer duration, Mo/Ni ratio would 

decrease and thus may result more Ni and less Mo content in the outer layer of 

developed coatings as the C0.1-60 cathode showed a much higher Ni percentage than 

Mo, 13:1. 

 

It was important to note that oxygen was detected in all developed catalysts, varying 

from 22% to 57%. This was mainly due to the formation of intermediate species for 

the electrodeposition of MoO4
2- to Mo, like [NiCitMoO2]ads

- as shown in the reaction 
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(2). This provided explanation for the low catalytic activity of C0.4-2.5 due to its 

high content of oxygen (57%) and low metallic molybdate content in the developed 

coating.  

 

4.2 Morphology of the developed cathodes 

Increased surface area of catalysts has been found to be another critical factor for the 

enhancement of electrocatalytic activity of Ni alloys [36,44,64]. Fig. 4-3 clearly 

demonstrated that the surface of C0.1-60 was very smooth and homogeneous, which 

can be considered as a quasi-two-dimensional surface. On the contrary, the cathode 

C0.2-10 was covered with nodular or spherical catalyst and can be considered as a 

three-dimensional structure and increased its specific surface area for catalytic 

activity. This different morphology was mainly due to different chemical 

compositions of the developed catalyst coatings which were affected by 

electrodeposition conditions as discussed above. Catalyst coating surface tends to be 

more homogeneous with more percentage of Ni in alloy, while higher content of Mo 

leads to a more rough and porous surface [20,38,44]. As shown in Table 3, the Mo 

content in C0.2-10 was almost 2 times higher than in C0.1-60. At the same current 

density of 0.05 mA/cm2 (0.2 A), reducing the electrodeposition duration from 10 min 

to 5 min resulted in a not fully covered surface, which may contribute to the slightly 

lower cathode potentials. The cathode C0.4-2.5, developed at the highest current 

density, has cracks on the surface, which may result in a bad contact between the 

developed coatings and carbon fibers, therefore, undesirable performances.  
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4.3 Catalyst loading 

In addition to chemical composition and morphology of the catalyst coating, 

electrodeposition condition can also affect the loading of the catalyst. To reduce the 

material cost, lower loading is normally preferred if the performance of the cathodes 

is not significantly affected. In this study, lower current density and shorter duration 

resulted lower catalyst loading with the same amount of charge applied. The cathode 

developed at the current density of 0.05 A/cm2 (0.2 A) for 10 min (C0.2-10) has a 

loading of 1.7±0.3 mg/cm2, which was only 14% of that of the C0.1-90 cathode 

obtained in our previous study [35], and also in the range of the commonly used Pt 

loading for MECs or MFCs (0.5 – 2 mg/cm2) [49,53,55,82].  This cathode, however, 

achieved good performances based on both chronopotentiometry and MEC tests. At 

an applied voltage of 0.4 V, a hydrogen production rate of 1.8 m3/day/m3 was 

obtained, which was 12% higher than that obtained using a Ni/Mo cathode with 

12.5±2.5 mg/cm2 loading and that using Pt as cathode catalyst [35] (Table 4-4).  

These results indicated that the NiMo cathode developed at the suitable conditions 

(0.05 A/cm2 and 10 min) can greatly reduce the catalyst loading while maintaining 

the performance. The catalyst cost for NiMo cathode was about 1-2% of that for Pt 

cathode based on the costs of metals, which significantly improves the economic 

feasibility of the MEC technology.  
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5. Conclusions  

This study demonstrated a suitable condition for electrodeposition of NiMo alloys 

onto carbon cloth as cathodes of MECs: Mo/Ni mass ratio of 6/10 in electrolyte bath, 

applied current density of 0.05 A/cm2, and electrodeposition duration of 10 min. The 

catalyst developed under this condition had a chemical composition of Ni6MoO3 

with a nodular morphology. The carbon cloth cathode was fully covered with this 

catalyst and had a loading of 1.7±0.3 mg/cm2. Good performances were 

demonstrated in both electrochemical cells and MECs with this cathode. A hydrogen 

production rate of 2.1 m3/day/m3 was achieved at applied voltage of 0.6 V, which 

was comparable to the performance of Pt cathode in our previous study.  
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Chapter 5 
 

Summary 
 
 

1. Findings of this study 

Novel MEC reactor design. A new single-chamber membrane-free MEC was 

designed for the first time and enhanced produced hydrogen was demonstrated using 

one mixed culture and one pure culture: Shewanella oneidensis MR-1. At an applied 

voltage of 0.6 V, a volumetric hydrogen production rate of 0.53 m3/day/m3 and 

current densities of 9.3 A/m2 were obtained using the mixed bacterial culture at pH 

7.0. Higher hydrogen production rate (0.69 m3/day/m3) and current density (14 

A/m2) were achieved when the reactor was operated at pH 5.8. These hydrogen 

production rates are 76% and 130% higher than that (0.3 m3/day/m3) obtained from a 

two-chamber MEC at applied voltage of 1.0 V. The current densities are 18-fold and 

28-fold higher than that from the two-chamber MEC (less than 0.5 A/m2) at same 

applied voltage of 0.6 V.  

 

Applied voltages exerted significant influences on the performance of the single 

chamber MEC system. The performances at 0.6 V were more than two times higher 

than those at 0.4 V in terms of hydrogen production rate, overall energy efficiency, 

hydrogen yield, Coulombic efficiency and current density. While 0.3 V was the 

minimum applied voltage to achieve measurable hydrogen production rate in the 

MEC system.  
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Hydrogenotrophic methanogens in the mixed culture systems adversely affected 

hydrogen production in the single chamber MEC system.  However, their activities 

can be suppressed by exposing cathodes to air for 15 min. Lowering solution pH (5.8) 

and heat treatment (100 °C) for 15 min) of electrode did not effectively inhibit the 

activities of methanogens. Methanogenesis was avoided by using the pure bacterial 

culture S. oneidensis in this MEC system. However, the current hydrogen production 

rates were much lower than those with the mixed culture systems.  

 

Non-Pt catalysts Development. Pt is commonly used in MECs as the cathode 

catalyst due to its excellent catalytic activity. However, its high cost limits the 

commercial applications of this technology. Nickel alloy (NiMo and NiW) cathodes 

for MECs were successfully developed in by electrodeposition of corresponding 

alloys on carbon fiber weaved cloth, which provided an excellent three-dimensional 

surface for electrodeposition of nickel alloy catalysts.  At an applied voltage of 0.6 V, 

the NiMo MEC obtained a hydrogen production rate of 2.0 m3/day/m3, which was 

33% higher than that from the NiW MEC. This rate was slightly lower than that from 

a Pt MEC (2.3 m3/day/m3). At an applied voltage of 0.4 V, the electrical energy 

efficiencies for the NiMo and NiW MECs were 240% and 200%, respectively, 

compared to 205% for the Pt MEC.  

 

To further improve the performance of NiMo cathode and reduced the catalyst 

loading, electrodeposition condition was optimized. The optimal condition was 
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found at a Mo/Ni mass ratio of 6/10 in electrolyte bath, an applied current density of 

0.05 A/cm2, and an electrodeposition duration of 10 min. The catalyst developed 

under this condition had a chemical composition of Ni6MoO3 with a nodular 

morphology. The carbon cloth cathode was fully covered with one layer of this 

catalyst and had a loading of 1.7±0.3 mg/cm2. Good performances were 

demonstrated in both electrochemical cells and MECs with this cathode. A hydrogen 

production rate of 2.1 m3/day/m3 was achieved at applied voltage of 0.6 V, which 

was higher than the performance of the cathode with a NiMo loading of 12.5±2.5 

mg/cm2 and comparable to the performance of MEC with Pt cathode with a similar 

loading. This result indicates that a much lower cathode fabrication cost can be 

achieved compared to that using Pt catalyst, and thereby significantly enhancing the 

economic feasibility of the MEC technology.  

 

2.  Implications of this study  

While researches on MECs have gained much improvement along with the progress 

of this dissertation, the studies presented in this dissertation are in the forefront stage 

in reactor design and catalyst development of this technology. Single-chamber MECs 

become more and more popular due to its advantages over double-chamber systems. 

One of the advantages of using single-chamber MEC is that the removal of 

membrane can reduce the potential loss caused by the membrane resistance, thereby 

increasing the current density and high production rate. The current densities (4.2 – 

12 A/m2) generated by single-chamber MECs were generally higher than those by 
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double-chamber MECs with membranes (0.4 – 3.3 A/m2. Hydrogen production rates 

generated by single-chamber MECs were in the range of 0.5-3.1 m3/day/m3 and have 

potential to increase significantly with further increase in electrode area to volume 

ratio. Other advantages of using single-chamber MECs include easy fabricating and 

autoclave (with less moving part) and no problems related to membranes, such as 

fouling, degradation, and high cost.  

 

The greatest biological challenge, however, for single chamber MECs is the 

consumption of produced hydrogen by members of the mixed culture. Although 

exoelectrogens generally can outcompete methanogenic bacteria for acetate on MEC 

anodes, methane was detected accompanied by a decrease in hydrogen production 

rate in single chamber MECs after a few weeks operation with the mixed culture. 

Among the several methods investigated for methanogenesis inhibition, exposing 

cathodes to air periodically to limit methanogen metabolism seems to be an effective 

practice. While using a pure culture may overcome the challenge of hydrogen 

consumption; some exoelectrogens also may use hydrogen as an electron donor at 

low organic substrate concentration. Shewanella oneidensis MR-1 has been 

examined in a single chamber MEC, but exhibited much lower hydrogen production 

rate than mixed culture under the same operational conditions. Future efforts should 

focus on isolating highly-efficient exoelectrogens, genetically engineering 

exoelectrogens, and manipulating mixed bacterial cultures to reduce/avoid hydrogen 

consumption. Future challenges for developing the single chamber MEC system for 
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practical applications also will include downstream hydrogen separation from other 

biogases, such as CO2 and H2S.  

 

The development of non-precious-metal, cost effective and efficient cathode 

catalysts is necessary for the successful scale up of MECs. The Ni alloy catalyst 

developed in this study showed promising catalytic activities and great potentials to 

replace Pt on cathode, thus enhance the economic feasibility of MEC technology. 

Recently, some other low-cost cathode catalysts, such nickel oxide, tungsten carbide 

and stainless steel were also developed and evaluated in MECs. There was 1-2 

orders of magnitude decrease in costs using these metal catalysts compared to 

traditional Pt catalyst. While many of these catalysts exhibited good catalytic 

capability, it has also been noticed that the performance of the nickel oxide cathode 

decreased over time due to a reduction in mechanical stability in a recent study. 

Study on the stability of the Ni alloy catalysts remains a task for future investigation. 

 

3. Future perspectives 

Currently, efficiency and cost are the two most critical factors affecting the practical 

applications of MEC technology. With the improvement of MEC design and 

development of new electrode materials, we expect the efficiency can be 

significantly enhanced and the cost can be greatly reduced, which will facilitate the  

niche applications of MEC in near future.  
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Direct generation of hydrogen from wastewater and simultaneously accomplish 

wastewater treatment is a promising application of this technology, especially for 

high strength industrial waste streams, has since this process potential to provide the 

greatest margins in profit and energy gain. In addition, with breakthroughs in 

enzymes for efficient biomass hydrolysis, MEC system might be capable of 

hydrogen production from abundant and renewable cellulosic biomass.   

 

The development of an integrated system through the combination of microbial 

electrolysis with dark fermentation has potential to further increase the overall 

efficiency for hydrogen production from either wastewater or biomass. Theoretical 

efficiency for hydrogen production by dark fermentation is 33%, only 4 mol H2 per 

mol glucose. The integrated system, however, has the potential to reach the 

maximum H2 yield of 12 mol H2 per mol glucose if the technological barriers can be 

overcome. The development of a well balanced system between fermentation and 

microbial electrolysis is required due to the different hydrogen production rates of 

the two processes. The integrated system also needs to be regulated through the 

development of feeding strategies and reactor designs to handle particulate substrates.  

 

While many technological challenges remain to be addressed, biohydrogen 

production from biomass or wastes is a promising approach. The objective of the 

cost of hydrogen produced from biomass by US Department of Energy (DOE) is $1-

2/gge at the plant gate ($2-3/gge delivered) by 2015. Although hydrogen storage and 
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distribution limit its application as transportation fuel at current stage, fuel cell 

technology has potentials to replace the internal combustion engine in future because 

of its high efficiency and limitation of fossil fuels. It was estimated that fuel-cell-

powered cars running on hydrogen could achieve a per-mile-driven cost of $0.24-

0.36/gallon gasoline equivalent [52]. Large automobile manufacturers and oil 

industries also recognize the potential of hydrogen to augment or replace gasoline in 

cars. Since the 1930s, the recognized vision of the hydrogen economy has been to 

allow the storage of electrical energy, reduce environmental emissions, and provide a 

transportation fuel. This goal is clearly achievable, but only with a sustained, focused 

effort [97]. 
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APPENDICES 
 
 
Abstracts of three papers on MFC and MEC are included here, which have strong 
connection with my dissertation and reflect the additional work I accomplished 
during my Ph.D study. 
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Enhanced Columbic Efficiency and Power Density of Air-Cathode Microbial 

Fuel Cells with an Improved Cell Configuration  
 

Yanzhen Fan, Hongqiang Hu and Hong Liu 
 

Published in  
Journal of Power Sources 

Elsevier 
2007, 171, 348-354 

 

Abstract 

Single chamber air-cathode microbial fuel cells (MFCs) that lack a proton 

exchange membrane (PEM) hold a great promise for many practical applications 

due to their low operational cost, simple configuration and relative high power 

density. One of the great challenges for PEM-less MFC is that the Coulombic 

efficiency is much lower than those containing PEM. In this study, single-chamber 

PEM-less MFCs were adapted by applying a J-Cloth layer on the water-facing side 

of air cathode. Due to the significant reduction of oxygen diffusion by the J-Cloth, 

the MFCs with two-layers of J-Cloth demonstrated an over 100% increase in 

Coulombic efficiency in comparison with those without J-Cloth (71% vs 35%) at 

the same current density of 0.6 mA cm-2. A new cell configuration, cloth electrode 

assembly (CEA), therefore, was designed by sandwiching the cloth between the 
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anode and the cathode. Such an MFC configuration greatly reduced the internal 

resistance, resulting in a power density of 627 W m-3 when operated in fed-batch 

mode and 1010 W m-3 in continuous-flow mode, which is the highest reported 

power density for MFCs and more than 15 times higher than those reported for air 

cathode MFCs using similar electrode materials. This study indicates that the 

Coulombic efficiency and power density of air cathode MFCs can be improved 

significantly using an inexpensive cloth layer, which greatly increases the 

feasibility for the practical applications of MFCs. 

 

Keywords: Microbial fuel cell; Columbic efficiency; Power density; Cloth 

electrode assembly; internal resistance; oxygen diffusion 
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Sustainable Power Generation in Microbial Fuel Cells Using Bicarbonate 
Buffer and Proton Transfer Mechanisms 

 

Yanzhen Fan, Hongqiang Hu, Hong Liu 

 

Published in  
Environmental Science and Technology  

Elsevier 
2007, 41, 8154-8158 

 
Abstract 
 

Phosphate buffer solution was commonly used in MFC studies to maintain a 

suitable pH for electricity generating bacteria and/or to increase the solution 

conductivity. However, addition of a high concentration of phosphate buffer in 

MFCs is expensive. Bicarbonate, which can be derived from the CO2 generated 

from the degradation of carbon sources may serve as a low-cost and effective pH 

buffer. In this study, the performances of Cloth Electrode Assemblies (CEA) type 

MFCs were evaluated using bicarbonate buffer solutions with different pHs. A 

maximum power density of 1552 W/m3 (2772 mW/m2) was obtained at a current 

density of 0.9 mA/cm2 using a pH 9 bicarbonate buffer solution. Such a power 

density was 39% higher than that using a pH 7 phosphate buffer at a same 

concentration of 0.2 M. Based on the quantitative comparison of free proton 
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transfer rates, diffusion rates of pH buffer species, and the current generated, a 

facilitated proton transfer mechanism was proposed for MFCs in the presence of 

the pH buffers. The excellent performance of MFCs using bicarbonate as pH 

buffer and proton carrier indicates that bicarbonate buffer would be more 

promising than phosphate buffer for practical applications, especially for 

wastewater treatment. This study further confirmed that the CEA-type MFC can 

produce high power density due to the high electrode surface to volume ratio and 

low internal resistance. 

 

Keywords: Microbial fuel cell; bicarbonate buffer; proton transfer mechanism; 

power density. 
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Microbial Electrolysis: Novel Technology for Hydrogen Production from 
Biomass 

 
 

Hong Liu, Hongqiang Hu, Jeremy Chignell, Yanzhen Fan 
 
 

Accepted by  
Biofuels  

December 2009 
 

Abstract 

Hydrogen production by microbial electrolysis cells (MECs) provides a 

completely new avenue for the production of hydrogen from biomass. The key 

competitive advantage of this technology compared to previous techniques for 

biohydrogen generation is that the biomass can be utilized fully for H2 conversion. 

This review provides a brief overview of recent advances in research on 

electrochemically active bacteria, electrode materials, MEC design and 

performances, and fuel sources of MECs. Enhancing the hydrogen production rate 

and lowering the energy input are the main challenges of MEC technology. The 

review concludes that breakthroughs in the development of efficient cathode 

material, scalable MEC design, and cost-efficient pretreatment processes are 

needed for future studies. 
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Keywords: Microbial electrolysis cell (MEC); Microbial fuel cell (MFC); 

Exoelectrogens; Biomass; Cathode catalyst. 
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