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ABSTRACT (academic) 

 

The treatment of water and wastewater is energy intensive, and there is an urgent need to 

develop new approaches to address the water-energy challenges. Bioelectrochemical 

systems (BES) are energy-efficient technologies that can treat wastewater and 

simultaneously achieve multiple functions such as energy generation, hydrogen production 

and/or desalination. The objectives of this dissertation are to understand the fundamental 

microbiology of BES, develop cost-effective cathode catalysts, optimize the process 

engineering and identify the application niches. It has been shown in Chapter 2 that 

electrochemically active bacteria can take advantage of shuttle-mediated EET and create 

optimal anode salinities for their dominance. A novel statistical model has been developed 

based on the taxonomic data to understand and predict functional dynamics and current 

production. In Chapter 3, 4 and 5, three cathode catalyst (i.e., N- and S- co-doped porous 

carbon nanosheets, N-doped bamboo-like CNTs and MoS2 coated on CNTs) have been 

synthesized and showed effective catalysis of oxygen reduction reaction or hydrogen 

evolution reaction in BES. Chapter 6, 7 and 8 have demonstrated how BES can be 

combined with forward osmosis to enhance desalination or achieve self-powered hydrogen 

production. Mathematical models have been developed to predict the performance of the 

integrated systems. In Chapter 9, BES have been used as a research platform to understand 

the fate and removal of antibiotic resistant genes under anaerobic conditions. The studies 

in this dissertation have collectively demonstrated that BES may hold great promise for 

energy-efficient water and wastewater treatment. 

 

  



 

Bioelectrochemical Systems: Microbiology, Catalysts, Processes and Applications 

 

Heyang Yuan 

 

General Audience Abstract 

 

Water and energy are prerequisites to life. Every day, a lot of energy and money are spent 

on treating wastewater and producing fresh water. Bioelectrochemical systems (BES) are 

new technologies that can treat water and wastewater with low energy consumption. BES 

typically consist of an anode (where microorganisms break down organic matter) and a 

cathode, and work like a battery. Currently, BES are only studied in laboratories and not 

applied in real-world situations, because the performance needs to be improved and 

fundamentals remain to be better understood. The studies in this dissertation aim to address 

these problems and make BES toward practice. It has been shown in Chapter 2 that, under 

high salinity, some bacteria grow faster in the anode and the BES can produce higher 

electricity. It is difficult to understand the roles of every bacterium with current molecular 

techniques, and thus statistical methods are applied to estimate their possible functions. In 

Chapter 3, 4 and 5, three materials have been fabricated and functioned as the catalysts for 

electricity generation. Chapter 6, 7 and 8 have demonstrated how BES can be combined 

with forward osmosis, a spontaneous water diffusion process, to enhance desalination or 

achieve self-powered hydrogen production. Mathematical equations have been combined 

to simulate the process of biological metabolisms, water diffusion and ion migration. In 

Chapter 9, BES have been shown to remove antibiotic resistant gene, an emerging 

contaminant caused by the excessive use of antibiotics. The studies in this dissertation have 

collectively demonstrated that BES may be the answer to future water and wastewater 

treatment. 
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CHAPTER 1: Overview  

1.1 Water-energy nexus in water and wastewater treatment 

The growing demand for water and energy has become a critical issue in the 21st Century. Globally, 

there are about 2.5 billion people suffering from water sanitation problems. Meanwhile, more than 

1.3 billion people lacking access to electricity [1]. Due to the rapid industrialization and 

urbanization, the worldôs water and energy consumption are estimated to increase by 55% by 2050 

and 48% by 2040, respectively [1, 2].  

 

There exists a strong nexus between water and energy. Take seawater desalination as an example, 

reverse osmosis, one of the most commonly used desalination technologies, consumes >2 kW to 

generate 1 m3 of freshwater [3]. For wastewater treatment, conventional activated sludge process 

consumes 0.6 kW m-3 of energy, more than 50% of which is attributed to aeration [4]. It is 

estimated that water and wastewater utilities account for ~4% of the total electricity consumption 

in the USA, namely 35% of the total municipal energy budgets [5]. Given that fossil fuels are the 

main energy source, the energy-intensive water and wastewater treatment can cause social-

economic impacts and be a major contributor to greenhouse effects.  

 

Wastewater is now considered more as a resource than a waste. Domestic wastewater with 500 mg 

L-1 COD (chemical oxygen demand) is estimated to contain a potential energy of 1.93 kWh m-3 

[4]. This energy may not be effectively recovered by well-developed anaerobic digestion, which 

is mainly applied to treat high-strength wastes (e.g., waste sludge). In addition, the inefficient 

collection could result in the release of CH4 to the environment, whose global warming impact is 

25 times higher that CO2 [6]. Hence, there is an urgent need to develop energy-efficient and 

environmentally friendly methods for sustainable water and wastewater treatment. 

 

1.2 Bioelectrochemical systems (BES) 

Bioelectrochemical systems (BES) are emerging technologies that can treat wastewater at low 

energy consumption, and simultaneously achieve various functions such as electricity generation 

(microbial fuel cells (MFCs)), hydrogen production (microbial electrolysis cells (MECs)), and 

desalination (microbial desalination cells (MDCs)) [7]. In a typical MFC (Figure 1.1A), 

microorganisms in the anode degrade organic matter (e.g., acetate, Equation 1.1) and release 
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electrons extracellularly for respiration. These electrons are transferred spontaneously to the 

cathode to reduce terminal electron acceptors (e.g., oxygen, Equation 1.2). As such, organic matter 

is removed and energy is produced. In an MEC (Figure 1.1B), the electrons are driven by a small 

external voltage of >0.2 V and transferred to the cathode to reduce protons to hydrogen gas 

(Equation 1.3) at an energy input much lower than that of conventional water splitting [8]. An 

MDC contains an anion exchange membrane (AEM) and a cation exchange membrane (CEM) 

between an anode and a cathode to form a desalination chamber [9] (Figure 1.1C). Ions in the salt 

water are driven by the electrostatic force and migrate to the anode and cathode, and the 

desalination is accomplished.  

 

ςὌὅὕ ωὌ ψὩ ᴼὅὌὅὕὕ τὌὕȟὉ πȢρω ὠ ὺίȢὛὌὉ ρȢρ 

ὕ τὌ τὩ ᴼςὌὕȟὉ ρȢςσ ὠ ὺίȢὛὌὉ ρȢς 

ςὌ ςὩ ᴼὌȟὉ π ὠ ὺίȢὛὌὉ ρȢσ 

 

 

Figure 1.1 Schematic of (A) an MFC, (B) an MEC and (C) an MDC. 

 

BES are advantageous over conventional water and wastewater treatment technologies in many 

aspects. First, BES are energy efficient. According to the state-of-art technology, an MFC 

consumes 0.024 kW m-3 but produces 0.026 kW m-3 [10]. Thus, BES can theoretically achieve a 

positive energy balance. Second, as an anaerobic biotechnology, BES produce less waste sludge 

than activated sludge process does. While activated sludge process generates 0.4ï0.8 g-volatile 

suspended solids (VSS) g-1-COD, an MFC produces around 0.1 g-VSS g-1-COD [11]. Because the 

disposal of the excess sludge consumes additional energy, the low sludge production of BES 

further highlights their high energy efficiency. Third, BES are resilient to environmental variation 
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and show strong operation stability [12]. BES do not require exogenous seed and can readily 

produce electricity by enriching the indigenous microorganisms in the wastewater. Moreover, BES 

are less sensitive to temperature compared with anaerobic digestion. Last but not least, BES 

convert organic matter to CO2 and electricity, which is cleaner and more sustainable compared 

with anaerobic digestion. Life cycle assessment has suggested that BES may be advantageous over 

anaerobic digestion regarding the emission of greenhouse gas and hazardous chemicals [13].  

 

Despite the great promise, the practical applications of BES are hindered by the low energy 

production, inefficient electron transfer and high capital cost [8, 14]. Microorganisms are playing 

a key role in energy production in BES, but the bioelectrochemical activity and microbial 

community in the anode are not fully understood. Meanwhile, the electrode materials and the 

cathode catalysts can account for >50% of capital cost. Platinum is a widely used lab-scale catalyst 

that can catalyze oxygen reduction reaction (ORR) in MFCs and hydrogen evolution reaction 

(HER) in MECs, but is not economically viable for large-scale applications. Because of the 

technological and economical challenges, BES currently do not seem competitive to conventional 

water and wastewater treatment technologies, and thus the fundamentals of BES warrant deeper 

understanding, the process needs to be optimized and the application niches should be identified 

[12]. 

 

1.3 Fundamentals of BES: microbiology 

Electrochemically active microorganisms (also known as dissimilatory metal-reducing bacteria) 

can respire the anode electrode via three mechanisms: (1) soluble electron shuttles, (2) redox-

active proteins on the cell membrane and/or (3) conductive pili [15]. The detailed extracellular 

electron transfer (EET) pathways of different organisms can be diverse. For example, Geobacter, 

one of the most widely studied electrochemically active organisms, uses the branched outer-

membrane cytochrome system to transfer electrons out of the cell (Figure 1.2A) [16]. Another 

model organism, Shewanella oneidensis, perform EET with the metal-reducing pathway (Figure 

1.2B) [17]. Since the first discovery of dissimilatory metal-reducing bacterium in 1999, many 

bacteria have been found to be capable of EET, including the opportunistic pathogens Escherichia 

coli and Pseudomonas aeruginosa [18]. It has been elucidated that P. aeruginosa excretes 

phenazine derivatives (e.g., phenazine-1-carboxylic acid, phenazine-1-carboxamide and 
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pyocyanin) as electron shuttles for EET [19]. These findings indicate that electrochemically active 

microorganisms are ubiquitous in the environment. 

 

 

Figure 1.2 Schematic (A) Branched outer membrane cytochromes system of Geobacter 

sulfurreducens and (B) metal-reducing pathway and terminal reductases of Shewanella oneidensis 

[16]. Copyright © 2015 Kracke, Vassilev and Krömer. 

 

Most of the studies on bioelectrochemical activity are conducted with pure cultures or defined co-

cultures, and the research of mixed cultures are technically challenging [20]. A novel 

metatranscriptomic method was developed to study the regulation of global bioelectrochemical 

activity in the microbial community and demonstrated transcriptional responses of genes related 

to EET in the presence of electrochemical stimuli [21]. Based on the gene expression of cell 

activity and metabolism, a metabolic network composed of eleven dominant microbes in the MFC 

anode was established [22]. Such an ñomicò approach presents a powerful tool to understand the 

functional dynamics of the mixed cultures under environmental changes. 
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The presence of electrode as an electron acceptor in BES anode favors the growth of 

electrochemically active microbes, and thus they are constantly found dominant in the anode 

community [23, 24]. However, the detailed microbial community structure and composition are 

affected by many factors, such as operational mode, carbon sources and salinity, etc. When an 

MFC was switched from closed circuit to open circuit, the community structure shifted 

significantly with denitrifying organisms becoming the dominant species [25], indicating the 

critical role of the anode electrode in shaping the microbial community. Distinct community 

structures were also observed when different carbon sources were used [26]. In the MFC fed with 

leachate, the decreased power density was accompanied by a declined fraction of Geobacter [27]. 

The salinity of the anolyte could be another important factor to the microbial community. It was 

reported that the Coulombic efficiency of an MFC noticeably dropped when the NaCl 

concentration in the substrate was higher than 5 g L-1, suggesting an inhibitory effect on the 

bioelectrochemical activity [28]. A recent study showed that the MFCs under extremely saline 

conditions (100 ï 200 g L-1 NaCl) generated low power, and the anode was dominated by 

Halanaerobium (abundance 85.7%), a strictly anaerobic and halophilic chemoorganotroph that 

had not been reported before [29].  

 

Compared to the abundant studies on MFC, there is limited information regarding the microbial 

community in MDCs. Similar to the MFC experiments [28], increased NaCl in the middle chamber 

of a microbial electrodialysis cell led to decreased CE [30]. However, an increased proportion of 

Geobacter and a distinct change of community population were observed at higher NaCl 

concentration, which did not seem consistent with the declined system performance. The 

community profile in MDCs was noticeably different from that in MFCs [31], and became less 

diverse after long-term operation [32]. In another study where four MDCs were hydraulically 

connected, the first MDC achieved the highest power density, with Geobacter not being detected 

and fermenters being the dominant species [33]. These studies have collectively highlighted the 

lack of knowledge of microbial ecology in MDCs.  

 

1.4 Fundamentals of BES: electrode  



6 

 

(This section has been published as: Heyang Yuan and Zhen He. "Graphene-modified 

electrodes for enhancing the performance of microbial fuel cells." Nanoscale (2015): 7, 

7022-7029.) 

 

As earlier mentioned, the development of BES has been hindered by the low charge transfer 

efficiency of electrodes and the high cost of catalysts [14, 34]. To address these issues, a 

variety of materials and their modifications, including carbon/graphite materials, carbon 

nanotubes (CNTs), nanostructured materials and non-precious metals, have been studied, 

as reviewed in detail elsewhere [35, 36]. While these materials have shown certain promise, 

their applications are still limited by inherent drawbacks such as low specific surface area, 

low conductivity, poor biocompatibility, and/or complicated synthesis procedures. 

 

Among those newly developed materials, graphene has been of great interest since the first 

demonstration of its facile isolation in 2004 [37]. This two-dimensional sheet formed of sp2 

hybridized carbon atoms exhibits outstanding physical properties, including high mechanical 

strength, high thermal conductivity and good elasticity [38-40]. Its maximal specific surface area 

is estimated to be 2630 m2 g-1, several times higher than that of other carbon-based nanomaterials 

[41]. Furthermore, the superior electrical properties make graphene a promising material in 

applications of electronics. It has been reported that the charge carrier mobility of suspending 

single layer graphene can be higher than 200000 cm2 Vī1 sī1 [42]. Consequently, electrons travel 

in graphene at a Fermi velocity of 106 m s-1 without scattering, known as ballistic conduction [43]. 

These unique properties are tunable towards specific applications via different synthetic 

procedures [44, 45].  

 

Graphene-based materials are a promising candidate for highly efficient BES anode [46, 47]. It 

has been discussed that graphene-based electrode can enhance EET efficiency, increase specific 

surface area and improved multi-phase interactions in BES anode [48]. Graphene-based materials 

have also been studied as the cathode electrode and can carry out ORR via efficient pathway (i.e. 

four-electron transfer), abundant active sites and high conductivity [49]. Therefore, graphene and 

its modifications may substantially decrease the loss of electrical potential of both the anode and 

the cathode electrodes, and are highly attractive for BES application. 
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In most cases, the enhanced performance of anode electrodes by graphene-based materials 

is a synergic effect [50-53]. For example, a chitosan/vacuum-stripped graphene scaffold 

composite with hierarchically porous 3D structure had a specific surface area of 248 m2 g-

1 owing to the property of graphene [54]. Meanwhile, its charge transfer resistance was 

reduced with increased graphene loading, with the lowest value of 150 ɋ for 50 wt% among 

a series of loading rates. Together with the good biofilm adhesion and high production of 

endogenous mediator stimulated by the biocompatible chitosan, current and power density 

of the MFC containing this composite as its anode electrode were 16 and 78 times higher 

than the control with the carbon cloth anode, respectively. The multi-directional 

improvement was also found in cathode modifications: implantation of mesoporous 

graphitic C3N4 simultaneously facilitated favorable ORR pathway and increased active sites 

and conductivity [55]. Therefore, synergic effects are desirable as electrode performance 

benefited from multiplication instead of addition of the enhancement of individual aspects. 

This may be instructive for the preparation and modification of graphene-based electrode 

and catalysts in the future. 

 

Despite their great promise in BES, graphene-based materials suffer from relatively 

complicated synthesis procedures. In general, graphene electrodes are prepared through 

three steps: graphene oxide (GO) synthesis, GO reduction to graphene, and modification 

[56]. This approach, and other methods including chemical vapor deposition, unzipping of 

MWCNTs and detonation, etc., are either burdensome, energy/time-consuming or involved 

with hazardous chemicals [57-59], thereby not suitable for large-scale applications. In-situ 

reduction of GO to graphene by bacteria or phytoextracts could be an effective option for 

anode electrode fabrication, as it meets the requirement of sustainability and green 

chemistry [60]. For cathode electrode, nitrogen-doped graphene is a competitive material 

because of its outstanding ORR catalysis, but does not seem to prevail before economic 

synthesis methods with optimized nitrogen types and contents are developed [61]. 

 

By far there was were only a few studies using graphene to enhance performance in BES other 

than MFCs [62]. In a study of MECs, 3D MoS2/NG nanosheet aerogels were synthesized through 
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a facile hydrothermal approach and used to catalyze HER. Although the loading rate of MoS2/NG 

aerogels on the cathode electrode was only 25% that of Pt/C, its current density in MFC test was 

comparable to that of Pt/C. In addition, the MoS2/NG aerogels outperformed pristine MoS2 

nanosheets and NG aerogels with respect to electrochemistry and catalysis. It can be expected that 

with the advances in graphene research, there will be more research using graphene materials as 

electrode and catalyst for improving BES performance in a broad range of applications, and in 

return that will be beneficial for identifying proper application niches for graphene material and 

stimulating more graphene research. 

 

1.5 Fundamentals of BES: cathode catalysts  

1.5.1 Oxygen reduction reaction catalysts in MFCs 

(This section has been published as: Heyang Yuan, Yang Hou, Ibrahim M. Abu-Reesh, 

Junhong Chen, and Zhen He. "Oxygen reduction reaction catalysts used in microbial fuel 

cells for energy-efficient wastewater treatment: a review." Materials Horizons (2016): 3, 

382-401.) 

 

The ideal ORR catalysts in MFCs are expected to be cost effective and have high catalytic 

activity, because MFCs are engineered primarily for wastewater treatment, and thus the 

capital and maintenance costs should be comparable to conventional treatment technologies 

[12]. At this stage of the development, the energy generated by MFCs is mainly used to 

balance the energy consumption rather than to generate additional economic benefits [10], 

further highlighting the importance of economic feasibility of the cathode catalysts. Hence, 

properties associated with practicality, including simple and large-scale synthesis, low cost, 

and high durability should be given priority when developing ORR catalysts for MFC 

applications. 

 

Besides the cost effectiveness, the durability of the ORR catalysts in MFCs is another major 

challenge, because the cathode is constantly exposed to wastewater containing organic 

matter, contaminants and microorganisms. In single-chamber MFCs, the catalysts directly 

contact the wastewater and may be poisoned by the intermediate products such as methanol, 

chloride, sulfide, etc. [63-65]. Furthermore, organisms can form biofilms on the cathode 
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surface and degenerate catalytic performance by blocking the O2 transport [66, 67]. 

Although in some circumstances the biofilm may serve as a biocatalyst [68], the interaction 

between the organisms and the catalyst remains unknown and warrants further studies. 

Similar problems are also found in two-chamber MFCs, where the anode effluent is 

commonly introduced into the cathode for post-treatment [11]. Poisoning of the catalysts 

by intermediates leads to high potential loss and reduced power production. Previous 

studies showed an increased CH4 production at a lower current, indicating the competition 

for substrates between exoelectrogens and methanogens [69]. To make MFCs for practical 

applications, the ORR catalysts must be tolerant to poisoning, resistant to biofouling and 

able to restore catalytic activity after cleaning. 

 

Whilst ORR catalysts are developed to enhance MFC performance, MFCs also present a 

powerful tool to study the durability and activity of the catalysts. The assessment using 

MFCs provides insightful information that cannot be obtained by ex-situ electrochemical 

characterization methods. For example, multi-cycle cyclic voltammetry (CV) as a method 

to measure durability is typically accomplished with 6,000-10,000 cycles in ~48 h 

depending on the scan rate, which is much shorter than the operation period of MFCs (i.e., 

several weeks to months). Similarly, the chronoamperometric curve for assessing catalytic 

stability lasts only a few hours, and the typical operation potential (e.g., -0.4 V vs. 

Ag/AgCl) is much more negative than that in MFCs (i.e., ~0 V vs. Ag/AgCl). 

Electrochemical impedance spectrometry (EIS) can be used to measure the distribution of 

internal resistance [70], but the overall internal resistance for calculating the MPD cannot 

be obtained. In contrast, the measurement of polarization curve and cathode potential in 

MFCs not only yields the overall internal resistance, but can also be used for comparison 

of the concentration overpotential at high current output [71]. Moreover, long-term MFC 

experiments help gain a better understanding of the complicated effects of poisoning and 

fouling caused by real wastewater [72-74]. 

 

It should be noted that the choice of external resistance is critical when performing MFC 

experiments. The difference in current production between the catalysts of interest and the control 

Pt/C is artificially diminished by using a large resistance. As aforementioned, the current will 
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determine the anode potential and will consequently affect the microbial activity, metabolite 

production and fouling. It is thus recommended that, when evaluating the long-term stability, 

MFCs should be operated at a high current mode (i.e., low external resistance) and/or a high power 

mode (i.e., external resistance equals the internal resistance), which are the typical operational 

conditions in real applications. 

 

MFC cathode catalysts have been comprehensively reviewed and some of the 

representative catalysts are summarized in Table 1.1. Carbon-based catalysts, particularly 

N-doped AC, may be the most promising candidate for practical applications. The 

normalized MPD of 1,210 mW $-1 achieved by the AC mixed with CB is by far the highest 

reported in the literature. Further studies are needed to understand the roles of AC 

precursors, elucidate the mechanisms of heteroatom doping and develop a simple treatment 

for mass production. Metal-based catalysts do not seem competitive compared with carbon 

materials in terms of durability and cost, but the hybridization of metal and carbon can 

combine the advantages of the individual components and thus greatly enhance catalytic 

performance. M-N-C complexes present a new group of catalysts with excellent catalytic 

activity and high stability, and are particularly attractive with the effective ORR catalysis 

under alkaline conditions. Finally, biocatalysts are sustainable and free, but the resilience 

towards fluctuation remains to be improved. 

 

One of the advantages of biocatalysts over abiotic catalysts is the additional treatment of 

wastewater by microbes. However, recent studies have demonstrated that integrated 

catalyst-membrane assembly can also produce effluent with high quality [75]. Coating 

multiwalled CNTs on polyester nonwoven formed an ultrafiltration membrane with a pore 

size of ~65 nm that could simultaneously produce energy and filtrate wastewater in a single-

chamber MFC [76]. The MFC using the membrane modified with a CïMnïFeïO catalyst 

could remove up to 90% COD and 80% NH4
+-N [77]. In addition to the good performance, 

the integration of ORR catalysts with membranes can improve system stability. Fouling 

mitigation was observed when the membrane was coated with different catalysts [78, 79], 

possibly because the electric field reduced the deposition of sludge on the membrane 

surface, and the H2O2 produced by the cathode removed the foulants [80]. With stable 
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energy and water production, the catalyst-membrane assembly may be more cost-effective 

than individual MFCs and membrane bioreactors. It was estimated that the cathode 

membrane prepared from carbon foam and transition metals cost only 10% of the total price 

of Pt/C and commercial filtration membranes [81]. Such a combination may provide a new 

direction in the study of abiotic ORR catalysts for MFC-based wastewater treatment. 

 

Regardless of the catalyst materials, biofouling is almost inevitable when the cathode 

electrode is exposed to wastewater. The inefficient ORR catalysis, i.e., the 2-e- pathway 

with the production of H2O2, may provide a solution for the fouling issue. Most of the ORR 

catalysts discussed in this review produce a considerable amount of H2O2 under normal 

MFC operation. For example, at the MPD, C-CoPc generated a current density of 2.5 A m-

2 and the corresponding cathode potential of -0.2 V vs. SCE. The electron transfer number 

at this cathode potential was measured to be 3, with 50% of the ORR product being 

hydrogen peroxide ions [82]. The high H2O2 production, as discussed in the catalyst-

membrane assembly, may contribute to fouling mitigation. The study using graphite 

particles as the cathode electrode could produce 196.5 mg L-1 H2O2 in 24 h, but did not 

further investigate the effects on fouling [83]. Therefore, the relation between H2O2 

production and biofilm formation can be a focus for future research. 

 

The development of ORR catalysts can greatly benefit bioelectrochemical systems (BES) other 

than MFCs, such as MDCs and MECs. MDCs also use oxygen as the cathode electron acceptor 

and can achieve simultaneous wastewater treatment and desalination at low energy consumption 

[84, 85]. While the unit price of the ORR catalysts in MDCs remains the same as in MFCs, the 

cost effectiveness may be significantly increased when fresh water production and net energy 

balance are considered. MECs can produce hydrogen gas by using protons as the electron acceptor 

[86, 87]. Similar to ORR, HER is sluggish and needs the presence of catalysts [62, 88]. Multi-

functional catalysts for ORR, OER (oxygen evolution reaction) and HER have recently been 

reported [89-93], which can make BES a more versatile technology that can be easily switched 

between MFC and MEC to meet the special requirement of applications. It can be expected that 

ORR catalysts will play an important role in energy-efficient water and wastewater treatment in 

the future, and there will be an increasing need for identifying their proper application niches. 
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Table 1.1 The synthesis/modification, stability and cost-effectiveness of representative ORR catalysts from each category. 

 Category Catalysts/Synthesis na MPDb Stability  Cost effectiveness Ref. 

Carbon-based 

catalysts 

Carbon black Polypyrrole/carbon black composite  401.8 mW m-

2 

Biofilm formation 15 times that with 

Pt/C 

[94] 

Activated carbon Activated carbon/carbon black mixture  1210 mW m-2 15% decrease in MPD after 16 

months 

1,210 mW $-1 [95] 

Carbon nanofibers Alkaline treatment  61.3 mW m-2  2.6 times that with 

Pt/C 

[96] 

Carbon nanotubes polyaniline/multi-walled CNTs composite  488 mW m-2  31 mW $-1  [97] 

Graphene N/S co-doped carbon nanosheets 3.5 1.5 W m-2 Stable after 6000 cycles of CV 10 mW $-1 [98] 

Other carbon-based 

catalysts  

 3.5 2293 mW m-2 Stable in long-term experiments > 143 mW $-1 

(free precursors) 

[99] 

Metal-based 

catalysts 

Platinum electron beam evaporation     Reduced Pt loading [100] 

Silver nanoparticles    Inhibit bacterial growth  [101] 

Perovskite oxides    405 mW m-2 15% decrease in MPD after 15 

cycles 

116 mW $-1  [102] 

Metal-carbon 

hybrids 

Metal-AC Pyrolysis of Fe-EDTA and AC  1580 mW m-2 No change in MPD after 4.5 

months 

 [103] 

Metal-CNT NiO/CNT with in-situ reduction and 

calcination  

3.5 670 mW m-2  45 mW $-1 [104] 

Metal-graphite Carbonized AgNPs/Fe3O4/GC  3.98 1712 mW m-2 Inhibit bacterial growth  [105] 

Metal-graphene N-doped graphene/CoNi alloy encased 

within bamboo-like CNT 

3.63 2.0 mW m-2  150 mW $-1 [106] 

Metal-nitrogen-

carbon 

complexes 

Metalmacrocycles CoO-FePc mixture  654 mW m-2 85% decrease in MPD after 60 

days 

11 mW $-1  [107] 

N-Fe/Fe3C@C Pyrolysis of cyanamide and FeCl3 3.98 4.2 W m-3 Stable current output over 6 

months 

5% of that of Pt  [108] 

Biocatalysts Microorganisms Mixed culture  554 mW m-2 64% decrease in MPD after 9 

cycles 

Free [109] 

 Enzymes Laccase  26 W m-3 4% loss in potential after 5 days  [110] 

a n, electron transfer number 
b MPD, the maximum power density 
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1.5.2 Hydrogen evolution reaction catalysts in MECs 

(This section has been published as: Heyang Yuan and Zhen He. ñNoble-metal free catalysts for 

hydrogen evolution reaction in microbial electrolysis cellsò. The Chemical Record. In press.) 

 

The HER can occur either via the VolmerïHeyrovsky mechanism (Equation 1.4 and Equation 1.5) 

or the Volmer-Tafel mechanism (Equation 1.4 and Equation 1.6) [111]: 

 

H3O
+ + e- + * Ÿ H* + H2O (Volmer reaction in acid solutions, 1.4a) 

H2O + e- + * Ÿ H* + OH- (Volmer reaction in alkaline solutions, 1.4b) 

H* + H3O
+ + e- Ÿ H2 + H2O (Heyrovsky reaction in acid solutions, 1.5a) 

H* + H2O + e- Ÿ H2 + OH- (Heyrovsky reaction in acid solutions, 1.5b) 

H* + H* Ÿ H2 + 2* (Tafel reaction in acid and alkaline solutions, 1.6) 

 

where * is an empty active site on the catalyst and H* indicates a hydrogen atom absorbed on the 

active site. The mechanisms suggest that the HER catalysis is strongly influenced by the hydrogen 

binding free energy, æGH*, and predict that an effective HER catalyst should have a æGH* å 0. This 

explains that Pt with a slightly negative æGH* is the most active HER catalyst among a variety of 

metals [112]. 

 

In conventional electrolysis cells, the two half-cell reactions are oxygen evolution reaction in the 

anode (E0 = 1.23 V vs. NHE, normal hydrogen electrode) and HER in the cathode (E0 = 0 V vs. 

NHE). To overcome the unfavorable thermodynamics, a minimum external voltage of 1.23 V 

needs to be added. In practice, a higher voltage is applied due to the ohmic, activation and 

concentration energy losses. On the other hand, in MECs, exoelectrogens catalyze the oxidation 

of organic matter and produce a negative anode potential (e.g., CH3COO-/HCO3
-, E0 = -0.19 V vs. 

NHE). In real situations (e.g., wastewater as the anolyte) where the organic concentration is in 

millimole range and the pH is around 7, a voltage >0.2 V can lead to significant hydrogen 

production [86, 113], and thus the energy consumption by MECs is considerably less than that by 

conventional water splitting systems. 
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The electrochemical HER catalysis can be evaluated using linear sweep voltammetry (LSV). One 

parameter of interest from LSV is the onset potential, which is empirically defined as the potential 

at which the current density reaches 0.05-5 mA cm-2 in LSV [114]. Another important information 

derived from LSV is the Tafel plot, which can be expressed as the reduced Bulter-Volmer equation 

at large overpotential (e.g., – > 50 mV), i.e., Tafel equation [115]. 

 

– ὦ ÌÎὮ ὦÌÎὮ (1.7) 

 

where j0 is the exchange current density and describes the intrinsic catalytic activity, and b is the 

Tafel slope that can provide insights into the rate determining step of the catalysis. At small 

overpotential, the Butler-Volmer equation can be simplified as follow: 

 

Ὦ Ὦ– (1.8) 

Ὑ  (1.9) 

 

where F is the Faraday constant, R is the gas constant, T is the temperature, Rct is the charge transfer 

resistance and related to the activation energy loss. Charge transfer resistance can also be measured 

using electrochemical impedance spectroscopy (EIS) [70]. Although it is rarely done, the charge 

transfer resistance obtained from EIS can serve as a supporting data of the Rct calculated from the 

exchange current in the Tafel plot. 

 

Cyclic voltammetry (CV) can be used to calculate the electrochemical active areas of the catalysts 

with the Randles-Sevcik equation (Equation 1.10) and a defined redox couple (e.g., ferrocyanide 

solution) [115]: 

 

Ὥ ςȢφωρπὲȾὃὈȾὅὺȾ  (1.10) 

 

where ip is the peak current, n is the number of electrons transferred, A is the electrode area, D is 

the diffusion coefficient of the redox couple, C is the concentration of the redox couple, and ɜ is 
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the scan rate. In addition, CV over 3000 cycles is commonly used to evaluate the durability of the 

catalysts.  

 

The ideal HER catalysts in MECs should be catalytically active, cost-effective, easy to synthesis, 

highly durable, resistant to biofouling and able to restore catalytic activity after proper cleaning. 

The durability and biofouling of the cathode catalysts in MECs and the consequent low gas purity 

present the major challenges, because the MEC cathode may be poisoned by organic matter, 

microorganisms and other chemicals from wastewater. For example, in single-chamber MECs, 

CO2 is released via the metabolism of the anode microorganisms, which lowers the fraction of H2 

in the biogas. Moreover, the CO2 and H2 are scavenged by hydrogenotrophic methanogens to 

produce CH4, further decreasing the H2 content [116, 117]. In some cases, the microorganisms in 

the cathode can serve as the HER biocatalysts, but the biofilm may block the proton transport and 

inactivate the abiotic catalysts. The MECs with degenerated cathode catalysts produce not only 

less H2 in the cathode, but also more CH4 in the anode, as a result of the competition between 

exoelectrogens and acetoclastic methanogens at high internal resistance [69]. This demonstrates 

the complicated nature of MECs as a whole and the importance of the cathode catalysts to the 

overall MEC performance. In this regard, two-chamber MECs seem to be a more practical tool for 

the studies of cathode catalysts. 

 

HER catalysts are developed to enhance MEC performance, and MECs in turn serve as a research 

platform to assess the catalyst durability, which is an important parameter not available from the 

electrochemical techniques. For example, multi-cycle CV is typically measured within 48 h, which 

is orders of magnitude shorter than the operation time of MECs (i.e., several weeks to months). 

Similarly, the chronoamperometry for durability analysis lasts for only a few hours, and the typical 

operation potential (e.g., -0.2 V vs. NHE) is more positive than that of the MEC cathode electrode 

(i.e., -0.41 V vs. NHE or more negative). Therefore, long-term MEC experiments can help gain a 

better understanding of the stability of the HER catalysts and should be routinely performed. It 

should be noted that the choice of external voltage is critical when performing MEC experiments 

[118]. Whereas the anode potential in electrochemical water splitting is determined by abiotic 

factors such as ohmic, activation and concentration overpotentials, and responds rapidly when the 

external voltage is changed, the MEC anode potential is further affected by the biotic factors and 
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needs up to several days to stabilize. The microbial activity and community in the MEC anode 

may shift under different external voltage or poised potential [21, 26], and thereby exert effects on 

the overall internal resistance and the hydrogen production. It is thus recommended that, when 

evaluating the long-term durability, multiple MECs should be operated at different external 

voltages and the voltage should be fixed throughout the experiment. 

 

MFC cathode catalysts have been comprehensively reviewed and some of representative HER 

catalysts from each category are summarized in Table 1.2. Non-precious metals are widely used 

in bench and large scale experiments, but do not seem economically competitive mainly due to the 

corrosion behavior. In contrast, carbon-based catalysts, particularly carbon-metal hybrids, may be 

the most promising candidate for practical applications. The nano-Mg(OH)2/graphene composites 

not only achieved a hydrogen production rate 1.3 times faster than Pt did, but also remained stable 

for 2 months with inhibited biofilm growth [119]. Finally, biocathode is sustainable and free, but 

the catalytic efficiency and the biogas purity need to be improved.  

 

As previously mentioned, one of the MEC functions is to treat organic waste. An integrated 

catalyst-membrane assembly may be a promising strategy to improve the treatment performance 

of MECs without compromising the energy production. A nickel-based hollow-fiber membrane 

with an average pore size of 1 ɛm was prepared using a combined phase-inversion/sintering 

method and served the dual function as a HER catalyst and a filtration membrane [120]. The 

bioreactor with the catalytic membrane yielded a positive net energy and produced an effluent with 

low organic content. Graphene layer was later directly synthesized on the Ni hollow-fiber 

membrane to further improve the effluent quality [121]. The catalytic membrane was proven 

durable with low transmembrane pressure after long-term operation. 
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Table 1.2 The characteristics of representative HER catalysts from each category. RatePt refers to the hydrogen production rate of Pt 

control in the MEC. 

Category Catalyst Synthesis/ 

Community 

Voltage 

(V) 

Rate 

(m3 m-2 d-1) 

Rate 

(m3 m-3 d-1) 

RatePt 

(m3 m-3 d-1) 

Cathodic 

efficiency 

Stability  Cost Ref. 

Ni Ni 210 Commercial 0.6  1.30 1.6 79% Corrosion $2.82 m-2 [122] 

Mo MoS2 Commercial 0.7 0.048 1.20 1.8    [123] 

Carbon-metal 

hybrids 

NiFe LDH/Ni Hydrothermal 0.8 0.018 2.11 2.01 97% Corrosion  [124] 

3D MoS2/N-GAs Liquid 

exfoliation/hydrothermal 

0.8  0.19 0.31    [62] 

MoS2@CNT Hydrothermal 0.8 0.010 0.03 0.03 49%   [88] 

nano-Mg(OH)2/Gr Hydrothermal 0.7 0.126 0.63 0.49 83% Stable over 

two months 

1.7% of Pt [119] 

Biocatalysts Mixed culture Desulfovibrio/Geobacter -0.7 vs. SHE  0.63     [125] 

Mixed culture  0.6 0.047 1.31 1.69 54.3 low CH4 Free [126] 
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Regardless of the catalyst properties, methane production is almost inevitable when organic 

substrate and microorganisms are present in the cathode. The localized H2 and high pH may favor 

the growth of alkaliphilic hydrogenotrophic methanogens on the electrode surface [120]. As a 

consequence of the favorable micro-environment, CH4 can account for 86% of the total biogas 

[117]. Instead of inhibiting methane production, recent studies used  MECs to produce biohythane, 

an emerging fuel composed of biomethane and 5-10% biohydrogen [127]. The MEC produced 

biohythane 80% faster than an anaerobic digester due to the multiple pathways of biogas 

production, including fermentative and electrolytic hydrogen production, as well as 

hydrogenotrophic and electrochemical methanogenesis. The production of biohydrogen and 

biohythane is a result of the complicated microbial interactions and is thus difficult to be fully 

explored with experimental methods [128, 129]. We have previously developed models to simulate 

the system performance of microbial desalination cells [130, 131], and believe that mathematical 

modeling can provide a better understanding of hydrogen and methane production in MECs [132, 

133]. It can be expected that MECs and other BES may be the solution to the problems surrounding 

water-energy nexus in the future, and the development of HER catalysts will be a key part of their 

practical applications. 

 

1.6 Process engineering: combining BES with membrane technologies 

(This section has been published as: Heyang Yuan and Zhen He. " Integrating Membrane 

Filtration into Bioelectrochemical Systems as Next Generation Energy-Efficient 

Wastewater Treatment Technologies for Water Reclamation: A Review." Bioresource 

Technology (2015): 195, 202-209.) 

 

Although BES can significantly decrease the production of waste sludge [12], the effluent of BES 

still needs further treatment for direct discharge or reuse. To achieve high-quality effluent for 

potential reclamation, membrane filtration has been integrated into BES to take advantages of both 

BES and membrane bioreactors (MBR). Due to the relatively small pore size, the filtration process 

can effectively remove VSS and pathogens, thereby producing an effluent of high quality [134]. 

In addition, biomass is retained by the membrane in the reactor to improve treatment efficiency 

[135]. Based on the pore size, the membranes used in BES can be classified as dynamic membranes 

(DM, >1 ɛm) and ultrafiltration (UF, <0.1 ɛm). Membrane modules can be installed either in an 
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internal or external configuration. The major studies of integration of membrane filtration in BES 

are summarized in Table 1.3. These previous studies have collectively demonstrated that the 

membrane-BES systems possess the benefits of each component, and can address water-energy 

nexus through energy efficient treatment, energy recovery, and water reclamation. To better 

understand this integration towards the development of effective treatment technologies, several 

issues/challenges must be addressed. 

 

First, integrating membrane filtration introduces new factors for energy consumption such as 

vacuum pressure for extracting final effluent. Although several studies have demonstrated that the 

membrane-integrated BES could theoretically achieve energy neutral or positive [136-138], energy 

performance has not been widely presented in the BES studies. A new parameter, normalized 

energy recovery (NER), has been proposed to present energy consumption and production. NER 

is expressed in either kWh m-3 or kWh kg-1-COD. Future studies should really incorporate NER 

in data expression, and analyze both energy consumption and recovery to establish an energy 

balance for the developed system. 

 

Second, like conventional MBRs, membrane fouling will be a significant challenge for the BES 

integrated with membrane filtration. It is expected that fouling mechanisms will be mostly similar 

to those in conventional MBRs. However, it will be of interest to investigate the interaction 

between fouling and electricity generation in the BES integrated with membrane filtration. The 

interaction could lie in two aspects, electricity generation alleviating membrane fouling and 

fouling affecting electricity production. Electricity generation could alleviate the fouling condition 

through stimulating the degradation of organic compounds and creating electrical field force. 

Moreover, the low pH in the anode due to the microbial respiration may serve as a fouling control 

when membranes are installed in the anode. ORR in the cathode through the 2-electron process 

wil l generate reactive hydroxide radicals, which may inhibit the formation of biofouling on the 

membrane surface.  

 

Third, mutual benefits between the membrane modules and BES remain further exploration. Whist 

BES can alleviate membrane fouling, membranes modified with conductivity materials can 

function as electrode materials, thereby benefiting BES performance. For example, a BES with 
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conductive nickel-based hollow-fiber membranes as both filtration component and cathode 

electrode can recover energy in the form of biogas (CH4 and H2) [120]. However, energy neutrality 

could not be achieved in such a system because of the relatively low conversion efficiency of 

combustion.  The membraneôs ohmic resistance can be reduced by coating conductive MWCNTs 

or synthesizing the membrane with nickel [76, 120]. 

 

Fourth, the material science of filtration membranes must be advanced to enhance the performance 

of filtration. For example, fouling can be mitigated by doping polymers such as polydopamine or 

anthraquinone/polypyrrole in the membrane [139, 140]. In a recent study, the inexpensive carbon 

powder was used to synthesize filtration membrane-cathode assembly, resulting in a remarkable 

performance with respect to both wastewater treatment and energy production [141]. These studies 

are indicative that multi-functional membrane unit may play a critical role in the development of 

membrane-BES.  

 

Fifth, system scaling-up remains a significant challenge for BES to demonstrate the feasibility of 

the membrane-BES for practical application. It strongly relates to the configuration, for instance, 

internal or external integration of membrane modules. Scaling up the membrane-BES should take 

advantage of the existing efforts of scaling up BES (MFCs, MECs, and MDCs). Moreover, the 

successful development of MBR and BES models suggests that mathematical modeling can be a 

powerful tool to help optimize the reactor configuration and predict system performance [131, 

142]. As one of the most critical parameters for scaling up, the cost of membrane-BES should be 

reported in details in future studies to help researchers better understand the limitations of the 

system. The cost to benefit ratio is another helpful index to compare membrane-BES with existing 

technologies. While the large-scale membrane-BES system is difficult to be established and no 

data are currently available for the analysis of economic feasibility and life cycle assessment, the 

comparison between liter-scale systems and milliliter-scale systems may provide insight into the 

performance, cost and environmental impact at larger scale.  
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Table 1.3 Summary of the studies about the membrane-integrated BES. 

Membrane Pore size Configuration Carbon source COD 

removal 

(%)  

NH4
+-N 

removal 

(%)  

Turbidity 

(NTU) 

Maximum 

power density 

Ref. 

SS mesh 40 ɛm separator/cathode acetate 86.6-93.9 92.7-99.6 ~0.8 4.35 W m-3 [136] 

nylon mesh 74 ɛm cathode  89.6  ~0.8 6.0 W m-3 [143] 

pyrrole-modified polyester filter 

cloth 

 cathode glucose ~100   2.6 mW m-2 [144] 

non-woven cloth 50 ɛm cathode acetate 87.4-91.2 69.5-97.6 <2 7.6 W m-3 [144] 

SS mesh 48 ɛm separator/cathode acetate 81.0-92.8 95.3-98.5 0.80 8.56 W m-3 [145] 

SS mesh 15 ɛm cathode sucrose 91.9-95.3   0.15 W m-3 [78] 

SS mesh 13 ɛm cathode glucose 

 

96.4  2.82 0.12 W m-3 [146] 

carbon felt 95.5  4.98 1.25 W m-3  

microfiltration membrane 0.45 ɛm separator acetate    831 mW m-2 [147] 

   farm wastewater  81.6   746 mW m-2  

nickel-based hollow fiber membrane 1 ɛm cathode acetate >95    [120] 

anthraquinoneï

disulphonate/polypyrrole composite 

modified polyester flat membrane 

9.8 ɛm cathode glucose 92.5 70.6  0.35 W m-3 [140] 

carbon filtration membrane 0.553 ɛm cathode acetate 93.7 96.2  581.5 mW m-2 [141] 

UF membrane 0.5 kDa separator acetate    5 mW m-2 [148] 

 1 kDa      36 mW m-2  

 3 kDa      36 mW m-2  

UF membrane 1 kDa separator glucose 52.0   324 mW m-2 [149] 

 5 kDa   60.0   138 mW m-2  

 10 kDa   57.4   54 mW m-2  

PVDF hollow-fiber UF membrane 0.02 ɛm anode acetate 45.3-57.8  0.41 3 W m-3 [150] 

   primary effluent  86.9-90.2 9.1-50.0 0.45-0.75 1.5 W m-3  

UF membrane 1 kDa separator acetate >90   53.5 mW m-2 [151] 

PVDF hollow fiber UF membrane 0.02 ɛm cathode acetate 90.4-95.4 83.0 1.0-1.2 27 W m-3 [152] 

   cheese plant effluent 84.4-91.9 62.2 1.8-2.4   

polyester nonwoven membrane base 

coated with MWCNTs 

0.065 ɛm separator/cathode domestic wastewater 97.3 97.3 <0.1 6.8 W m-3 [76] 
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PVDF hollow fiber UF membrane 0.1 ɛm external glucose 86.7 93.0  51 mW m-2 [153] 

UF membrane + polyvinglidene 

fluoride UF membrane 

30 kDa + 

0.1 ɛm 

separator + 

external 

glucose 94.0 85.0 0.70 40 mW m-2 [154] 

UF membrane + polyvinglidene 

fluoride UF membrane 

30 kDa + 

0.1 ɛm 

separator + 

external 

glucose    60 mW m-2 [155] 

polydopamine modified UF 

membrane 

1 kDa separator glucose    159.8 mW m-2 [139] 

regenerated cellulose UF membrane 1 kDa separator glucose 93.0   129.4 mW m-2 [156] 

UF membrane ~0.01 ɛm external domestic wastewater 87.0   25.1 mW m-2 [157] 

PVDF hollow fiber UF membrane 0.02 ɛm anode acetate 91.6  1.00 1.8 W m-3 [137] 

  anode + external acetate 95.0  1.60   

PVDF hollow fiber UF membrane 0.1 ɛm external primary effluent  86.2   86.9 mW m-2 [158] 

hollow fiber UF membrane 0.4 ɛm cathode acetate 91.6 31.7  1.16 W m-3 [159] 

regenerated cellulose UF membrane 1 kDa separator acetate    122.2-160.5 

mW m-2 

[160] 

PVDF hollow fiber UF membrane 15 kDa cathode acetate 91.3 99.0   [161] 

   primary effluent  84.5     

PVDF hollow fiber UF membrane 0.03 ɛm cathode glucose + starch 95.1 95.2  2.18 W m-3 [162] 
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Last but not least, emerging trace contaminants such as pharmaceuticals, antibiotics and personal 

care products have raised increasing attention in recent years due to their potential environmental 

risks and adverse effects to human health [163-165]. MBR, benefiting from the combination of 

biodegradation and membrane filtration, is believed to remove trace contaminants more effectively 

than activated sludge process do [166]. A recent study demonstrated that the removal of p-

fluoronitrobenzene was significantly enhanced by the cathodic reduction in a BES [167]. It is 

therefore expected that membrane-BES will combine the advantages of the individual technologies 

and may hold great promise for the removal of emerging contaminants. 

 

1.7 Process engineering: combining BES with forward  osmosis 

(This section has been published as: Heyang Yuan and Zhen He. " Integrating Membrane 

Filtration into Bioelectrochemical Systems as Next Generation Energy-Efficient 

Wastewater Treatment Technologies for Water Reclamation: A Review." Bioresource 

Technology (2015): 195, 202-209.) 

 

An forward osmosis (FO) process refers to the movement of water molecules from a low-salinity 

solution (feed) through a semipermeable membrane to a high-salinity solution (draw) under an 

osmotic pressure gradient. Because water permeation is a natural process with relatively low flux, 

FO is advantageous over conventional membrane technologies such as reverse osmosis, 

nanofiltration and ultrafiltration, in terms of fouling propensity and energy efficiency [168]. 

Meanwhile, the small pore size (average pore radius 0.25ï0.30 nm) of FO membrane can guarantee 

rejection of a wide range of contaminants [169]. When wastewater is used as a feed solution and 

saline water (e.g. seawater) serves as a draw, clean water can be extracted by the osmotic pressure 

and the volume of wastewater can be greatly reduced [170]. The concentrated feed contains 

organic matters and nutrients that must be treated before discharge, which provides an opportunity 

for the synergistic linkage between FO and BES [171].  

 

The first successful integration of FO into BES was demonstrated in an MFC, in which an FO 

membrane was installed between the anode and cathode to replace the ion exchange membrane 

[172]. This osmotic MFC (OsMFC) using NaCl solution as a catholyte/draw solution generated 

~25% higher electric current than a conventional MFC containing CEM, likely because of the 
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enhanced proton transport with water flux and smaller membrane resistance. The performance of 

this OsMFC slightly decreased with artificial seawater (equivalent to 35 g L-1 NaCl) as a draw, but 

was still superior to the conventional MFC, especially in water flux. Further study found that the 

fouling of FO membrane could enhance electricity generation, but was detrimental to water flux 

[173], indicating that the role of FO membrane in an OsMFC for ion and water transportation is 

not well understood. When being used to treat domestic wastewater, the OsMFC was able to 

remove 74.8% of the soluble COD and reduce the wastewater volume by up to 72.2% depending 

on HRT, and the water flux reached 2.15 LMH by increasing the recirculation rate to alleviate the 

concentration polarization [138]. It is worth noting that the relatively low COD removal remained 

to be further examined because control reactor with ion exchange membrane is missing. An energy 

analysis indicated that the OsMFC could theoretically generate 0.108 kWh m-3 of energy, which 

was sufficient to drive the pumping, thereby establishing a self-sustained treatment system. To 

eliminate energy consumption by aeration, an air-cathode was used to replace the immersed 

cathode, and such an OsMFC achieved a power density 7.5% or 87.0% higher than the MFC 

equipped with AEM or CEM [174]. It was found that a small proportion of acetate in the anolyte 

migrated into the catholyte, indicating the potential limitation of current FO membrane fabrication. 

Recently, a novel layer-by-layer polyelectrolyte FO membrane was fabricated and resulted in a 

high initial water flux of 18.43 LMH in an OsMFC using 2 M NaCl as a catholyte/draw, suggesting 

that improving FO membrane will have significant impact on the performance of OsMFC [175]. 

Further studies are warranted to compare the novel FO membrane with conventional FO 

membranes based on cellulose triacetate or thin film composite. 

 

FO has also been integrated into microbial electrolysis cells (MECs) for enhancing hydrogen 

production. It was reported that an osmotic MEC achieved 3 times higher hydrogen production 

compared to a conventional MEC equipped with CEM [176]. The increased hydrogen production 

was consistent with the enhanced cathodic efficiency, suggesting a facilitated proton transport with 

water flux. The researchers also hypothesized that the movement of a small amount of cations and 

anions across the FO membrane under a concentration gradient, known as reverse salt flux, could 

lower the ohmic resistance of the electrolyte and consequently facilitate electron transfer. The 

osmotic MECs represent a new application for the FO-BES integration to produce high-value 
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products, and may be expanded to microbial electrosynthesis that produce organic compounds 

from carbon dioxide [177].  

 

Although FO can extract high quality water from wastewater, its diluted draw solution needs 

further treatment (reconcentration or removal of salts) before reclamation. Salt removal can be 

accomplished through integrating FO into microbial desalination cells (MDCs), which has higher 

energy efficiency than conventional desalination technologies such as reverse osmosis, multi-stage 

flash and electrodialysis [85]. This osmotic MDC (OsMDC) simultaneously realizes wastewater 

treatment, water extraction and desalination [178]. Although the OsMDC was advantageous in 

water extraction, its salt removal was outperformed by a convention MDC, likely because that Cl- 

was retained in the salt chamber by the FO membrane. To overcome this limitation in salt removal, 

a conventional MDC was hydraulically linked to an OsMFC to enhance desalination without 

compromising water extraction [179]. The coupled OsMFC-MDC could remove approximately 

10% more COD and 3 times more salts than a conventional MDC. It was concluded that the high-

power mode (with an external resistance of 31 ɋ, which was equivalent to the internal resistance 

of the MDC) was more favorable because of the higher energy production (0.16 kWh m-3).  

 

Similar to the UF, external linkage between FO and BES has also been investigated. For example, 

the previously described OsMFC-MDC system exhibited the enhanced desalination and COD 

removal compared to conventional MDCs. A further study hydraulically coupled a tubular MDC 

to an external FO module by introducing the MDC anode effluent into the FO feed chamber and 

then the FO feed effluent returning back to the cathode of the MDC [180]. Such a flow pattern 

achieved 75% COD removal, 64% volume reduction of the wastewater, and 80% conductivity 

reduction of the salt solution with a salt solution HRT of 24 h, all of which were superior to a 

standalone MDC or FO module. The TDS (total dissolved solid) decrease rate of this coupled 

system was 22.7 g L-1 d-1, which is among the highest reported in the literatures.  The FO process  

contains a large amount of osmotic energy between the feed and draw [181], and this energy can 

be harvested by pressure retarded osmosis (PRO), in which electrical energy is generated by 

pressurizing the diluted draw through a hydroturbine. An external PRO module was applied to as 

pretreatment of an MEC and provide electrical energy to the MEC for hydrogen production [182]. 
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Both experimental results and mathematical modeling of this PRO-MEC system demonstrate its 

feasibility and identify several major limitations for further development.  

 

Ammonium-based draw solution is attractive to FO application, because of relatively easier 

recovery of draw solute [183]. An innovative MEC-FO system was developed to recover 

ammonium from wastewater in the MEC and use the recovered ammonium as a draw solute in the 

FO to treat the MEC effluent [184]. This system generated an ammonium solution at 0.8 M and 

successfully reduced the wastewater volume by 50.1% at a maximal water flux of 2.9 LMH; the 

final effluent after ammonia recovery contained <1 mg L-1 NH3 and no COD. Including nitrogen 

recovery into the FO-BES integration will make the system more economical and environmental 

advantageous. However, at the current stage of the development, the MEC-FO system consumed 

3.9 kWh mī3 energy, more than half of which came from the power supply, implying the necessity 

of using renewable energy to drive the system and decreasing energy consumption through 

optimizing the operation.  

 

Table 1.4 Summary of the studies about FO-BES. 

Membrane Configuration Carbon source COD 

removal (%) 

Maximum 

power density 

Ref. 

FO membrane separator acetate  4.74 W m-3 [172] 

FO membrane separator acetate   [173] 

FO membrane separator acetate   [178] 

FO membrane separator acetate 82.5 28.2 W m-3 [138] 

 primary  effluent  74.8 4.5 W m-3  

cellulose triacetate FO membrane separator acetate 90.0 43 W m-3 [174] 

FO membrane separator + 

external 

acetate >85% 12.45 W m-3 [179] 

chitosan [CH; polycation] + 

PAAc; polyanion 

separator glucose 89.8 27.38 W m-3 [175] 

cellulose triacetate FO membrane external glucose 60.6  [184] 

cellulose triacetate FO membrane separator acetate   [176] 

cellulose triacetate FO membrane external acetate ~80  [180] 

 

1.8 Research objectives 

The overall objective of this research is to understand the fundamentals and the applications of 

BES in water and wastewater treatment. This will be achieved by pursuing the following specific 

objective: 
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1) Unravel the microbial population and functional dynamics in BES. As earlier discussed, the 

electrochemically active microorganisms are the key players of wastewater treatment and 

energy production, and their roles in the anode community need to be fully understood. Salinity 

is one of the critical factors of microbial community and functions, and the anodes of MDCs 

are constantly exposed to high salinity. The salt concentration in the middle chamber of an 

MDC can determine the ohmic resistance, and consequently affect the current generation and 

ion migration, both of which are hypothesized to regulate the bioelectrochemical activity and 

shape the microbial community. Based on the hypothesis, a tubular MDC was constructed and 

operated at different NaCl concentrations. The microbial community was characterized using 

16S rRNA amplicon sequencing, and the functional dynamics and interspecies interactions 

were further studied with bioinformatics and biostatistics. 

 

2) Develop cathode catalysts for BES applications. The cathode catalyst is one of the limiting 

factors of BES performance. As previously reviewed, an effective cathode catalyst should be 

catalytically active, cost-effective and durable. Based on these criteria, nitrogen- and sulfur- 

co-doped porous carbon nanosheets and nitrogen-doped bamboo-like carbon nanotubes were 

synthesized as the ORR catalysts, and molybdenum disulfide was coated on highly conductive 

carbon nanotubes as the HER catalysts. The catalytic mechanisms of these materials were 

elucidated with electrochemical measurements and their catalytic activities were evaluated in 

BES. 

 

3) Optimize the process of BES and enhance the performance. Stand-alone BES have some 

inherent limitations. The combination of BES with other technologies (e.g., membrane 

filtration and FO) can tackle these challenges and achieve synergetic benefits. In this study, 

MDCs were first hydraulically coupled with FO and operated at a batch mode. The treatment 

capacity between the individual components was not balanced because of the faster treatment 

in the FO than that in the MDC. To address this problem, a continuously operated FO-MDC 

system was built. A mathematical model was also developed based on the previous FO model, 

MDC model and PRO-MEC model [131, 182, 185] to understand the effects of flow rate on 

the FO-MDC system and predict system performance. In addition, FO was operated under 
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PRO mode to extract osmotic energy, which was then applied to an MEC to achieve self-

powered H2 production. 

 

4) Identify the application niches of BES. BES can be modified to achieve various functions and 

can be used to remove various contaminants such as heavy metals and xenobiotic. However, 

the removal of antibiotic resistant genes (ARGs) by BES have not been reported. ARGs are 

emerging contaminants posing a serious concern to public health [186]. It has been 

demonstrated that a two-stage thermophilic/mesophilic anaerobic digestion system can 

efficiently remove ARGs associated with tetracycline resistance [187]. Anaerobic digestion 

was also used as pre-treatment for aerobic stirred tank reactors and noticeably enhanced the 

removal of a variety of ARGs [188]. The removal of ARGs under anaerobic conditions is likely 

associated with the fitness and survival of their host organisms [189]. Based on the previous 

studies on anaerobic digesters and the fact that the respiratory environment in BES is highly 

specific, it is hypothesized that ARGs may be removed by the anode/cathode treatment of BES. 

To examine this hypothesis, an antibiotic resistant E. coli strain carrying intI1, sulI and tet(E) 

was isolated from domestic wastewater and dosed into a tubular BES. The BES was operated 

under different modes to understand the fate and removal of the ARGs in the reactor. 
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CHAPTER 2: Unravelling and Reconstructing the Nexus of Salinity, Electricity and 

Microbial Ecology for  Bioelectrochemical Desalination 

(This section has been published as: Heyang Yuan, Shan Sun, Ibrahim M. Abu-Reesh, Brian D. 

Badgley and Zhen He. " Unravelling and reconstructing the nexus of salinity, electricity and 

microbial ecology for bioelectrochemical desalination." Environmental Science & Technology. In 

press.) 

 

2.1 Introduction 

The growing demand for water and energy has become one of the most critical challenges in the 

21st Century. Globally, there are 2.5 billion people suffering from water sanitation problems and 

1.3 billion people lacking access tof electricity [190]. Conventional desalination and wastewater 

treatment methods, such as reverse osmosis and activated sludge processes, are energy-intensive 

and further exacerbate the stress in water-energy nexus [5, 191]. On the other hand, wastewater, 

which contains chemical energy and nutrients, are increasingly considered as a usable resource 

[4]. There is an urgent need to develop new technologies to harvest this energy and achieve 

sustainable water and wastewater treatment. 

 

bioelectrochemical systems (BES) are an emerging concept that can treat wastewater, convert 

organic wastes into electricity and simultaneously achieve a variety of functions, such as 

bioremediation, chemical production and nutrient recovery, etc. [7]. One of the promising 

configurations of BES is microbial desalination cell (MDC). A typical MDC contains an anion 

exchange membrane and a cation exchange membrane between an anode and a cathode to form a 

desalination chamber [9]. The electrochemically active microorganisms in the anode oxidize 

organic matter in wastewater and release electrons extracellularly for respiration [15]. The 

electrons are transferred to the cathode when proper electron acceptors (e.g., oxygen) are present. 

This creates an electrostatic force that drives the ions in the saline water to migrate to the anode 

and cathode. As such, both saline water and wastewater are treated and electrical current is 

generated. A recent large-scale MDC system with a total liquid volume of 105 L has demonstrated 

the potential of this technology in practical applications [192]. 
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As the catalyst for oxidation reaction and electron transfer, the microorganisms in a BES anode 

play a pivotal role in organic removal and energy production [193]. Anolyte salinity is one of the 

important factors that can affect the bioelectrochemical activity and microbial community, but its 

detailed effects remain unclear. For example, in a 650-mM NaCl solution, model organisms 

Geobacter sulfurreducens PCA and Geobacter metallireducens GS-15 could not generate current, 

whereas a novel Geobacter species showed high bioelectrochemical activity [194]. Meanwhile, 

mixed-culture BES could still produce electricity under extremely saline conditions (100 ï 250 g 

L-1 NaCl), but the anode was dominated by Halanaerobium, a group of halophilic 

chemoorganotrophs that had not been reported in previous BES studies [29].  

 

Unlike other types of BES, an MDC anode is constantly exposed to high salinity as a consequence 

of ion migration. The microbial communities in MDC anodes have been found to be distinct from 

those in other BES [31], and to become less diverse after long-term operation [32]. In contrast to 

the inhibitory effects high salinity on the performance of other types of BES [28], the current and 

Coulombic efficiency of MDCs increased with a higher salt concentration in the desalination 

chamber [130, 180]. Based on these previous studies, it is possible that the microbial community 

may be self-regulating by interacting with the salt solution in the desalination chamber (Figure 

A1): as the ions start to migrate, the ohmic resistance of the MDC is reduced and the growth of 

electrochemically active bacteria is encouraged [69]. Meanwhile, the salinity in the anode 

increases and the metabolism becomes energetically expensive [195]. The positive effects of 

conductivity and adverse impacts of salinity on microbial activity eventually reach equilibrium 

with the development of a stable microbial community. Thus, different microbial community 

structures may form under varied salt concentrations, and a comprehensive understanding of the 

salt effects on MDC community structure and function is required for improving energy production 

and desalination efficiency.  

 

A better understanding of the microbial ecology in MDC anode could also improve modeling of 

the microbial community, and thereby guide the system design and optimization. With the recent 

advancements in high-throughput sequencing technologies and bioinformatics tools, the microbial 

community can be predicted using statistical modeling based on phylogenetic and taxonomic 

profiles [196]. There have been pioneering studies integrating sequencing data with novel 
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statistical approaches, such as artificial neural networks, to reconstruct the microbial communities 

in environmental ecosystems [197]. In addition, genetic and metabolic traits may also be 

incorporated into artificial neural networks to further elucidate the relationships between 

functional variation and environmental change and improve model performance [198]. These 

novel approaches can provide powerful tools to model the microbial community and functional 

dynamics in MDC anode, leading to the potential prediction of MDC performance.  

 

In this study, a bench-scale tubular MDC was built (Figure A2) and operated at six different salt 

concentrations to: 1) examine the effects of salinity on system performance, 2) understand the 

dynamics of anode microbial communities and functions associated with the salt concentrations 

and 3) develop a statistical model to reconstruct anode microbial community structure and predict 

the system performance. To achieve these objectives, current generation, COD (chemical oxygen 

demand) removal and ion concentrations were monitored as the major indicators of MDC 

performance. The microbial community was characterized using 16S rRNA amplicon sequencing. 

The extracellular electron transfer (EET) mechanism was identified with cyclic voltammetry (CV). 

Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt) 

was applied to further understand the effects of salinity on overall metabolic functions. The data 

quantifying environmental parameters and dominant taxa were trained to construct Bayesian 

networks and then combined with logistic regressions to predict current output over a continuous 

range of NaCl concentration. 

 

2.2 Materials and methods 

2.2.1 Reactor setup and operation 

A tubular microbial desalination cell (MDC) was constructed as previously described (Figure 

A2).[199] The MDC had an anode volume of 350 mL and a desalination chamber of 150 mL. A 

carbon brush (Gordon Brush Mfg. Co., Inc., CA) was used as the anode electrode. A piece of 150-

cm2 carbon cloth (Zoltek Companies, Inc., MO) was coated with 0.5 mg cmī2 activated carbon 

and used as the cathode electrode. The cathode electrode was covered with stainless steel mesh as 

current collector. The anode and cathode electrode were connected with titanium wire across a 1-

ɋ resistor. Synthetic wastewater was used as the anolyte (per liter of deionized water): sodium 

acetate 8 g; NaCl, 0.5 g; MgSO4, 0.015 g; CaCl2, 0.02 g; KH2PO4, 0.265 g; K2HPO4, 0.535 g; 
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NaHCO3,  4.2 g; and trace element, 1 mL.[200] The catholyte was 25 mM phosphate buffer saline 

(PBS).  

 

The MDC was inoculated with anaerobic sludge from a local wastewater treatment plant. 

Anaerobic sludge is commonly used as an inoculum in various BES reactors. The microbial 

community in anaerobic sludge in theory bears high diversity and the community can evolve under 

specific operating conditions. In the previous MDC community studies, the anodes were 

inoculated with the wastewater of an aeration basin or the effluent of an existing MFC,[31-33] 

which might not be suitable as MDC inocula considering the low abundance of anaerobes and the 

low diversity after acclimation. A recent study suggested that mangrove-grown brackish sediment 

could be a potential inoculum source for BES that were operated at high salinity.[201] However, 

It has been reported that the predominance of Geobacter is consistent with good MFC performance 

and not related to inoculum sources.[23] Core community has also been identified in 6 different 

BES from different labs (i.e., different inoculum sources).[202] These findings suggest that 

inoculum source might not play a major role in shaping the microbial community in BES. 

 

For star-up phase, the MDC was fed with synthetic wastewater and 1 M NaCl solution and operated 

in a continuous mode with an anode hydraulic retention time (HRT) of 48 h and a desalination 

chamber HRT of 21 h. The anolyte, catholyte and salt solution were recirculated using a peristaltic 

pump (BT600-2J, Langer Instruments Corp., NJ) to ensure effective mixing. The pH of the anolyte 

and catholyte was maintained at 7 using 4 M NaOH and 4 M HCl, respectively, by pH controllers 

(MC122, Milwaukee Instruments, Inc., NC). 

 

2.2.2 Reactor performance evaluation 

Electrical current was monitored throughout the experiments by measuring the voltage on the 1-Ý 

resistor with a digital multimeter (2700, Keithley Instruments, Inc., OH). Reactor performance was 

evaluated after the MDC was operated at each NaCl concentration for 21 d. Soluble chemical 

oxygen demand (COD) was measured using a colorimeter according to the manufacturerôs 

instruction (DR/890, Hach, CO). Coulombic efficiency and current efficiency were calculated as 

previously described.[85] Conductivity was measured using a bench-top conductivity meter 

(FiveEasyÊ conductivity, Mettler-Toledo, OH). The concentrations of Na+, Cl-, K+ and PO4
3- in 
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the anode were measured using ion chromatography. The acetate in the effluent was measured by 

high-performance liquid chromatography (Shimadzu, MD) equipped with an Aminex HPX-87H 

column (Bio-Rad, CA). Data were collected at room temperature in triplicate. 

 

2.2.3 Electrochemical measurement 

Electrochemical measurement was performed after the reactor was operated at each NaCl 

concentration for 24 d. The MDC was drained and the refilled with fresh anolyte (8 g L-1 acetate), 

catholyte (25 mM PBS) and salt solution (1 M NaCl) to ensure that the difference in 

electrochemical performance was caused by the anode microorganisms. The drained solutions 

were stored at 4 °C. After changing the electrolyte, the MDC was switched to open circuit for 3600 

s to obtain stable cell voltage. Polarization curve was then measured using a potentiostat 

(Reference600, Gamry Instruments, PA) at a scan rate of 0.2 mV s-1. The current and power 

densities were normalized to the anode volume (350 mL). After measuring polarization curve, 

turnover cyclic voltammetry (CV) was measured with the scan rate ranging from 0.5 to 50 mV sī1. 

A platinum wire (CH Instruments, Inc., TX) and an Ag/AgCl electrode (3 M KCl, 0.210 V vs. 

SHE (standard hydrogen electrode), CH Instruments, Inc., TX) were used as the counter electrode 

and reference, respectively. The formal potential of the redox reaction was extracted from the first 

derivative of the CV at the scan rate of 1 mV sī1. Electrochemical measurements were completed 

within 6 h and the drained solutions were pumped back into the MDC to minimize the adverse 

effects on the microbial community 

 

2.2.4 DNA extraction, sequencing and analysis 

Inoculum samples were collected within 24 h from the anode electrode and liquid phase after the 

MDC was inoculated with the anaerobic sludge. Biomass was harvested after the reactor was 

operated at each NaCl concentration for 28 d. A piece of anode carbon brush and 1 mL of anolyte 

were collected and stored immediately at -80 °C. DNA was extracted with the PowerSoil DNA 

extraction kit (MoBio Laboratories, CA) following the manufacturerôs instructions. The V4 region 

of bacterial 16S rRNA gene was amplified using primer pair 515F and 806R.[203] The 25-ɛL PCR 

reaction mixture contained 10 ɛL 2.5Ĭ5 Prime HotMaster mix (5 Prime, MD), 13 ɛL PCR water 

(MoBio Laboratories, CA), 0.5 ɛL of each of the primers (10 ɛM), and 1 ɛL of isolated DNA. The 

thermal cycler protocol was 94 °C for 5 min; 35 cycles of 94 °C for 45 s, 50 °C for 45 s, and 72 
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°C for 90 s; and a final extension at 72 °C for 10 min. DNA of all samples were amplified in 

triplicate on a thermal cycler (C1000 TouchÊ, Bio-Rad, CA) and visualized on 2% agarose gels. 

The triplicate PCR products were then combined and purified using the UltraClean PCR cleanup 

kit (MoBio Laboratories, CA). Amplicon concentrations were quantified using a fluorometer 

(Qubit 2.0, Invitrogen, CA). The purified amplicons were combined in equimolar ratios and 

sequenced on an Illumina Miseq platform (250PE). The raw reads were deposited in the NCBI 

BioProject database with the accession number (upload later). The forward and reverse sequencing 

reads were merged and filtered with USEARCH,[204] with minimum forward-reverse overlap of 

150 bp, minimum merged length of 20 bp, expected error <0.5 per read and chimeric sequences 

removed with UCHIME. Taxonomy was assigned using RDP classifier,[205] with SILVA 

database as reference.[206] Sequencing data are available in GenBank under BioProject accession 

number PRJNA384805. 

 

For each NaCl concentration, triplicate samples were collected from the anode electrode and liquid 

phase, and the total 42 samples resulted in 8,046,011 high quality sequences (on average, 

1,059,229 for 6 inoculum samples and 46,747 for 36 MDC samples). One of the 0.2-M biofilm 

samples was excluded from downstream analysis due to the low sequence reads (< 3,000). The 

library for each sample was rarefied to an even depth of 10,000 sequences and clustered to 1,627 

bacterial operational taxonomic units (OTUs) with a 97% similarity threshold. The plateaus of the 

rarefaction curves indicated capture of most of the dominant species in the communities (Figure 

A5). The biofilm samples exhibited significantly higher Shannon and Simpson indices of diversity 

compared with the liquid samples (Figure A6C and A6E), meaning higher evenness and richness 

in the biofilm communities. The individual Ŭ-diversity indices for biofilm and liquid samples 

decreased readily as the NaCl concentration was reduced from 2 M to 0.05 M, and were not 

restored at the end at 4 M (Figure A6B, A6D and A6F). This suggested a potential historical effect 

of manipulating the salinity on the community diversity, in agreement with the results in a previous 

long-term MDC study.[32] Such a decrease in diversity may not affect overall bioelectrochemical 

activity as evidenced by the similar MDC performance at 2 and 4 M (Figure 2.1).  

 

2.2.5 Functional prediction 
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Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt) 

was used to predict the metabolic dynamics of the observed microbial communities.[207] OTU 

table was constructed with a closed-reference OTU picking process against the May 2013 

Greengenes database using QIIME with 0.97 similarity,[208] and 90.2% of the reads were mapped 

to reference. The results were used in PICRUSt pipeline according to the online 

protocol (http://huttenhower.sph.harvard.edu/galaxy/). The Nearest Sequenced Taxon Index range 

from 0.12 to 0.39. Functional predictions were assigned to KEGG Ortholog level 3. Twenty-seven 

environmental functions from 6 level-2 categories (Cell Motility, Carbohydrate Metabolism, 

Energy Metabolism, Lipid Metabolism, Membrane Transport and Cellular Processes and 

Signaling, Table A1 and A2) were visualized using Circos,[209] 

 

2.2.6 Statistical analysis 

One-way Analysis of Variance (ANOVA) was used to test for significant difference of the MDC 

performance and PICRUSt results. Two-sample t-test was performed to to test for significant 

difference of the Bray-Curtis similarities. Linear regression was fitted for current vs. log (NaCl 

concentration), anodic peak current vs. square root of scan rate and actual vs. predicted values by 

the Bayesian network. PCoA (based on Bray-Curtis distance) and CCA were conducted using R 

package ñveganò. PERMANOVA was performed to test for the significant difference of PCoA 

results (N = 999). The relationships between environmental parameters and taxonomic data in 

CCA were tested for significance with an ANOVA like permutation test (N = 999). A p value of 

<0.05 was used to identify significant difference. 

 

2.2.7 Bayesian network analysis and prediction 

Bayesian networks were constructed from major taxa at different taxonomic levels and 6 

environmental parameters to understand the interspecies interactions and the relationships between 

biotic and abiotic parameters. The taxa were selected with the relative abundance > 1%, and thus 

7 phyla, 8 orders and 29 OTUs were used to train the respective networks. First, the abundance of 

the taxa and the values of the environmental parameters were combined as a single matrix and 

normalized to between 0 and 1 with equation (1):  
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where v_normij is the normalized variable j of sample i, vij is the observed variable j of sample i, 

min(vj) and max(vj) are the minimum and maximum values of variable j. Among the total 18 

datasets (triplicate for 6 NaCl concentrations), one of the 1-M biofilm samples and one of the 2-M 

liquid samples were omitted due to the poor repeatability of the taxonomic data (Figure A8), 

leaving 16 datasets for network training and validation. Bayesian networks were built with R 

package ñbnlearnò using hill-climbing algorithm, and the parameters of the networks were 

calculated with Maximum Likelihood parameter estimation method. The networks were tested 

with leave-one-out cross-validation,[210] i.e., 15 datasets were used to construct a Bayesian 

network and the remaining one was used to validate the network. The cross-validation was thus 

performed for 16 times. For each cross-validation, Bray-Curtis similarity between the predicted 

and actual community was calculated. Meanwhile, Bayesian networks were also validated using 

relative root-mean square error (RMSE, equation (2)), with y = experimental values, ymax = the 

maximum experimental values and t = the predicted values (i.e., the abundance of the 8 taxa and 

the values of the 6 environmental parameters): 
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A null model based on average taxa abundance was performed to further validate the network 

modeling approach.[198] After validation, three final Bayesian networks at the phylum, order and 

OUT level were constructed from the total 16 datasets. The abundance of the major taxa associated 

with NaCl concentration were fitted with logistic regressions (Figure A18, A19 and A20) as a 

simplification of pure-culture growth under the influence of NaCl,[211] and subsequently input 

into the Bayesian networks for current simulation. 

 

2.3 Results and discussion 

2.3.1 MDC performance  

After start-up, the MDC was operated with varied NaCl concentrations in the desalination chamber 

to mimic the treatment of industrial saline wastewater, seawater, brackish water and domestic 

wastewater. The current decreased significantly from 100 mA with 2 M NaCl to 10 mA with 0.05 

M NaCl, and rose back to 105 mA with 4 M NaCl (Figure 2.1A). The slight current fluctuation 

under each concentration was mainly due to the dose of NaOH for pH control. The current changed 

less noticeably at higher NaCl concentrations (1 - 4 M, 15-mA difference) than at lower values 
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(0.05 - 0.6 M, 65-mA difference). This implies that further enhancement of the bioelectrochemical 

activity may be inhibited by the high salinity. 

 

 

Figure 2.1 (A) Current production; experiment started on day 28 after start-up; red arrows indicate 

performance measurements, green arrows indicate electrochemical measurements and blue arrows 

indicate sample collection for DNA extraction. (B) COD removal and Coulombic efficiency. (C) 

The concentrations of Cl- and Na+ in the anode. (D) Polarization curve. Error bars were calculated 

from triplicate data. 

 

COD removal and Coulombic efficiency were analyzed to examine the effects of organic matter 

on bioelectrochemical activity (Figure 2.1B). Similar to the trend of current production, COD 

removal remained unchanged at ~80% at high salt concentrations (Analysis of Variance 

(ANOVA), p = 0.53), with the effluent containing up to 1200 mg L-1 COD. The presence of high 
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acetate content in the effluent was further confirmed using high-performance liquid 

chromatography (Figure A3). Such a COD concentration was in theory equivalent to ~25 mA of 

current according to the equation of Coulombic efficiency, and suggested that the sufficient 

organic matter was not the limiting factor of the relatively unchanged current at high salt 

concentrations (Figure 2.1A). On the other hand, the lower Coulombic efficiency with 0.2 M and 

0.05 NaCl indicated that a considerable proportion of the organic matter was consumed by non-

electricity generating microorganisms (Figure 2.1B), implying a shift in the anode community 

[212].  

 

Chloride ions migrated into the anode as a result of current production. The Cl- concentration in 

the anode was positively related to the salt concentration in the desalination chamber and reached 

the highest of 0.84 M at 4 M (Figure 2.1C). In addition to migration, diffusion also contributed to 

ion movement [213], which explained the >100% current efficiency (i.e., the ratio between the 

transported Cl- ions and the transferred electrons) at 2 and 4 M (Figure A4). The sodium ions, 

which were mainly from NaOH dosing for pH control, had a higher concentration than Cl- due to 

the presence of negatively charged acetate and the resulting bicarbonate. The highly saline anode 

environment at high NaCl concentration was beneficial for charge transfer, but might also suppress 

microbial metabolism [214]. 

 

The bioelectrochemical activity was directly evaluated using polarization curves (Figure 2.1D). 

The experiments were conducted with fresh electrolyte and 1 M NaCl solution to ensure that the 

difference in electrochemical performance was caused solely by the anode microorganisms. The 

maximum power and current densities followed the order: 4 M > 2 M å 1 M > 0.6 M > 0.2 M > 

0.05 M, which was consistent with the current production and COD removal (Figure 2.1A and 

2.1B) and reflected a lower bioelectrochemical activity with decreased NaCl concentration. The 

maximum current of ~150 mA (430 A m-3-anode volume) at high salt range was higher than the 

90 ï 105 mA obtained under continuous operation (Figure 2.1A), likely because of the high 

substrate content (8 L-1 acetate) and the low osmotic pressure (0.009 M NaCl) of the fresh anolyte. 

While the polarization curves of 0.2 ï 4 M were similar in shape, a sharp decrease at high current 

density was observed for 0.05 M, meaning that current production was limited by mass transport 

[71]. Given the high substrate content of fresh anolyte, the mass transport overpotential was 
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possibly caused by electron mediators. These results collectively suggest that a high salt 

concentration in the desalination chamber is beneficial for energy production and desalination, but 

may exert complicated effects on bioelectrochemical activity and possibly on the anode microbial 

community. 

 

2.3.2 Microbial community dynamics 

Principal coordinate analysis (PCoA) based on Bray-Curtis distances among microbial 

communities revealed significant differences among the microbial communities of the inoculum, 

the anode electrode and the liquid phase (Figure 2.2A, Permutational Multivariate Analysis of 

Variance (PERMANOVA), p < 0.001). After cultivation at 2 M NaCl, the biofilm and suspended 

communities were separate from the inoculum. The two communities further shifted away from 

the inoculum community as the salt concentration decreased, but showed different patterns. At low 

NaCl concentrations (0.05 ï 0.6 M), the biofilm communities diverged from each other (Figure 

2.2B), whereas the suspended communities remained clustered together (Figure 2.2C). When the 

NaCl concentration was returned to 4 M at the end of the experiments, the two communities re-

converged and shifted close to the 2 M samples.  

 

Canonical correspondence analysis (CCA) was performed to understand the relationships between 

the environmental parameters and microbial communities. The biofilm communities cultivated at 

2 M and 4 M NaCl showed similar projection onto Cl-, indicating their adaption to high salinity 

(Figure A7A). However, the 2-M biofilm communities had much more positive projections on 

current production, COD removal and maximum power density than the 4-M biofilm communities 

did (p < 0.001). In contrast, the projections of the suspended communities on performance-related 

environmental parameters roughly followed the order: 4 M å 2 M > 1 M > 0.6 M > 0.2 M å 0.05 

M (Figure A7B), consistent with the trend of the actual MDC performance (Figure 2.1). The results 

thus implied a more critical role of the suspended communities in MDC performance at varied salt 

concentrations. 

 

At the phylum level, Bacteroidetes (9 ï 29%), Firmicutes (12 ï 42%), Proteobacteria (15 ï 58%), 

Synergistetes (1 ï 14%) and Tenericutes (1 ï 14%) were dominant in both biofilm and suspended 

communities (Figure A8), which agreed with previous studies on BES communities [202]. At the 
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order level, similar community structure was observed, with Bacteroidales, Clostridiales, 

Pseudomonadales, Synergistales and Acholeplasmatales being abundant (Figure 2.2D and 2.2E). 

The composition of the biofilm communities changed slightly under different salinities, but no 

significant trend was observed. For the liquid samples, the abundance of Pseudomonadales 

decreased from 20% with 2 M to 5% with 0.05 M, and then increased back to 30% with 4 M 

(Figure 2.2E). Meanwhile, the abundance of Erysipelotrichales and Synergistales in suspended 

communities seemed to be negatively correlated with NaCl concentration. The consistent changes 

may reflect the contribution of the suspended communities to the MDC performance (Figure 2.1). 

It can be concluded from these results that salinity, a major determinant of microbial community 

structure in environmental ecosystems [215], strongly affected the suspended communities in the 

MDC anode.  
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Figure 2.2 (A) Principal coordinate analysis of the biofilm and liquid samples based on the relative 

abundances of OTUs. (B) Detailed PCoA of the biofilm samples. (C) Detailed PCoA of the liquid 

samples. (D) Relative abundance of the biofilm samples at the order level. (E) Relative abundance 

of the liquid samples at the order level. 

 

2.3.3 Microbial community composition 

Of the 8 major orders, 36 OTUs had a relative abundance >0.5% and accounted for 53-69% and 

71-83% of the total relative abundance in the biofilm and suspended communities, respectively. 

The affiliated OTUs are summarized in Figure 2.3, and their potential roles in the MDC anode are 

discussed individually below.  

 

(i) Pseudomonadales. This order was dominated by 4 and 5 OTUs from the genus Pseudomonas 

and Acinetobacter, respectively. The 4 Pseudomonas-related taxa showed distinct preference 

regarding site and salinity. OTU 25 (Pseudomonas brenneri) and OTU 1781 (Pseudomonas 

endophytica) were found more abundant at low NaCl concentrations in both biofilm and liquid 

samples. On the other hand, Pseudomonas xanthomarina-related OTU 57 was initially the major 

Pseudomonas in the suspended communities (6.7% with 2 M), and was later replaced by the more 

omnipresent Pseudomonas caeni-related OTU 38 (20.5% with 4 M). Pseudomonas is among the 

earliest genera isolated from BES, and is well known for the mediator-based EET using phenazine 

derivatives, such as pyocyanin, phenazine-1-carboxylic acid and phenazine-1-carboxamide [216]. 

These electron shuttles, which are regulated by environment-induced quorum sensing (e.g., NaCl 

concentration) [217], can also be used by other bacteria in mixed cultures as electron acceptors 

[218]. In addition, phenazine derivatives can function as antibiotics to inhibit competitors, affect 

transcriptional regulation and modulate the physical characteristics of Pseudomonas communities 

[219]. Based on their ñsocialò behavior and ubiquitous high abundance in anodes, it is speculated 

that Pseudomonas spp. play a key role in shaping the anode community and determining the 

bioelectrochemical function. 

 

Similar to Pseudomonas, the 5 Acinetobacter-related OTUs were classified with high confidence 

(>98% identity) and showed succession with varied NaCl concentration. The dominance shifted 

from OTU 12 (Acinetobacter venetianus) and 514 (Acinetobacter rudis) at 2 M to OTU 1362 
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(Acinetobacter brisouii) and 30 (Acinetobacter gandensis) at 4 M. Overall, the Acinetobacter spp. 

seem to prefer biofilm environment and high salinity. The high phylogenetic similarity to 

Pseudomonas and the fact that some Acinetobacter spp. could reduce chromium implies that the 

members of this genus may be capable of EET [220]. In fact, Acinetobacter calcoaceticus 

dominated an ethanol-oxidizing BES [221]. An Acinetobacter sp. strain Tol 5 was highly adhesive 

to the anode electrode and performed EET solely via electron shuttles, e.g., phenazine derivatives 

from Pseudomonas [222]. It has been reported that Pseudomonas can provide Brevibacillus sp. 

PTH1 and Enterobacter aerogenes with phenazine for respiration, leading to their dominance in 

the respective communities [223, 224]. The high total abundance of Pseudomonas and 

Acinetobacter in the MDC under high current conditions (4 M NaCl, 17.9% in biofilm and 28.3% 

in liquid) suggests that Acinetobacter spp. may form symbiotic associations with Pseudomonas 

spp. and actively participate in current production. 

 

 

Figure 2.3 Phylogeny and abundance of the 36 major OTUs in biofilm and liquid samples. The 

relative abundance at each NaCl concentration was the mean of triplicate results, and the OTUs 

were selected with a relative abundance >0.5%. 

 

(ii) Bacteroidales. The members of this order were highly diverse but poorly identified. OTU 91 

and 55 were phylogenetically related and were the only two OTUs that share high identity with 

known species, Lascolabacillus massiliensis and Petrimonas sulfuriphila, respectively. P. 
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sulfuriphila was reported to grow optimally in the absence of NaCl [225], which could explain 

their preference for low salinity in the MDC anode. Bacteroidales are consistently found dominant 

in anaerobic bioreactors and can contribute to degrading soluble microbial products [226]. 

Although most of the Bacteroidales-related OTUs in this study are unidentified and their functions 

remain unclear, the relatively unchanged abundance at different current conditions (Figure 2.2D 

and 2.2E) suggests that they may not be important drivers of EET. 

 

(iii) Clostridiales. Four of the 6 major Clostridiales-related OTUs (OTU 72, 32, 47 and 37) were 

frequently observed under medium to high salinities (0.6 ï 4 M) and might be associated with 

current production. However, the EET ability of these taxa has not been previously reported in the 

literature. It was speculated that their function in the MDC anode could be related to scavenging 

byproducts of current production, such as inhibitory metabolites, biomass and HCO3
-. For 

example, Proteiniclasticum ruminis (OTU 72) does not utilize carbohydrates but can digest 

proteins [227], and thus may feed on dead cells. On the other hand, Acetoanaerobium noterae 

(OTU 47) is known to utilize CO2 and H2 to produce acetate [228]. Given the close phylogenetic 

relationship of this OTU with OTUs 32, 77 and 100, most of the Clostridiales in the MDC anode 

seem to perform CO2 fixation and do not directly participate in current production.  

 

(iv) Others. In addition to Pseudomonadales, three dominant OTUs in Campylobacterales and 

Oceanospirillales might also contribute to electricity generation. Campylobacter upsaliensis-

related OTU 148 was ubiquitous in the biofilm, while Arcobacter skirrowii-related OTU 1 and 

Halomonas salicampi-related OTU 20 were abundant under high current conditions (i.e., high 

NaCl concentrations). Arcobacter and Oceanospirillaceae (the family that Halomonas belongs to) 

from marine sediments have been reported to utilize acetate to reduce manganese oxide [229]. 

Moreover, a Halomonas sp. isolated from Soap Lake could reduce Fe and Cr, implying their 

potential ability for EET [230]. Based on the high phylogenetic similarity between A. skirrowii 

and Arcobacter butzleri ED-1 (an electrochemical active strain isolated from BES) [231], and that 

between H. salicampi and the Pseudomonas-related OTUs (Figure 2.3), it is reasonable to 

speculate that the members from Campylobacterales and Oceanospirillales perform EET and 

contribute to current production in the MDC anode. 
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In the remaining taxa, OTU 7 in the family Erysipelotrichales was poorly related to known species 

and the functions of Acholeplasma morum-related OTU-29 was unclear. On the other hand, three 

OTUs belonged to Synergistales, which were known to ferment amino acids [232]. These taxa 

exhibited a clear preference for low salinity and the liquid environment. The total relative 

abundance of these OTUs in the suspended community grew with decreased NaCl concentration, 

and reached the peak of 45.9% at 0.05 M. Their dominance at low current conditions may be an 

implication that they are not involved in electricity generation. 

 

2.3.4 Extracellular electron transfer mechanisms 

Electrochemically active microorganisms can transfer electrons extracellularly via membrane-

bound cytochromes, shuttle molecules or conductive pili [233]. To understand the major EET 

mechanisms in the MDC anode, CV was measured with fresh electrolyte and 1 M NaCl solution, 

and the scan rate ranged from 0.05 to 50 mV s-1. The voltammograms showed the typical 

characteristics of a Nernstian response, including anodic peak current/cathodic peak current = 1 

and peak potential being independent of scan rate (Figure A9). Furthermore, the peak current 

correlated linearly with the square root of the scan rate (Figure 2.4A), indicating that the redox 

reactions in the anode were reversible and diffusion controlled [115]. This is a clear evidence that 

the EET in the MDC anode proceeded mainly via shuttle molecules [234].  

 

 

Figure 2.4 (A) Linear correlation between the anodic peak current and the square root of the scan 

rate (0.5 ï 50 mV s-1). (B) First derivative of the CV at the scan rate of 1mV s-1 under turn-over 

condition. 
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The formal potentials of the shuttle molecules were obtained from the first derivative of the CV at 

1 mV s-1 under turn-over condition (Figure 2.4B). Two peaks were identified at approximately -

180 and -260 mV vs. SHE (standard hydrogen electrode), which could be assigned to the phenazine 

derivatives, phenazine-1-carboxylic acid and phenazine-1-carboxamide [16, 235]. Initially, the 

EET was dominated by the more positive redox reaction (2 M, -180 mV vs. SHE). As the NaCl 

concentration decreased, the EET showed a composite characteristic of both peaks (0.6 M), and 

then shifted to the more negative redox reaction (0.2 M, -260 mV vs. SHE). Interestingly, the 

major EET pathway changed back to the more positive redox reaction when the NaCl 

concentration further dropped to 0.05 M, and remained stable with 4 M. Although the variation of 

the dominant electron-transfer sites under osmotic pressure remain unclear and warrant further 

studies, the electrochemical results agree well with the community composition containing a high 

abundance of Pseudomonas (Figure 2.3), and suggest that phenazine-mediated species are the key 

players of current production in the highly saline anode environment. 

 

2.3.5 Functional prediction 

PICRUSt was applied to understand the possible impacts of salinity on the overall microbial 

activity in the MDC anode [207]. Of the 329 predicted results, 27 environmental functions from 6 

categories (Cell Motility, Carbohydrate Metabolism, Energy Metabolism, Lipid Metabolism, 

Membrane Transport and Cellular Processes and Signaling) were significantly affected (ANOVA, 

p < 0.05, Table A1 and A2).  

 

Figure 2.5 highlights the dynamics of the major functions of the suspended communities, and 

reveals clear patterns under high salinity. For instance, the significantly high cell mobility (i.e., 

chemotaxis, motility and flagella assembly) suggests that bacteria may be actively seeking shuttle 

molecules for respiration [236]. In terms of energy metabolism, carbon fixation becomes more 

active, which is in good agreement with the high Clostridiales abundance (Figure 2.2 and Figure 

2.3) and possibly related with the high HCO3
- content resulted from the rapid acetate oxidation 

(Figure 2.1B)  [237]. Meanwhile, the high level of oxidative phosphorylation, secretion and 

electron transfer carriers may be associated with the phenazine-dependent EET. To maintain 

proper metabolism and survive under high osmotic pressure, microorganisms can either increase 
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intracellular ion concentration (ñsalt-inò strategy, K+ and Cl- as the main ions), or accumulate 

organic compatible solutes (e.g., N-acetylglutaminylglutamine amide in Pseudomonas 

aeruginosa) [238]. The K+ concentration in the liquid phase was higher at higher salinity, possibly 

implying lower K+ concentration in the cell (Figure A10). Therefore, the microorganisms in the 

anode likely produce organic compatible solutes to cope with the highly saline environment, which 

might explain the upregulated secretion function (Figure 2.5). 
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Figure 2.5 The 27 major functions of the suspended communities predicted using PICRUSt and 

visualized using Circos [207, 209]. The thickness of the band represents the permillage of the 

function in the predicted data. For each function, there are six bands associated with the six NaCl 

concentrations, and the two highest permillages were highlighted. Amino, Amino sugar and 

nucleotide sugar metabolism; PPP, pentose phosphate pathway; ABC, ATP-binding cassette 

transporters; PTS, phosphotransferase system. 

 

Under low NaCl concentrations, important carbohydrate metabolisms such as 

glycolysis/gluconeogenesis, pentose phosphate pathway (PPP) and the metabolism of Amino 

sugar/nucleotide sugar, fructose/mannose and starch/sucrose are predicted to be enhanced (Figure 

2.5), possibly because EET-related acetate oxidation is suppressed and more substrates are 

available to non-EET heterotrophs, syntrophs and methanogens. In agreement, methane 

metabolism and phosphotransferase system for sugar uptake are upregulated. Overall, PICRUSt 

provided reasonable predictions of most microbial functions of the suspended communities, but 

the roles of butanoate and proponate metabolism and membrane transporters in EET under salt 

stress remain unclear. Similar to the biofilm community dynamics, the predicted biofilm functions 

do not exhibit significant patterns (Figure A11) and the detailed functions need further elucidation 

using other functional analyses. 

 

2.3.6 Network analysis  

A Bayesian network modeling approach was applied to simulate the dynamics of the microbial 

community and achieved significantly more accurate prediction than the null model (Figure A12, 

t-test, p<0.05). The community structure was predicted with high accuracy at the phylum level as 

indicated by the high Bray-Curtis similarity of 90±3% between the actual and the predicted 

community (Figure A12). The prediction power significantly decreased to 83±5% at the order level 

and 69±6% at the OTU level (t-test, p<0.05). These similarities were noticeably higher than those 

at the respective levels in a previous study using ANN to predict acid mine drainage 

communities,[198] highlighting the robustness of Bayesian networks. The declining trend of the 

accuracy at lower taxonomic levels, which was also observed in the ANN study, was not related 

to the number of taxa selected for network training,[198] but was likely a result of community 

redundancy. In a highly defined environment like MDC anode, the community can have a high 
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level of functional redundancy with serval taxa sharing similar biochemical/bioelectrochemical 

functions.[239] For example, as discussed earlier, OTUs 57 and 38 were the major Pseudomonas 

in the suspended community and might perform EET, but their dominance shifted as the salt 

concentration changed (Figure 2.3). The dynamics of those functionally redundant taxa might not 

be precisely reconstructed by statistical modeling such as Bayesian networks or ANN. 
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Figure 2.6 (A) The Bayesian network at the phylum level with 7 dominant phyla in the biofilm 

and suspended communities and 6 environmental parameters. (B) The Bayesian network at the 

order level with 8 dominant orders in the biofilm and suspended communities and 6 environmental 

parameters. 

 

 

Figure 2.7 The actual and simulated current at different levels. Error bars were calculated from 

triplicate data. 

 

Bayesian network modeling was further validated by calculating the RMSE. The RMSE at the 

phylum level ranged from 6% to 21% for the biofilm taxa and from 4% to 26% for the suspended 

taxa (Figure A13A). Proteobacteria, which was composed of several major EET species, was the 

best predicted phylum in both communities under all six NaCl concentrations, regardless of the 

large variations in some of the experimental data (Figure A14). The RMSE was not improved at 
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the order level (Figure A13B), and the values for Campylobacterales and Synergistales in the 

biofilm and Oceanospirillales in the liquid reached >30%, mainly due to the over-estimation at 

low NaCl concentrations (Figure A15). The prediction power further decreased at the OTU level 

as indicated by the large standard deviations (Figure A13C). Over- and under-prediction of the 

taxa were frequently observed in both biofilm and suspended communities under all six conditions 

(Figure A16). Overall, the RMSE results were in accordance with the Bray-Curtis similarities that 

the anode community could be more accurately predicted at higher taxonomic level. 

 

After the modeling approach was demonstrated as valid according to Bray-Curtis similarities and 

RMSE, final Bayesian networks were constructed from the whole dataset to further understand the 

microbial interactions and the potential functions of the major taxa in the MDC anode. Consistent 

with the low RMSE, the abundance of Proteobacteria was inferred well by the the phylum-level 

Bayesian network (Figure 2.6A) with low standard deviation. The Proteobacteria were negatively 

related to other phyla at the same location (i.e., biofilm or liquid), implying competition. In 

addtion, the occurrence of Proteobacteria was positively dependent on Cl-, which agreed with 

experimental data that EET taxa became dominant at high salinities (Figure 2.3). At the order level 

(Figure 2.6B), the major EET taxa Pseudomonadales was better simulated in the liquid than in the 

biofilm (standard deviation 0.06 vs. 0.24). Putatively non-EET Erysipelotrichales showed a strong 

negative correlation with the current (correlation coefficients of -4.08 in the biofilm and -1.61 in 

the suspended community), while Synergistales and Acholeplasmatales in the suspended 

community were negatively associated with EET taxa, suggesting that they might not play a role 

in current production.  

 

The Bayesian networks indicate that environmental parameters can be predicted from taxonomic 

data (Figure 2.6). For example, current, Cl- and PO4
3- were simulated with RMSE lower than 7% 

(Figure A13). The prediction of the current was slightly better with the taxonomic data at the order 

level as the slope of prediction vs. experiment was closer to 1 (Figure A17A) and standard 

deviation of the equation was the lowest. The relationships between order abundance, current 

production, COD removal and PO4
3- concentration indicated that current was not only associated 

with the three EET orders, but also correlated with the putative non-EET taxa. Current production 

was continuously simulated and the taxonomic data at the order level yielded the most accurate 
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prediction (Figure 2.7), with low RMSE ranging from 1.8 to 14.1% (Table A3). It should be noted 

that the prediction power of the continuous simulation was partly affected by the accuracy of the 

logistic regressions (Figure A18, A19 and A20) and thus only provided qualitative insights of the 

system performance. Nevertheless, the simulation at all three taxonomic levels proposed that 

current production would not be noticeably enhanced with a NaCl concentration higher than ~2 M 

(Figure 6), possibly because microbial activity would be suppressed by the high salinity. 

 

2.4 Discussion 

Adding salt in the electrolyte can reduce ohmic resistance and may be a simple solution to enhance 

BES performance, but the detailed effects of salinity remain controversial in the literature. It was 

previously suggested that a NaCl concertation higher than 0.3 M in the desalination chamber might 

adversely affect electricity generation [30]. However, the present study showed high current 

production above 0.6 M NaCl (Figure 2.1), and the current (300 A m-3-anode volume or 7 A m-2-

cathode electrode area) at 4 M NaCl was one of the highest among MDC studies. As ions 

accumulated in the MDC anode over a period of time, microorganisms could adapt to the saline 

environment. In addition, electrochemically active bacteria took advantage of high NaCl 

concentrations in the desalination chamber and created optimal anode salinities for continued 

dominance by regulating the bioelectrochemical activity (Figure A1, Figure 2.2 and Figure 2.3). 

When the NaCl concentration was higher than 1 M, the anode effluent still contained a 

considerable amount of organic substrate (Figure 2.1B and Figure A3), but it was not converted to 

electricity, indicating that further enhancement of bioelectrochemical activity may be suppressed 

by high salinity.  

 

Based on patterns of microbial community structure and phylogeny, Pseudomonas, Acinetobacter, 

Arcobacter and Halomonas are proposed to be the major electrochemically active microorganisms 

in the MDC anode, utilizing phenazine derivatives as electron shuttles (Figure 2.4). Members of 

Bacteroidales and Clostridiales might not be involved in EET directly but could play critical roles 

in sustaining other important functions in the anode community, allowing mixed-culture BES to 

consistently generate higher current and power than pure-culture BES [18]. For example, members 

of Bacteroidales may be scavenging dead cells on the electrode [240], thereby creating space for 

electrochemically active bacteria and facilitating EET kinetics. Hydrogen gas may be produced 



52 

 

from biomass fermentation, and subsequently used together with HCO3
- by Clostridiales (e.g., A. 

noterae, Figure 2.5) to form acetate. Some Clostridiales, such as Clostridium ljungdahlii and 

Clostridium aceticum, have been reported to reduce CO2 to acetate using an electrode poised at -

400 mV vs. SHE as electron donor [241]. A similar process may occur in the MDC anode, but 

with phenazine derivatives donating electrons. At pH 7, the redox potentials of phenazine-1-

carboxylic acid and phenazine-1-carboxamide are calculated to be -360 and -400 mV vs. SHE 

(onset oxidative potential in CV, Figure A9), which are thermodynamically favorable when 

coupled with CO2 reduction to acetate (-296 mV vs. SHE). The hypothesis implies the importance 

of Clostridiales in carbon cycling and electron flow in the MDC anode, which is consistent with 

the prediction by PICRUSt and Bayesian network (Figure 2.5 and Figure 2.6), but needs further 

studies that directly measure functions.  

 

Bayesian networks can help identify interactions between environmental factors and dominant 

taxa (Figure 2.6) [242], and have been used here for the first time to predict functional output from 

an engineered system (Figure 2.7). This approach is based on taxonomic data, and avoids the 

assumption of a simplified microbial community and the estimation of empirical coefficients 

[243]. For instance, a previous MDC engineering model developed based on a configuration 

similar to the present study (a tubular reactor with a 300-mL anode and 150 mL-desalination 

chamber) could not yield satisfactory simulation at high NaCl concentrations without optimizing 

some key coefficients [131]. In contrast, the taxa-based statistical model in this study can well 

predict reactor performance over a wide range of salt concentrations with low RMSE. With the 

advancement in sequencing technologies and biostatistics, such an approach can potentially be 

expanded to predict the effects of other engineering factors ï including COD loading, hydraulic 

retention time, external resistance and electrode size, etc. ï and produce a statistical model that is 

universally applicable to various types of bioreactors.  

 

In summary, this study has highlighted the potential of MDC as a next-generation energy-efficient 

water and wastewater treatment technology. High NaCl concentrations in the desalination chamber 

of an MDC is beneficial for current production and leads to the dominance of shuttle-mediated 

electrochemically active microorganisms such as Pseudomonas and Acinetobacter. Members in 

Bacteroidales and Clostridiales are putatively not capable of EET but may play a role in 
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maintaining bioelectrochemical functions. By combining engineering methods, molecular 

techniques, electrochemical measurements and statistical analyses, this study has developed a 

novel statistical method to understand and predict the performance of engineered biological 

systems.  
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CHAPTER 3: Facile Synthesis of MoS2@CNT as an Effective Catalyst for Hydrogen 

Production in a Microbial Electrolysis Cell 

(This section has been published as: Heyang Yuan, Jianyang Li, Chris Yuan, and Zhen He. "Facile 

synthesis of MoS2@ CNT as an effective catalyst for hydrogen production in microbial electrolysis 

cells." ChemElectroChem (2014): 1, 1828-1833.) 

 

3.1 Introduction 

Hydrogen is considered to be a promising next-generation fuel because of its high heat value and 

generation from renewable sources [244]. The methods for hydrogen production including stream 

reforming and water splitting consume a large amount of energy, which can be substantially 

reduced by using renewable resources such as organic compounds in wastewater [245]. As a new 

approach for producing hydrogen from renewable sources especially organic wastes, microbial 

electrolysis cell (MEC) can generate hydrogen gas by taking advantage of microbial respiration 

with an electrode [86]. In an MEC, exoelectrogens oxidize organic compounds and release 

electrons to an anode electrode, resulting in a potential of -0.30 V vs. SHE at the anode when 

acetate acts as an organic source [113]. To drive hydrogen evolution reaction (HER) on a cathode 

electrode (-0.41 V vs. SHE), an external voltage > 0.11 V will be theoretically required, and in 

practice a voltage >0.2 V is usually applied to overcome overpotentials [246]. Even with an 

additional voltage input, the energy consumption in an MEC is still less than the conventional 

water electrolysis. Moreover, because electrons are generated from wastes, hydrogen production 

in an MEC will benefit sustainable societal development. MECs have been intensively studied in 

the past few years [247-249], and a pilot-scale MEC exhibited the feasibility of using winery 

wastewater as a substrate to produce hydrogen gas [117]. However, further development of MECs 

is seriously hindered by high capital cost, especially that of cathodic catalysts. 

 

Catalysts are commonly applied to facilitate HER, which is thermodynamically favorable but 

kinetically slow. Platinum is widely used in bench-scale experiments and shows outstanding 

productivity [250], but it is not economically viable. Rozendal, Jeremiasse [251] demonstrated the 

possibility of utilizing biocathode to catalyze hydrogen evolution; however, hydrogenotrophic 

methanogens could thrive and consume hydrogen gas [128]. From the perspective of stability and 

performance, metallic and synthetic catalysts may be a better choice. Nickel has a relatively high 
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catalytic activity and thus has been modified into various forms for MEC applications including 

powder [122], foam [252], alloy [253] and nano-assembly [254]. Huang, Liu [255] coated carbon 

paper with palladium via electrochemical deposition and obtained a catalytic efficiency 50 times 

higher than platinum. In a study using iron-based composite nanorods as catalysts, hydrogen yield 

was found to be comparable to platinum [256]. Nevertheless, operational complexity and energy 

consumption during material synthesis accounts for the major issue of the above-mentioned 

materials. 

 

Molybdenum sulfide (MoS2) is an exciting catalyst inspired by the research of nitrogenase enzyme 

[257]. Density functional theory (DFT) calculation suggested that the Mo-edge favored hydrogen 

binding [257]. In the volcano plot of the exchange current density as a function of Gibbs free 

energy of adsorbed atomic hydrogen, MoS2 was found close to platinum, indicating a high 

potential of HER catalysis [258]. The inherent defect of this material lies in its low conductivity 

and insufficient active sites [111]. To tackle these problems, MoS2 has been modified by means of 

Li+ intercalation, [259] chemical exfoliation [260] and hybridization with graphene oxide [261]. 

Laursen, Kegnaes [111] coated MoS2 on multi-wall carbon nanotubes (CNTs) to increase 

conductivity. Their results revealed that coating could achieve good performance, but excessive 

treatment, i.e. annealing at high temperature would lead to loss of active edges.  

 

By far there has been only one MEC study using MoS2 as a HER catalyst [262], in which MoS2 

was not modified but simply mixed with carbon black. Linear sweep voltammograms showed an 

earlier onset potential for MoS2 than for Pt. High current density and hydrogen production rate 

were also obtained in the batch MEC test. However, the amount of MoS2 loaded on the electrode 

was 5 times more than that of Pt, making the comparison arguable. Herein, we report a simple 

facile approach to the fabrication of 1D tabular architecture composed of edge-terminated ultrathin 

MoS2 nanosheets and high conductive CNTs (MoS2/CNT). This unique structural design utilizes 

combinative merits of edge-terminated MoS2 and the high conductive CNTs, leading to both 

enhanced electronic conductivity and increased amount of actives sites. The MoS2/CNT 

composites were examined by using electrochemical techniques and in an MEC for hydrogen 

production. 
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3.2 Materials and methods 

3.2.1 Synthesis of MoS2/CNT  

CNTs (Flo Tube 6000, CNano Technology, Ltd., CA) with an average outer/inner diameter of 7 

nm / 3 nm and length of 10 µm was purified by sonicating in concentrated HNO3 (70% W/W) for 

30 min followed by washing with deionized (DI) water and drying at 60 oC in a vacuum oven. In 

typical synthesis of the MoS2/CNT nanocomposite, CNTs was dispersed in 80 mL sodium 

dodecylbenzene sulfonate (SDBS) solution (2 % w/w) with sonication for 1 h. Then, 15 mg sodium 

molybdate and 20 mg thiourea were added into the solution subsequently and sonicated for 15 min. 

The homogenous solution was transferred to a Teflon-lined autoclave and heated at 220 °C for 24 

h. Afterward, the dark suspension was collected and rinsed with DI water for several times before 

drying. MoS2, MoS2/CNT-30, and MoS2/CNT-60 were synthesized by the similar hydrothermal 

method. 

 

3.2.2 Characterization  

Hitachi S-4800 field emission scanning electron microscope (FESEM) and Hitachi H9000 NAR 

transmission electron microscope (TEM) operating at an acceleration voltage of 300 KV were 

employed to study the morphology and structure properties. X-ray diffraction (XRD, Bruker D8 

Discover A25) was used to identify the crystal structure and phase information with copper KŬ 

radiation. Thermal gravity analysis (TGA, TA SDT 2960) was used to determine the CNT 

concentration in the nanocomposite. Raman spectra were taken on a Renishaw 1000B Raman 

spectrometer with a 632.8 nm HeNe laser source. Surface area and pore volume were measured 

by a multipoint BET nitrogen adsorption/desorption method using Micrometrics ASAP200. 

Further investigation on the compositions and atomic valence states was collected by HP 5950A 

X-ray photoelectron spectroscopy (XPS) with Mg KŬ as the source and corrected by the C 1s peak 

at 284.6 eV. 

 

3.2.3 Preparation of the cathode  

The synthesized catalysts were coated on a piece of rectangular carbon cloth (PANEX®30PW03, 

Zoltek Corporation, St.Louis, MO, USA) with an area of 4 cm2 that was used as a cathode 

electrode. In more details, 20 mg of the materials (MoS2 coated on 0%, 30%, 60% and 90% CNT) 

were mixed with 133 ɛL Nafion (Sigma-Aldrich, St. Louis, MO, USA) and 17 ɛL DI water and 
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applied to the carbon cloth, making a loading rate of 5 mg cm-2. After coating, the carbon cloth 

was dried in a fume hood for 24 h and then ready for use. A cathode coated with 20 mg of Pt/C 

(10% wt. Platinum on Carbon Vulcan, Fuel Cell Earth LLC, Wakefield, Ma, USA) was prepared 

with the same method and served as control. 

 

3.2.4 MEC construction and operation 

A two-chamber MEC was built by connecting two glass bottles with a cation exchange membrane 

(CEM) as a separator (UltexCMI7000, Membranes International, Inc., GlenRock, NJ, USA). The 

liquid volume of the anodic chamber and the cathodic chamber was 130 and 140 mL, respectively.  

The anode electrode was a carbon brush (Gordon Brush Mfg.Co., Inc., Commerce, CA, USA) that 

had been cultivated under a microbial fuel cell mode for three months. The anolyte contained (per 

liter of DI water): sodium acetate, 1 g; NaCl, 0.5 g; MgSO4, 0.015 g; CaCl2, 0.02 g; KH2PO4, 0.53 

g; K2HPO4, 1.07 g; NaHCO3, 1 g; and trace element, 1 mL [200]. One M PBS (KH2PO4, 53 g; 

K2HPO4, 107 g) solution was used as a catholyte. An external voltage of 0.8 V was applied to the 

MEC by connecting the cathode electrode to the negative pole of a power supply (3644A, Circuit 

Specialists, Inc., Mesa, AZ, USA), the anode electrode to a 0.1-ɋ resistor then to the positive pole. 

The MEC was operated under a batch mode at room temperature. Every 48 h as one cycle, 60 mL 

of anolyte and 140 mL of catholyte were replaced. Each material was tested in triplicate. 

 

3.2.5 Measurement and analysis 

The voltage (U) on the 0.1-ɋ resistor was recorded by a digital multimeter (2700, Keithley 

Instruments, Inc., Cleveland, OH, USA) with a time interval of 5 min. Current (i) was calculated 

with Ohmôs law i = U/R. Hydrogen production in the MEC was collected with water displacement 

and measured with a syringe. Chemical oxygen demand (COD) was measured using a DR/890 

colorimeter (HACH Co., Ltd., USA) according to manufacturerôs handbook. Linear sweep 

voltammogram (LSV, scan rate 10 mV s-1) and Tafel plot (scan rate 1 mV s-1) were measured with 

a potentiostat (Reference600, Gamry Instruments, Warminster, PA, USA). Electrochemical 

experiments were conducted in a sealed glass bottle containing 120 mL of 1 M PBS solution, 

where the modified cathode electrodes served as a working electrode, a platinum wire served as a 

counter electrode, and an Ag/AgCl electrode (CH Instruments, Inc., Austin, TX, USA) acted as a 

reference electrode. The glass bottle was sparged with nitrogen gas for 15 min prior to each test.  
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Important parameters including Coulombic efficiency (Equation 3.1), cathodic H2 recovery 

(Equation 3.2), overall H2 recovery (Equation 3.3) and H2 production rate (Equation 3.4) were 

calculated as previously described [246, 256]: 
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Where F is the Faradaic constant, VAn is the anolyte volume, ȹCOD is the removed COD, nH2 is 

the mole of hydrogen production, VH2 is the hydrogen volume and t is the time period of one cycle 

(48 h). 

 

3.3 Results and discussion 

3.3.1 Characterization of the catalysts 

The synthetic procedure is primarily based on the a simple one-pot hydrothermal reaction in the 

presence of CNTs. The CNTs was fist purified by sonication in concentrated nitric acid and then 

dissolved in dilute sodium dodecylbenzene sulfonate (SDBS) solution. Sodium molybdate and 

thiourea were added in the homogenous solution of the highly-dispersed CNTs. The field emission 

scanning electron microscopy (FESEM) and transmission electron microscopy (TEM) studies of 

CNTs show an average diameter of 7 nm and length of 10 µm. The FESEM image of the 

MoS2/CNT-90 composite reveals slightly increased diameter (Figure 3.1c and 3.1d) compared to 

original CNTs (Figure 3.1a and 3.1b). A thin layer of MoS2 nanosheet on the surface of CNTs is 

clearly observed by TEM (Figure 3.1d). The lattice spacing is measured to be 0.65 nm 

corresponding to the interlayer spacing along the z-axis perpendicular to (002) plane of 2H-MoS2. 

However, MoS2/CNT-60 and MoS2/CNT-30 demonstrate the morphology of MoS2 flowers 

embedded in the CNTs networks (Figure B1c and B1d). The increased amount of MoS2 flowers 

might block the fast electron transport, which limits the overall electrocatalytic performance. 

Pristine MoS2 shows similar flower-like morphology composed of a thick layer of MoS2 
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nanosheets (Figure 3.1e), which was measured to approximately 15 layers with a lattice spacing 

of 0.65 nm (Figure 3.1f). 

 

 

Figure 3.1 FESEM and HRTEM images of (a) and (b) CNT, (c) and (d) MoS2/CNT-90, (e) and (f) 

MoS2. Arrows in (d) indicate a thin layer of MoS2 nanosheet on the surface of CNTs. Inset in (f) 

is corresponding lattice fringes. 

 

X-ray diffraction (XRD) was employed to investigate the crystal structure and phase information 

of CNTs, MoS2 and MoS2/CNT composites (Figure 3.2a). The spectra of MoS2, MoS2/CNT-60, 

and MoS2/CNT-30 show typical diffraction peaks of a hexagonal crystal structure, which can be 

indexed as 2H-MoS2 with a space group of P63/mmc (JCPDS 37-1492). Compared with pristine 

MoS2, the (002) peak of MoS2/CNT-60 and MoS2/CNT-30 depict a reduced intensity and 

broadened width, suggesting a smaller mean crystallite size than that of pristine MoS2. Moreover, 

there are no observable MoS2 peaks on the spectrum of MoS2/CNT-90 probably due to the low 

concentration of MoS2 in the nanocomposite. By assuming the remaining product is MoO3 and no 
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Mo atom loss during the thermogravimetric analysis (TGA), the amount of MoS2 in the original 

nanohybrid is calculated to be 91% (Figure B2), which is close to the material input. Similarly, the 

Raman spectrum of MoS2/CNT-90 reveals characteristic peaks of CNT at 1330 cm-1 (D band) and 

1590 cm-1 (G band) with barely observable MoS2 peaks. However, MoS2, MoS2/CNT-30, and 

MoS2/CNT-60 exhibits clearly typical peaks of the in-plane E12g phonon mode (374 cm-1) and out-

of-plane A1g vibration phonon mode (402 cm-1) of MoS2 (Figure 3.2b), confirming the presence 

of MoS2 in the nanocomposite. A close view of all three spectra demonstrates higher intensity of 

A1g mode than that of E12g mode, indicating the formation of edge-terminated MoS2 film [263]. 

According to the previous report that edges of an SïMoïS sheet are the active sites, in particular 

the  Mo-edges have the most advantageous hydrogen binding energy of the edges considered 

[111]. X-ray photoelectron spectroscopy (XPS) was conducted to study the compositions and 

atomic valence states of the MoS2/CNT-90 nanocomposite (Figure 3.2c). The full survey of 

MoS2/CNT-90 exhibits signals of sulfur, molybdenum, carbon, and oxygen, confirming the 

presence of MoS2 in the nanohybrid. Oxygen was introduced during CNTs purification process. 

High resolution XPS spectra of Mo 3d and S 2p reveal peaks at 229.1, 232.3, 162.9, and 161.9 eV 

(Inset of Figure 3.2c), corresponding to Mo 3d3/2, Mo 3d5/2, S 2p1/2, and S 2p3/2 components of 

MoS2, respectively. Moreover, the nitrogen adsorption-desorption isotherms of all five samples 

show a type IV with H3-type hysteresis loop, indicating the presence of mesoporous structure 

(Figure 3.2d). The specific surface area and pore volume of MoS2/CNT-90 using Brunauerï

EmmettïTeller (BET) method are measured to be 205 m2 g-1 and 0.856 m3 g-1, respectively (Table 

B1). In comparison, MoS2/CNT-60 and MoS2/CNT-30 exhibit much lower surface area and pore 

volume. Notice that the larger surface area provides more exposed active edge sites, which is 

anticipated to have an excellent activity for electrocatalytic hydrogen evolution [264]. 
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Figure 3.2 (a) XRD patterns, (b) Raman spectra, (c) XPS full survey and the corresponding high 

resolution Mo 3d and S 2p XPS spectra of MoS2/CNT-90 nanohybrid (insets), (d) Nitrogen 

adsorption-desorption isotherms.  

 

3.3.2 Electrochemical performance 

The HER activity of MoS2 composites was first evaluated using LSV. Because the measurement 

was conducted in 1 M phosphate buffer saline (PBS) with a pH of 7.01±0.01, the potential was 

normalized according to: ERHE = Emeasure + 0.41 + 0.20 V vs. RHE (reversible hydrogen electrode), 

where 0.41 V is the shift caused by pH and 0.20 V is due to the use of Ag/AgCl reference electrode. 

The MoS2/CNT-90 exhibited early cathodic current at a small overpotential of approximately 70 

mV, indicating a high HER activity (Figure 3.3a). On the other hand, late onset potentials were 

observed with the materials containing 30% and 0% of CNTs, which is in agreement with that in 

previous research [111, 260, 264]. In contrast, pure CNTs did not show drop until -0.5 V vs. RHE 
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(data not shown). Tafel plot was conducted for further investigation of the electrochemical 

property. The Tafel slopes fitted from the plots were ~30 mV dec-1 for Pt, and ranged from 59 

(CNT-90) to 73 (MoS2) mV dec-1 for the composites (Figure 3.3b).  

In theory, three steps may participate in HER in acid media [111, 261, 265, 266], while similar 

Tafel behavior was also observed previously in PBS solution [267]: 

 

Volmer reaction: ( Å ᴼ( ȟÂ ςȢσ24Ⱦɻ& ρςπ Í6 ÄÅÃ 

Heyrovsky reaction: ( ( Å ᴼ(ȟÂ ςȢσ24Ⱦρ ɻ& τπ Í6 ÄÅÃ 

Tafel reaction: ( ( ᴼ(ȟÂ ςȢσ24Ⱦς& σπ Í6 ÄÅÃ 

 

 

Figure 3.3 (a) linear sweep voltammogram (scan rate 10 mV s-1) and (b) Tafel slope (scan rate 1 

mV s-1) measured under 1 M PBS buffer (pH = 7.01±0.01).  

 

Hydrogen is produced through the combination of either Volmer-Heyrovsky mechanism or 

Volmer-Tafel mechanism. The significance of Tafel slope is that the rate determining step of HER 

can be identified by comparing calculated and experimental slopes. The measured Tafel plot 

yielded slopes close to 40 mV dec-1, suggesting that Heyrovsky reaction, i.e. desorption step is 

limiting the HER kinetics. It should be noted that Tafel slopes of MoS2 modified with different 

methods varies in a wide range [263], and thus make the HER mechanism inconclusive. Thus, we 

tend not to interpret HER mechanism solely based on Tafel slope. However, the plot also provided 

other valuable information. Figure 3.3b depicts highly similar electrochemical behavior for all 
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MoS2 composites despite different CNT contents, indicating similarity of catalytic chemistry on 

the material surface [268]. On the other hand, the disparity of HER activity shown in Figure 3.3a 

implies crucial factors other than HER mechanism effecting the catalytic performance. 

 

One inherent problem of MoS2 as a catalyst is the low conductivity between S-Mo-S sheets bonded 

by van der Waals force [111], which could be the reason for late onset potential of pure MoS2. As 

shown in SEM (Figure 3.1), coating CNTs with MoS2 did not noticeably change the morphology. 

In addition, a higher CNT ratio means a lower amount of MoS2, leading to the reduced active sites, 

as no other modification was made on MoS2 [269]. Therefore, the enhanced HER activity with 

increased CNT content may not correlate with active sites, but is very likely due to increased 

conductivity [269, 270]. Those results suggest that conductivity could be the main limiting factor 

when using MoS2 to catalyze HER. 

 

3.3.3 MEC experiments  

Actual hydrogen production catalyzed by MoS2/CNT was investigated in an MEC operated under 

a batch mode. The electrical current generation is shown in Figure 3.4. In general, currents 

decreased over the course of operation due to the consumption of substrates. The Pt catalyst led to 

relatively stable current generation between 10 and 35 h. A higher content of CNTs in MoS2/CNTs 

resulted in a higher current generation. A more detailed comparison can be found in Table 3.1, in 

which one can see that total coulomb (Ctotal) production roughly follows this order: Pt > CNT-90 

> CNT-60 > CNT-30 > MoS2. This trend is further confirmed by other parameters enumerated in 

Table 3.1. The calculation shows similar cathodic hydrogen recovery (Rcat), indicating a high HER 

activity of the catalysts. On the other hand, Coulombic efficiency (CR) of the composites was 

slightly enhanced by coating, but still inferior to that of Pt. Although different CR led to a minor 

difference in overall hydrogen recovery (RH2), it exerted a distinct effect on actual hydrogen 

production rate (QH2). While the QH2 of materials containing less CNT was less than 80% of that 

of Pt, MoS2/CNT-90 achieved comparable hydrogen production. 

 

The results of the MEC test, including current density, Ctotal, CR and QH2, are in agreement with 

the aforementioned material characterization and electrochemical analysis, justifying the 

assumption that increasing CNT content could improve the HER activity. Based on the similar 
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Tafel behavior (Figure 3.3b) we assume that this is principally attributed to the increased 

conductivity via coating. This hypothesis is supported by the findings in a recent study, in which 

a catalyst was synthesized by binding amorphous MoSx on vertical nitrogen-doped CNTs via 

precursor deposition. [271] The authors of that study demonstrated an optimized structure with the 

maximum catalytic surface area and sufficient contact between MoSx and CNTs, and reported 

small overpotential (~75 mV) and Tafel slope (40 mV dec-1), which is close to our results. 

Furthermore, their electrochemical impedance spectroscopy (EIS) showed reduced charge transfer 

resistance for hybrid catalyst compared to pure MoSx, indicating that the good performance of the 

MoSx/CNTs composite is due to electronic coupling between MoSx and nitrogen-doped CNTs. 

In summary, the MoS2/CNT composites synthesized in this study are promising for future MEC 

application because of the comparable performance to Pt, simple synthetic procedure and low 

price. [262] The relevance of active sites and conductivity and the durability of the catalysts will 

be further investigated in the future. In addition, the material could be further modified to reach an 

optimal MoS2:CNT ratio. Tackling these problems will not only improve the hydrogen production 

catalyzed by MoS2 composites, but also provide insight into hydrogen evolution catalysis for other 

materials. 

 

 

Figure 3.4 Current density of the MEC with MoS2 composites or Pt serving as a catalyst at an 

applied voltage of 0.8 V.  
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Table 3.1 Hydrogen production and efficiencies of the MEC using MoS2 composites or Pt as a 

cathode catalyst. Standard deviation is calculated with triplicate experiments. 

 Ctotal
a (C) CR

b (%) Rcat
c (%) RH2

d (%) QH2
e (m3 H2 m-2 d-1) 

MoS2 115.8±12.3 21.6±2.3 46.2±4.3 10.0±1.5 0.0078±0.0014 

MoS2/CNT-30  119.8±3.2 25.3±3.5 43.2±0.6 10.9±1.5 0.0077±0.0002 

MoS2/CNT-60 121.6±19.7 23.3±7.8 46.0±4.0 10.9±4.5 0.0081±0.0008 

MoS2/CNT-90 144.4±3.8 25.7±5.0 49.0±5.5 12.7±3.9 0.0101±0.0007 

Pt 146.9±5.9 30.6±3.8 48.0±6.1 14.6±1.6 0.0103±0.0013 
a Ctotal: Total coulomb.  
b CR: Coulombic recovery.  
c Rcat: Cathodic hydrogen recovery.  
d RH2: Overall hydrogen recovery. 
e QH2: Hydrogen production rate. 

 

3.4 Conclusions 

In this study, molybdenum disulfide (MoS2) was coated on nitrogen-doped carbon nanotubes 

(CNTs) to increase its conductivity, and the synthesized material was examined in an MEC for 

HER. Linear sweep voltammogram demonstrated the enhanced HER activity with increasing the 

content of CNTs. Tafel plot yielded slopes ranging from 59 to 73 mV dec-1 for the MoS2 

composites, indicating similar chemistry on the surface of the composites compared with the 

unmodified MoS2. These data suggest that conductivity may be the main limiting factor for overall 

HER activity by MoS2. The MEC test showed that the MoS2/CNT-90 achieved comparable 

hydrogen production to the Pt catalyst. The low price of the MoS2 composites will make it 

competitive as an effective HER catalyst for MEC application. 
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CHAPTER 4: Porous Carbon nanosheets co-doped with Nit rogen and Sulfur for Oxygen 

Reduction Reaction in Microbial Fuel Cells 

(This section has been published as: Heyang Yuan, Yang Hou, Zhenhai Wen, Xiaoru Guo, Junhong 

Chen and Zhen He. Porous carbon nanosheets codoped with nitrogen and sulfur for oxygen 

reduction reaction in microbial fuel cells. ACS Applied Materials & Interfaces (2015): 7, 18672-

18678.) 

 

4.1 Introduction 

The oxygen reduction reaction (ORR) is one of the most critical reactions for 

electrochemical systems. Because ORR is sluggish, platinum is widely used as a catalyst 

in lab experiments, but is economically not feasible for large-scale applications, which 

poses a major challenge for fuel cell applications [272]. Non-precious metals such as 

manganese, iron and cobalt have also been modified and efficient catalysis has been 

obtained [273, 274]. However, the long-term stability of these metal catalysts remains to 

be examined. 

 

Carbon materials are of great interest for fuel cells because of their low cost and high 

stability [44, 275]. Nitrogen-doped carbon catalysts (e.g., carbon nanotubes, nanosheets, 

graphene etc.) exhibit abundant defect sites, high specific surface area and high 

conductivity, and thus have drawn great attention in recent years [61, 276, 277]. Enhanced 

ORR catalysis using nitrogen-doped carbon materials have therefore been extensively 

reported in previous studies [278, 279]. In addition to nitrogen, heteroatoms such as boron, 

sulfur and phosphorus have also been doped in carbon-based materials and noticeably 

enhanced ORR catalysis [280, 281]. The catalytic activity was reported to be further 

improved by dual doping of N and S [282, 283], and the specific surface area of a sulfurï

nitrogen co-doped three-dimensional carbon foam reached up to 850 m2 g-1 [284]. While 

the synergetic effects of the dopants and the ORR mechanism remained to be explored, 

dual-doped N/S carbon materials with outstanding ORR catalytic activity may hold great 

promise for the development of fuel cells. 
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Another perspective of fuel cells is to generate energy from renewable resources such as 

wastewater. Wastewater is increasingly recognized as a green resource because of the 

potential energy and nutrient that it contains [4]. The chemical energy stored in organic 

matters in wastewater can be directly converted into electricity by microbial fuel cells 

(MFCs) [285]. In the anode of an MFC, exoelectrogens degrade organics and respire by 

releasing electrons extracellularly to the anode electrode [18]. When proper electron 

acceptors (e.g. oxygen) are used in the cathode and the overall reaction of the cell is 

thermodynamically favorable, the electrons will flow spontaneously through an external 

circuit to the cathode [113]. As such, wastewater treatment and electricity generation are 

achieved simultaneously. Similar to chemical fuel cells, oxygen is a common electron 

acceptor because of its availability and high reduction potential. Therefore, advances in 

carbon-based materials for ORR catalysis may play an important role in sustainable water 

and wastewater treatment in future. A variety of carbon-based materials, including 

activated carbon [286-288] and grapheme [48], have been used as cathode catalyst of MFCs 

and show great promise in terms of performance and stability. 

 

In this work, we have demonstrated the simple synthesis of N/S co-doped porous carbon 

nanosheets (N/S-CNS) with abundant active sites and high surface area. The ORR catalysis of the 

as-prepared catalysts was studied by linear sweep voltammetry, electrochemical impedance 

spectroscopy and rotating disk electrode measurement. To better understand the catalysis 

performance, the catalysts were further examined in an MFC. The present work is expected to 

provide insights into the dual-doping of N and S in carbon materials and the application of such 

catalysts in MFCs for energy-efficient wastewater and/or water treatment. 

 

4.2 Materials and methods 

4.2.1 Synthesis of N/S-CNS 

To synthesize the catalysts, 1 g of potassium citrate was annealed in Ar atmosphere at 850 ºC for 

2 h at a heating rate of 2 ºC min-1 [289]. The porous carbon nanosheets were generated by further 

treatment of the products as-obtained above with 0.5 M H2SO4 solution for overnight followed by 

washing with deionized water and vacuum drying with a yield of about 41%. Next, the obtained 

porous carbon nanosheets were dissolved in 10 mL ethanol, followed by addition of 0.5 g diphenyl 
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disulfide under stirring. Then, the solvent was slowly evaporated at 50 ºC. The remaining powder 

was further heated at 750 ºC with a rate of 2 ºC minī1 and held at that temperature for 2 h under 

NH3 atmosphere, resulting in the formation of N/S co-doped porous carbon nanosheets. For 

comparison, CNS were also doped with solely nitrogen or sulfur. 

 

4.2.2 Characterization 

Microstructures of the samples were examined using transmission electron microscopy (TEM, 

Hitachi H 9000 NAR) and field-emission scanning electron microscopy (FESEM, Hitachi S-4800). 

X-ray diffraction (XRD) data were obtained with a Scintag XDS 2000 X-ray powder 

diffractometer (Cu KŬ radiation source, ɚ = 1.5418 ¡). Raman spectroscopy was recorded on a 

(Renishaw 1000B spectrometer with laser excitation (wavelength 633 nm). X-Ray photoelectron 

spectroscopy (XPS) analysis was performed on HP 5950A equipped with the Mg KŬ as the source. 

BrunauerīEmmetīTeller (BET) surface area was determined by using a Micromeritics ASAP 

2010 instrument with N2 adsorption. 

 

4.2.3 Electrochemical analysis 

Five milligram of the synthesized catalysts were mixed with 40 ɛL of Nafion® perfluorinated ion-

exchange resin (Sigma-Aldrich, MO, USA) and 60 ɛL of deionized water, and applied to a carbon 

cloth (PANEX®30PW03, Zoltek Corporation, MO, USA) with an area of 1 cm2 to obtain a loading 

rate of 5 mg cmī2. After coating, the carbon cloth was dried in a fume hood for 24 h and ready for 

use [88]. A 1-cm2 carbon cloth coated with 5 mg cmī2 of Pt/C (10% wt. Platinum on Carbon 

Vulcan, Fuel Cell Earth LLC, Ma, USA) was prepared with the same method and served as control. 

These electrodes were examined as the working electrode in a three-electrode cell containing 120 

mL of 0.1 M PBS (phosphate buffer saline, 5.3 g Lī1 KH2PO4 and 10.7 g Lī1 K2HPO4) with a 

platinum wire (CH Instruments, Inc., TX, USA) as the counter electrode and an Ag/AgCl electrode 

(CH Instruments, Inc., TX, USA) as the reference. Linear sweep voltammetry (LSV) was 

measured with a potentiostat (Reference600, Gamry Instruments, PA, USA) at a scan rate of 10 

mV sī1. Electrochemical impedance spectroscopy (EIS) was conducted at the open circuit voltage 

with a sinusoidal perturbation of 10 mV and the frequency ranging from 10ī3 to 105 Hz. The data 

were fitted with Gamry Echem AnalystÊ software. The electrodes were rinsed with deionized 



69 

 

water and air dried before each test. The electrolyte was aerated for 15 min prior to each 

experiment, and kept aerating in the headspace during the course of experiments. 

 

Rotating disk electrode (RDE) measurements were conducted in the same three-electrode cell to 

study the ORR mechanism. A glass carbon tip (diameter 3 mm, BASI, IN, USA) was polished 

with alumina slurry (PK-4 Polishing kit, BASI, IN, USA) to obtain a mirror-like surface and then 

washed with deionized water and ethanol. Ink solutions with a concentration of 100 mg mL-1 were 

prepared by mixing 10 mg of the catalyst powder with 40 ɛL of Nafion® and 60 ɛL of deionized 

water. After 10-min ultrasonication, 3.6 ɛL of the ink solution was pipetted on the glassy carbon 

RDE tip, making a loading rate of ~5 mg cm-2. The current density was recorded at the scan rate 

of 10 mV sī1 and the rotation rate was varied from 100 to 1,600 rpm (RDE-2, BASI, IN, USA). 

To maintain a constant O2 level, the electrolyte was aerated using an air pump (AQUA SUPREME 

AIR PUMP 2 WATT, DANNER MANUFACTURING, NY, USA) for 15 min and was constantly 

aerated during the measurement. The electrolyte was then purged with N2 for 15 min and LSV was 

conducted to obtain the baseline for each catalyst. The baseline was subtracted and the electron 

transfer number (n) was calculated from the slope of the Koutecký-Levich plot [115]: 

 

(1) 

 

where iK is the kinetic current (A), F is the Faradaic constant (96,485 C mol-1), A is the 

electrode area (0.071 cm2), DO2 is the diffusion coefficient of O2 in the 0.1 M PBS (2.15 

cm2 s-1) [290], ɜ is the kinematic viscosity of the electrolyte (0.01 cm2 s-1), C is the O2 

centration in the electrolyte (2.6×10-7 mol cm-3) measured using a DO meter (OrionÊ Star 

A213, Thermo Fisher Scientific Inc., MA, USA) and ɤ is the angular rotation velocity (rad 

s-1). The durability of the catalysts was investigated by performing RDE at 1,600 RPM after 

3,000 and 6,000 cycles of cyclic voltammetry (scan rate 100 mV s-1). All electrochemical 

experiments were conducted at room temperature for three times. 

 

4.2.4 MFC construction and operation 

A two-chamber MFC was constructed by connecting two glass bottles with a cation exchange 

membrane as the separator (CMI-7000S, Membranes International, Inc., NJ, USA). The liquid 

volume of the anodic chamber and the cathodic chamber was 130 and 140 mL, respectively. The 
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anode electrode was a carbon brush (Gordon Brush Mfg. Co., Inc., CA, USA) that had been 

cultivated in the MFC for over one month. The anolyte contained (per liter of deionized water): 

sodium acetate, 1.0 g; NaCl, 0.5 g; MgSO4, 0.015 g; CaCl2, 0.02 g; KH2PO4, 2.65 g; K2HPO4, 5.35 

g; NaHCO3, 1.0 g; and trace element, 1.0 mL [200]. The carbon cloth coated with the catalysts 

was examined as a cathode electrode. The catholyte was 0.1 M PBS solution. The anode and 

cathode electrodes were connected through a 1-ɋ resistor (HARS-X-3-0.001, IET Labs, Inc., NY, 

USA). The voltage on the resistor was recorded by a digital multimeter (2700, Keithley 

Instruments, Inc., OH, USA) at a time interval of 5 min. The current of the MFC was calculated 

according to the Ohmôs law. Duplicate polarization curve and power density were measured using 

the potentiostat at a scan rate of 0.2 mV s-1. The MFC was operated under batch mode at room 

temperature. The anolyte and catholyte were changed every 24 h. Both the anode and cathode were 

stirred and the cathode chamber was aerated. 

 

4.3 Results and discussion 

4.3.1 Characterization of the catalysts 

The morphology and microstructure of as-prepared N/S-CNS were examined by FESEM and 

TEM. The product is of 2D nanosheet morphology with lateral width ranging from hundreds of 

nanometers to several micrometers (Figure 4.1a), and the thickness is approximately 23 nm (Figure 

4.1b and 4.1c). The N/S-CNS exhibited a highly interconnected 3D framework of randomly 

stacked nanosheets with porous architecture, similar to the previously reported crumpled graphene 

particle [279], which may be favorable for the access of electrolyte and shortens transport distance 

between electrode and electrolyte [62]. TEM analyses further confirmed the layered morphology 

of the as-synthesized N/S-CNS (Figure 4.1d), which agrees well with the FESEM observation. 

The partially crinkled nature may be originated from the defective structures formed by nitrogen 

and sulfur doping (Figure 4.1e) [291]. Many alternative dark and light areas from high-resolution 

TEM image in Figure 4.1f clearly reveals the presence of numerous pores on the surface of the 

N/S-CNS. 

 

The crystal structure of N/S-CNS was studied by X-ray diffraction (XRD) measurements. 

Two broad diffraction peaks centered at around 24.6° and 44.7° can be well assigned to the 

diffraction from the (002) and (101) planes of graphite carbon, respectively [292], 



71 

 

indicating partial graphitization structure (Figure 4.2a). The Raman spectrum of N/S-CNS 

shows two main peaks centered at 1,331 and 1,584 cm-1, corresponding to the D and G 

band, respectively (Figure 4.2b). The D band results from the structurally disordered carbon 

atoms, whereas the G band corresponds to vibration mode (E2g) for sp2-hybridized 

graphitic carbon [293]. The intensity ratio of D band to G band (ID/IG) is about 1.17, 

indicating a high degree of disorder [294], owing to the incorporation of defects by N- and 

S- doping. The smaller peak at 2,660 and 2,909 cm-1 can be assigned to a combination of 

2D and D + G bands [295, 296].  

 

 

Figure 4.1 FESEM (a-c) and TEM (d-f) images of the N/S-CNS. 

 

The chemical composition of N/S-CNS was characterized by X-ray photoelectron 

spectroscopy (XPS). Figure 4.2c presents the survey scan spectrum of the nanosheets with 

characteristic spectra of C 1s, N 1s, S 2p, S 2s, and O 1s, confirming that N and S have 

been successfully co-doped into the CNS. The contents of N and S elements in the sample 

are calculated to be 4.6 at.% and 2.4 at.%, respectively. The complex N 1s spectrum could 

be further deconvoluted into four peaks at 398.5, 399.8, 401.5, and 403.4 eV, corresponding 

to pyridinic-N, pyrrolic-N, graphitic-N, and oxidized-N, respectively (Figure 4.2d) [91, 

297], The high-resolution S 2p peak of the N/S-CNS can be resolved into three different 
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peaks. The former two peaks at 163.2 and 164.3 eV are in agreement with the reported S 

2p3/2 and S 2p1/2  (Figure 4.2e) [298], which are attributed to the sulfur binding in ïCïSï 

bonds and conjugated ïC=Sï bonds, respectively [299]. The third peak at 168.7 eV results 

from oxidized S [300]. The typical nitrogen adsorption/desorption curve of the resulting 

N/S-CNS exhibits a type-IV adsorption isotherm, indicating that the nanosheets possess 

porous structures. The BrunauerïEmmettïTeller (BET) surface area of the N/S-CNS is 

estimated to be about 1,004 m2 g-1 with a pore volume of 0.8 cm3 g-1 (Figure 4.2f), which 

is much higher than those reported for N- and S- doped graphene materials (typically in the 

range of 220 to 820 m2 g-1) [291, 301-304]. It is believed that the porous materials with a 

high BET surface area would provide more active sites and thus improve the ORR activity 

[305, 306]. 

 

 

Figure 4.2 XRD pattern (a), Raman spectrum (b), XPS sweep scan (c), high-resolution N 1s XPS 

spectrum (d), high-resolution S 2p XPS spectrum (e), N2 adsorption/desorption isotherm (f) for 

the N/S-CNS. Inset to panel (f) is the corresponding pore size distribution. 

 

4.3.2 Electrochemical performance 

It can be seen in Figure 4.3a that the onset potential (i.e. the potential at which the onset of 

electrochemical current occurs [115]) of N/S-CNS for ORR occurs at -0.05 V vs. Ag/AgCl, 
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which is approximately 0.15 V later than Pt/C, but distinctly earlier than that of CNS solely 

doped with nitrogen or sulfur, indicating that dual-doping of the heteroatoms successfully 

enhanced ORR catalysis. These results are consistent with the RDE measurement, in which 

the onset potential of N/S-CS occurs at 0.2 V vs. Ag/AgCl (Figure 4.4d), whereas Pt/C 

shows catalysis at ~0.3 V vs. Ag/AgCl (Figure 4.4a). EIS results suggest that CNS is 

slightly more conductive than Pt/C (Figure 4.3b). Moreover, the charge transfer resistance 

of N/S-CNS (14.8 ɋ) is also lower than that of Pt/C (22.3 ɋ). The reason that N/S-CNS 

shows lower resistance than Pt/C does but exhibit less catalytic activity (i.e. more negative 

onset potential), probably because Pt and CNS catalyze ORR through different pathways. 

Previous studies proposed that ORR could proceed through the one-step four-electron 

pathway or the less efficient two-electron pathway [272].  

 

To gain insights into the ORR mechanisms of N/S-CNS, RDE was carried out in the same 

electrolyte (Figure 4.4). The electron transfer number of N/C-CNS calculated from RDE 

results ranged from 3.41 to 3.68 depending on the potential applied (Figure 4.3c), meaning 

that ORR on N/S-CNS predominantly followed the 4-e route, but the 2-e pathway is also 

involved. In contrast, the 2-e transfer is likely to be the major mechanism of ORR on N-

CNS and S-CNS (Figure 4.3c). These results are in agreement with the previous findings, 

in which the electron transfer number of co-doped carbon foam or graphene is close to that 

of Pt/C [304, 307, 308]. 

 

It has been previously discussed that nitrogen-doping may lead to a relatively high positive 

charge density of the carbon atoms, thereby enhancing ORR activity [309]. The three 

nitrogen species also contribute differently to ORR catalysis: pyridinic and pyrrolic N 

favors 4-e pathway, whereas graphitic N adsorbs OOH and reduces O2 to H2O2 via 2-e 

pathway [48, 287]. For sulfur-doping, since carbon and sulfur atoms have the similar 

electronegativity, the spin density may play a more important role and thus sulfur atoms 

are believed to be the active center [281]. Increased activity of carbon atoms was observed 

by simultaneous incorporation of N and S, and was attributed to the induced asymmetrical 

spin and charge density [283]. However, the structures and the consequent synergetic 

effects of N/S co-doped carbon catalysts may differ due to the different synthesis 
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procedures. Moreover, the specific surface area and the defect sites of the carbon materials 

may also contribute to the overall catalytic behavior. Therefore, the detailed mechanisms 

of the N/S-doped porous CNS prepared in the present study warrant further studies. In 

addition to the remarkable ORR catalysis, the N/S-CNS showed excellent durability as 

negligible change could be observed after 3,000 and 6,000 cycles of scan (Figure 4.3d). 

These results collectively demonstrate that the N/S-CNS may be a promising ORR catalyst 

for fuel cell applications. 

 

 

Figure 4.3. (a) LSV (scan rate of 10 mV s-1) in 0.1 PBS, arrows indicate the onset potential, 

(b) EIS in 0.1 PBS, (c) electron transfer number calculated from the RDE measurement and 

(d) LSV of N/S-CNS at 1,600 RPM after 3,000 and 6,000 cycles  
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Figure 4.4 RDE results of (a) Pt/C, (b) S-CNS, (c) N-CNS and (d) N/S-CNS. Insets are the 

K-L plot at -0.2, -0.3 and -0.4 V vs. Ag/AgCl derived from the RDE results. The y-axis of 

the inset indicates i-1 and the x-axis indicates ɤ-1/2. 

 

4.3.3 MFC performance 

It is worth noting that the catalytic performance in a defined three-electrode system may be 

different from that in an aerated MFC cathode, where factors such as proton transfer and 

oxygen diffusion may exert effects on the catalysis. Thus, the catalysts were examined in 

an MFC with 0.1 M PBS as the catholyte to mimic real situations. The current density of 

the MFC for all catalysts decreased steadily over time due to the consumption of substrates, 

dropped drastically at 24 h due to the renewal of electrolyte, and rapidly recovered to the 

previous level (Figure 4.5a). This typical current profile implies that the MFC anode has 
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been well cultivated and had little effects on the investigation of cathode electrode [88]. 

Similar to the LSV results, the current density followed this order: Pt/C > N/S-CNS > N-

CNS > S-CNS. The MFC with Pt/C generated the highest average current density of 7.3 A 

m-2, followed by the 6.6 A m-2 of N/S-CNS. The N/S-CNS performed slightly better in the 

second cycle than did in the first one, and yielded comparable current density to that of 

Pt/C, possibly because of some activation processes of the catalyst.  

 

 

Figure 4.5 (a) Current density and (b) polarization curves of the MFC with different 

catalysts.  

 

The open circuit voltage and short circuit current density of N/S-CNS were measured to be 

0.70 V and 7.6 A m-2 (Figure 4.5b), respectively, both of which were slightly lower than 

those of Pt/C. As a consequence, the maximum power density calculated from the 

polarization curve was 1.5 W mī2 for N/S-CNS and 2.3 W mī2 for Pt/C. Interestingly, it 

can be seen from Figure 4.5b that at a current density higher than 5.5 A mī2, the potential 

drop of N/S-CNS is less steep than that of Pt/C, indicating a lower potential loss on mass 

transfer [71]. This result, which implies a more efficient interaction between O2 and N/S-

CNS, together with the high specific surface area (1,004 m2 g-1) and the comparable current 

generation in the MFC, suggests that mass transfer is playing a critical role in the overall 

cell performance in real applications.  
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While the power density of N/S-CNS is 34.8% lower than that of Pt/C, the comparable current 

density of N/S-CNS produced by the MFC (9.6% lower than that of Pt/C) indicates the catalyst 

may be more suitable for current generation than for power production and thus the application 

niches need to be identified. For example, a previous study suggested that a high current density 

was favorable for desalination in a microbial desalination cell (MDC) [310], which implies that 

N/S-CNS could be used as the cathode catalyst of MDCs for sustainable wastewater treatment and 

seawater desalination. Another advantage of N/S-CNS is the low cost. Given the yield of 41%, the 

cost of the catalyst for a 1-m2 cathode is estimated to be $168, which is remarkably lower than that 

of Pt/C ($2,750). It is therefore expected that the capital cost of MFCs can be significantly reduced 

by the use of N/S-CNS. 

 

4.4 Conclusions 

In summary, we have demonstrated a simple synthesis procedure of co-doped CNS with nitrogen 

and sulfur and investigated its performance for ORR in an MFC. The modified nanosheets catalyst 

shows pronounced electrocatalytic activity with enhanced ORR catalysis compared to sole doping 

of nitrogen or sulfur. The excellent catalytic activities can be ascribed to the synergistic effect of 

the large surface area with abundant pores and N/S dual-doping, the low ohmic and charge transfer 

resistance, and the favorable 4-e pathway. The MFC equipped with N/S-CNS achieved comparable 

current generation to the one with Pt/C, while the cost for N/S-CNS was more than 16 times lower 

than that of Pt/C. The results collectively represent a significant step towards the development of 

metal-free catalysts for MFCs. 
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CHAPTER 5: Nitrogen-doped Graphene/CoNi Alloy Encased within Bamboo-like Carbon 

Nanotube Hybrids as Cathode Catalysts in Microbial Fuel Cells 

(This section has been published as: Yang Hou, Heyang Yuan, Zhenhai Wen, Shumao Cui, Xiaoru 

Guo, Zhen He, and Junhong Chen. Nitrogen-doped graphene/CoNi alloy encased within bamboo-

like carbon nanotube hybrids as cathode catalysts in microbial fuel cells. Journal of Power 

Sources (2016): 306, 561-568.) 

 

5.1 Introduction 

Microbial fuel cells (MFCs) as an evolving wastewater treatment technology has attracted 

much attention in the past decade [7, 285, 311, 312]. In a typical MFC, organic energy (e.g., 

organic compounds in wastewater) is directly converted to electricity by taking advantage 

of microbial extracellular respiration with an electrode [4, 113]. As such, organic removal 

and electricity generation can be accomplished simultaneously at low energy consumption. 

Oxygen is widely used as an electron acceptor in MFCs because of its availability and high 

reduction potential. However, oxygen reduction reaction (ORR) is sluggish and thus often 

requires the presence of catalysts. Platinum is a common ORR catalyst in bench-scale 

experiments due to its superior ORR catalytic activity, but is not economically viable in 

practice, which accounts for the major hindrance for the large-scale application of MFCs 

[34, 313]. It is estimated that current MFC technology costs 8 ú to remove 1 kg of COD, 

47% of which comes from the cathode [14]. Therefore, it is of practical significance to 

develop inexpensive and robust cathode catalysts. 

 

To make MFCs more practical, a variety of catalyst materials have been studied, including 

carbon/graphite materials, nanostructured materials, and non-precious metals [35, 36, 314]. 

Among those novel materials, graphene-based catalysts are of great interest due to their 

excellent electrical conductivity, large specific surface area, and high stability [37, 62, 256, 

276, 292]. Moreover, graphene doped with nitrogen exhibits abundant defects sites, which 

can significantly facilitate ORR catalysis [61]. These unique properties, tunable towards 

specific applications via different synthesis procedures [44, 275], are highly attractive to 

MFC applications. Electrodes decorated with modified graphene-based materials have been 

reported to substantially decrease the loss of electrical potential and enhance the MFC performance 
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(Table C1) [315]. In a previous study, graphitic carbon nitride was implanted in N-doped 

graphene and a complete 4-eletron ORR pathway was detected [55]. The MFC equipped 

with this catalyst achieved higher power density and durability than with platinum. Metals 

such as manganese, iron, or cobalt have also been decorated in N-doped graphene and 

noticeably enhanced the power density of MFCs [316-318]. While the synergetic effects of 

metals and N-doped graphene remain to be understood, these studies collectively suggest 

that metal/N-doped graphene can be a promising cathode catalyst for MFCs. 

 

In this work, we demonstrate the use of a one-step strategy to prepare a novel N-doped 

graphene/CoNi-alloy encased within bamboo-like carbon nanotube hybrid (N-G@CoNi/BCNT) 

in which CoNi alloy particles are encapsulated at the end and/or the middle section of tubes, with 

many graphene layers inside inner cavities of the BCNT for the first time. The synthesized hybrid 

was applied on carbon cloth serving as an electrode for the investigation of ORR catalysis by linear 

sweep voltammetry (LSV) and electrochemical impedance spectroscopy (EIS). The durability of 

the prepared electrode was examined by cyclic voltammetry (CV) for continuous 3,000 and 6,000 

cycles. To better understand the catalysis performance, the electrode was further examined in an 

MFC. The present work is expected to provide insights into the simplification of the N-

G@CoNi/BCNT synthesis and the application of this material in MFCs and/or other biological 

systems for energy-efficient water and wastewater treatment. 

 

5.2 Materials and methods 

5.2.1 Synthesis of Ni-NBCNT 

In a typical procedure, 5 g of urea was mixed with 10 mL ethanol dissolved with 0.10 g of 

NiCl2ǒ6H2O under stirring with heating at 80 ºC until completely dry. The mixture powder was 

then transferred to the furnace and heated at 900 ºC at a rate of 2 ºC minī1 and maintained at 900 

ºC for 1 h under Ar atmosphere. The resulting product was further dispersed in 0.5 M H2SO4 

solution and stirred overnight to remove any accessible nickel species present on it, resulting in 

the Ni-NBCNT. 

 

5.2.2 Synthesis of Co-NBCNT 



80 

 

In a typical procedure, 5 g of urea was mixed with 10 mL ethanol dissolved with 0.12 g of 

Co(NO3)2ǒ6H2O under stirring with heating at 80 ºC until completely dry. The mixture powder 

was then transferred to the furnace and heated at 900 ºC at a rate of 2 ºC minī1 and maintained at 

900 ºC for 1 h under Ar atmosphere. The resulting product was further dispersed in 0.5 M H2SO4 

solution and stirred overnight to remove any excessive cobalt species present on it, resulting in the 

Co-NBCNT. 

 

5.2.3 Synthesis of CoNi-NBCNT (high molar ratio of urea to Co2+/Ni2+ ions) 

In a typical procedure, 10 g of urea was mixed with 10 mL ethanol dissolved with 0.12 g of 

Co(NO3)2ǒ6H2O and 0.10 g of NiCl2ǒ6H2O under stirring with heating at 80 ºC until completely 

dry. The mixture powder was then transferred to the furnace and heated at 900 ºC at a rate of 2 ºC 

minī1 and maintained at 900 ºC for 1 h under Ar atmosphere. The resulting product was further 

dispersed in 0.5 M H2SO4 solution and stirred overnight to remove any excessive cobalt and nickel 

species present on it, resulting in the CoNi-NBCNT. 

 

5.2.4 Synthesis of N-G@CoNi/BCNT 

In a typical procedure, 5 g of urea was mixed with 10 mL ethanol dissolved with 0.12 g of 

Co(NO3)2ǒ6H2O and 0.10 g of NiCl2ǒ6H2O under stirring and heating at 80 ºC until completely 

dry. The mixture powder was then transferred to a furnace and heated at 900 ºC at a rate of 2 ºC 

minī1 and maintained at 900 ºC for 1 h under Ar atmosphere. The resulting product was further 

dispersed in 0.5 M H2SO4 solution and stirred overnight to remove any accessible cobalt and nickel 

species present on it. About 1.0 g black products (N-G@CoNi/BCNT) were obtained for further 

experiments.  

 

5.2.5 Characterization 

The N-G@CoNi/BCNT morphology was examined using a Hitachi H-9000 NAR transmission 

electron microscope (TEM) and a field emission scanning electron microscope (FESEM, Hitachi 

S-4800) equipped with an energy-dispersive X-ray (EDX) analytical system. Powder analysis was 

performed using an X-ray powder diffractometer operating at 40 kV, 40 mA for Cu KŬ radiation 

(ɚ = 1.5418 ¡, Scintag XDS 2000). Raman characterization was carried out using a Renishaw 

1000B with a 633 nm laser excitation. Fourier transform infrared (FTIR) spectra were recorded on 
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a Bruker Vector Fourier transform spectrophotometer. X-ray photoelectron spectroscopy (XPS) 

was obtained using an HP 5950A equipped with Mg KŬ source and the C 1s peak at 284.6 eV as 

an internal standard. Thermogravimetric analysis (TGA) was carried out on a thermoanalyzer (TA 

SDT 2960) with a heating rate of 5 °C minī1 in an air atmosphere. BET surface area was measured 

with a Micromeritics ASAP 2020. The inductively coupled plasmaïoptic emission spectrometry 

(ICP-OES) tests were performed using a Perkin Elmer Optima 7000DV. 

 

5.2.6 Electrode preparation 

The synthesized catalysts were mixed with 40 ɛL Nafion® perfluorinated ion-exchange resin 

(Sigma-Aldrich, MO, USA) and 60 ɛL deionized (DI) water and applied to a carbon cloth 

(PANEX®30PW03, Zoltek Corporation, MO, USA), yielding a loading rate of 5 mg cmī2. After 

coating, the carbon cloth was dried in a fume hood for 24 h, cut to 1 cm2 and ready for use [88]. A 

carbon cloth coated with 5 mg cmī2 of Pt/C (10% wt. Platinum on Carbon Vulcan, Fuel Cell Earth 

LLC, Ma, USA) was prepared with the same method and served as control. 

 

5.2.7 Electrochemical analysis 

Electrochemical experiments were conducted in a three-electrode cell containing 120 mL of 1.0 

M PBS (phosphate buffer saline, 53 g Lī1 KH2PO4 and 107 g Lī1 K2HPO4), where the modified 

electrodes served as the working electrode, platinum wire (CH Instruments, Inc., TX, USA) as the 

counter electrode, and Ag/AgCl electrode (CH Instruments, Inc., TX, USA) as the reference. LSV 

was measured with a potentiostat (Reference 600, Gamry Instruments, Warminster, PA, USA) at 

a scan rate of 5 mV sī1 (-0.6 to 0.4 V vs. Ag/AgCl). Tafel slope was derived from the LSV curve. 

Rotation ring disk electrode (RRDE) was conducted to study the mechanism of ORR. The electron 

transfer number (n) and H2O2 yield (H2O2%) were calculated as follows [319]: 
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where Id is the disk current, Ir is the ring current, and N = 0.424 is the collection effi ciency 

determined with Fe(CN)6
3ī/Fe(CN)6

4ī. CV was conducted at 100 mV sī1 to examine the durability 

of the prepared electrode (-0.6 to 0.4 V vs. Ag/AgCl). The EIS was carried out at the open circuit 
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voltage with a frequency ranging from 10ī2 to 105 Hz and a sinusoidal perturbation of 10 mV and 

the equivalent circuit is shown in Scheme C1. The PBS solution was aerated for 15 min prior to 

each experiment, and kept aerating in the headspace in the course of experiments. Electrodes were 

air dried before each test. All electrochemical experiments were conducted at room temperature 

for three times. 

 

5.2.8 MFC construction and operation 

A two-chamber MFC was built by connecting two glass bottles with a cation exchange membrane 

(CEM) as the separator (UltexCMI7000, Membranes International, Inc., NJ, USA) (Scheme C2). 

The liquid volume of the anodic chamber and the cathodic chamber was 130 and 140 mL, 

respectively. The anode electrode was a carbon brush (length 5 cm, diameter 5.1 cm, Gordon Brush 

Mfg.Co., Inc., CA, USA) that had been cultivated in the MFC for one month. The anolyte 

contained (per liter of DI water): sodium acetate, 1.0 g; NaCl, 0.5 g; MgSO4, 0.015 g; CaCl2, 0.02 

g; KH2PO4, 0.53 g; K2HPO4, 1.07 g; NaHCO3, 1.0 g; and trace element, 1.0 mL [200]. The carbon 

cloth coated with catalysts was examined as the cathode electrode. PBS solution (50 mM) was 

used as the catholyte. The anode and cathode electrode were connected through a 1-ɋ resistor. The 

voltage on the 1-ɋ resistor was recorded by a digital multimeter (2700, Keithley Instruments, Inc., 

OH, USA) at a time interval of 5 min. The current of the MFC was calculated according to Ohmôs 

law. Polarization curve and power density were measured using the potentiostat. To study the 

performance of the catalysts under different conductivity and pH, NaCl solution (35 g Lī1), tap 

water, and buffer solutions were prepared and used catholyte. The initial pH of NaCl solution and 

tap water was controlled at 7.0 using HCl and NaOH. Acid buffer (pH = 4.0) was prepared by 

mixing 0.2 M sodium acetate and 0.2 M acetic acid at a volume ratio of 9: 41. Neutral buffer (pH 

= 7.0) was PBS solution and alkaline buffer (pH = 10.0) was purchased from Fisher Scientific (PA, 

USA). The conductivity of the buffer solutions was controlled at 10.0 mS cmī1 using DI water and 

NaCl solution. The MFC was operated under batch mode with at room temperature. The electrolyte 

was changed every 24 h. The cathode chamber was stirred and aerated in the course of experiments. 

All cathode electrodes were examined at room temperature for two cycles. 

 

5.3 Results and discussion 

5.3.1 Characterization of the catalysts 
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The synthesis of N-G@CoNi/BCNT is accomplished by pyrolysis of urea, Co(NO3)2, and NiCl2, 

followed by acid treatment of the resulting material. During the process, the Co2+/Ni2+ ions were 

reduced to CoNi alloy nano-catalysts to assist the evolution of gases released from the 

decomposition of urea into the hybrid (Figure 5.1a). Figure 5.1b shows typical field-emission 

scanning electron microscopy (FESEM) image of the N-G@CoNi/BCNT, indicating that the 

sample is dominated by 1D tubular nanostructures. The diameter of the nanotube was estimated to 

be in the range of 100-200 nm with several ɛm in length (Figure 5.1b and 5.1c). From an open end 

of the nanotube shown in Figure 5.1d, an interesting tube-in-tube structure can be clearly observed. 

Solid dots observed at the tip of the nanotube in Figure 5.1e are determined to be CoNi 

nanoparticles based on transmission electron microscopy (TEM) images (Figure C1). TEM images 

and energy dispersive X-ray (EDX) analysis reveal a bamboo-like structure of the individual 

nanotube in which CoNi nanoparticles are sparsely encapsulated at the end and/or the middle 

section of the tube (Figure 5.2a, 5.2b and Figure C1), as well as many crumpled stripes composed 

of random graphene layers formed inside inner cavities of the BCNT (Figure 5.2c and 5.2e). The 

graphene layers are easily identified with an interlayer spacing of around 0.34 nm (Figure 5.2f). 

Notably, the named herein bamboo-like structure did not form closed ñknotsò, which is totally 

different with those of traditional well-defined bamboo-like CNT structure with a diameter ranging 

from 20 to 60 nm [320, 321]. The main reason is that the diameter of N-G@CoNi/BCNT is so 

large (over 100 nm) that the graphene nanosheets can only grow into small nanosheets rather than 

form ñknotsò. Focusing on the inner part of these nanotubes, one can also distinguish some tube-

in-tube structures besides crumpled graphene layers, which is consistent with FESEM observations 

(Figure 5.2d and 5.2e). The diameter of inner tubes is about 50 nm. In this hybrid structure, an 

effective conducting network can be formed among inner tubes, graphene layers, and outer tubes. 

In this case, both inner BCNT and crumpled graphene layers may serve not only as conduction 

paths for shuttling electrons but also as additional active sites for the electrocatalytic process [322]. 
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Figure 5.1 (a) Schematic illustration of the synthesis process of N-G@CoNi/BCNT. (b-e) FESEM 

images of N-G@CoNi/BCNT at different magnifications. 

 

Based on the experiment results, a plausible mechanism for the growth of the N-G@CoNi/BCNT 

hybrid structure is proposed. During heat treatment, the nitrogen-containing polymer (e.g., 

polymeric carbon nitride) [323] evolved from urea can be decomposed and a large number of 

nitrogen-containing gases (e.g., C2N2
+, C3N2

+, C3N3
+) are released simultaneously [324], which 

can serve as carbon and nitrogen sources for BCNT growth and nitrogen-doping reactions. As a 

result, BCNT appears with visible metal nanoparticles at the end and/or the middle section by a 

well-known "tip-growth mechanism" [325], suggesting the growth of such carbon nanotubes is 

catalyzed by the CoNi alloy [91]. Dynamical observations of such BCNT growth revealed the 

existence of N-doping is necessary to catalyze the formation of the bamboo-like carbon structures 

[321]. At a low concentration of the Co/Ni source, the resulting CoNi alloy nanoparticles are small, 
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thus leading to the formation of nanotubes with a relatively small diameter (Figure C2). With an 

increasing concentration of Co/Ni, the obtained carbon nanotubes have a much larger diameter 

than that of nanotubes with a low concentration of the Co/Ni as the size of CoNi alloy catalyst 

become larger accordingly (Figure 5.2). Besides the large inner cavities of as-formed BCNT, the 

structural defects and broken sites formed inside the BCNT due to N-doping could contribute to 

the formation of graphene nanosheets [295, 326, 327], thus leading to the formation of the unique 

nanostructure where N-doped graphene/CoNi-alloy was encased within BCNT. It is worth noting 

that when only Co or Ni salt instead of Co/Ni composite salt was used as the precursor, the 

diameters of the resulting nanotubes are still less than 100 nm (Figure C3); no such N-

G@CoNi/BCNT hybrid nanostructure was obtained. In other words, the co-existence of Co and 

Ni with proper concentrations and urea are important for the formation of N-G@CoNi/BCNT 

hybrid. The detailed mechanisms need to be further clarified in the future work. 

 

 

Figure 5.2 TEM images (a-e) and HRTEM image (f) of N-G@CoNi/BCNT. The inset of (b) shows 

the EDX spectrum from the area labeled by the circle in (b). 
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Figure 5.3 (a) XRD pattern, (b) Raman spectrum, (c) high-resolution N 1s XPS spectrum, and (d) 

Nitrogen adsorption-desorption isotherm curve and BJH pore size distribution derived from the 

adsorption branch of the isotherm (inset) of N-G@CoNi/BCNT. 

 

The XRD pattern shows that except for the graphitic carbon and the CoNi alloy that are suggested 

by the graphite (002), CoNi alloy (111) and (200) planes [328], no other phases are present in the 

N-G@CoNi/BCNT (Figure 5.3a). The Raman spectrum of N-G@CoNi/BCNT (Figure 5.3b) 

shows that the hybrid exhibits intense D (1,332 cmī1) and G (1,581 cmī1) bands as well as a weak 

2D (2,656 cmī1) band. The intensity ratio of D to G band is about 1.08, which indicates the 

existence of substantial defects or disordered sites in the structure of N-G@CoNi/BCNT [329], 

presumably stemming from the presence of N dopants and the concomitant absence of C atoms in 

the hybrid structure [301]. X-ray photoelectron spectroscopy (XPS) analysis (Figure C4) reveals 

that the N-G@CoNi/BCNT is mainly composed of C, N, and O with a nitrogen content of 4.1 %, 

0.0 0.2 0.4 0.6 0.8 1.0

40

80

120

160

 Desorption 

 Adsorption

 

 

V
o

lu
m

e
 a

d
s
o

rb
e

d
 (

c
m

3
 g

-1
)

Relative pressure (P/P
0
)

BET: 114.3 m
2
 g

-1

0 100 200 300 400

0.00

0.01

0.02

0.03

 

 

d
V

/d
D

 (
c
m

3
 g

-1
 n

m
-1
)

Pore diameter (nm)

10 20 30 40 50 60 70

 

 

 
 N-G@CoNi/BCNT

CoNi alloy (111)

 

 

In
te

n
s
it
y
 (

a
.u

.)

2q (degree)

G (002)

CoNi alloy (200)

408 404 400 396 392

Oxidated N (404.1 eV)

Graphitic N

(402.2 eV)

Pyrrolic N

(400.6 eV)

N 1s

 

 

In
te

n
s
it
y
 (

a
.u

.)

Binding energy (eV)

Pyridinic N

(398.7 eV)

1000 1500 2000 2500 3000

 N-G@CoNi/BCNT

2D

G

 

 

In
te

n
s
it
y
 (

a
.u

.)

Raman shift (cm
-1
)

D

I
D
/I

G
 = 1.08

(a)

(b)

(c) (d)



87 

 

confirming that nitrogen has been successfully doped into the nanocarbon. Although no obvious 

CoNi signal was detectable because of the formed carbon shells in the hybrid hindered the CoNi 

alloy [330], the presence of CoNi alloy was confirmed by EDX analysis and high-resolution Co 

2p and Ni 2p XPS spectra (Figure C1, Figure C4, and Figure 5.2). The atomic ratio of Co/Ni in 

the N-G@CoNi/BCNT hybrid was found to be Ḑ 1:1 from ICP-OES measurements. Further, based 

on TGA analysis, the wt.% of CoNi alloy in the N-G@CoNi/BCNT was calculated to be 3.95% 

(Figure C5). A high-resolution N 1s XPS spectrum (Figure 5.3c) of N-G@CoNi/BCNT shows that 

there exists pyridinic (398.7 eV), pyrrolic (400.6 eV), graphitic (402.2 eV), and oxidated N (404.1 

eV) [331, 332]. The evidence of N-doping in the hybrid is also provided by Fourier transform 

infrared spectroscopy (FTIR, Figure C6), which reveals a new band around 1,619-1,363 cmï1 that 

matches well with the stretching of the carbonyl aromatic C=C bond and the formed CïN bond 

[333]. As determined by N2 sorption measurements (Figure 5.3d), the N-G@CoNi/BCNT sample 

possesses a high BrunauerïEmmettïTeller specific surface area of 114.3 m2 gī1 with a pore 

volume of 0.22 cm3 gī1. 

 

5.3.2 Electrochemical performance 

It has been reported that N-doped carbon can efficiently catalyze ORR due to the high specific 

surface area and good electrical conductivity [309, 334]. The catalytic activity of the synthesized 

N-G@CoNi/BCNT in the present study was thus evaluated with LSV in 1.0 M PBS. Compared to 

the early onset potential of the Pt/C electrode (0.2 V vs. Ag/AgCl), N-G@CoNi/BCNT started to 

catalyze ORR at ~ 0.06 V vs. Ag/AgCl (Figure 5.4a). This onset potential is significantly more 

positive than that of bare Co and Ni, indicating an enhanced ORR catalysis of the hybrid. The 

difference of onset potentials between Pt/C and N-G@CoNi/BCNT (0.14 V) is consistent with the 

previous study on N-doped graphene [335]. The catalytic activity was further confirmed by the 

exchange current density calculated from the corresponding Tafel slope (Table C2). According to 

the Butler-Volmer model, exchange current is proportional to the standard rate constant at 

equilibrium, and thus is an important kinetic parameter reflecting reaction rate [115]. The highest 

exchange current density was obtained from Pt/C (2.59 × 10ī3 A mī2), followed by N-

G@CoNi/BCNT (1.73 × 10ī3 A mī2), which is several folds higher than that of the pristine Co and 

Ni. This suggests that the hybrid catalyzes ORR faster than Co and Ni. Similar trend was observed 

in the EIS results (Figure C7), in which the charge transfer resistance, characterized by the 
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diameter of the semicircle, was 5 ɋ for Pt/C and ~ 10 ɋ for N-G@CoNi/BCNT, while those for 

Co and Ni were noticeably higher. Because the three-electrode cell was purged with air in the 

headspace, the early occurrence of Warburg impedance could be attributed to the low oxygen 

concentration in the PBS solution. 

 

 

Figure 5.4 (a) LSV curves (scan rate 5 mV sī1) in 1.0 M PBS solution, (b) H2O2 yield (left y-

axis, large dots) and electron transfer number (right y-axis, small dots) as a function of potential 

obtained from RRDE measurement at a rotating rate of 1,600 rpm, (c) CV curves in 1.0 M PBS 

solution for durability test (scan rate 100 mV sī1), and (d) chronoamperometric responses at -0.3 

V (1,600 rpm) followed by 3.0 M methanol of N-G@CoNi/BCNT. Partial data for Ni-NBCNT, 

Co-NBCNT, CoNi-NBCNT, and Pt/C are also shown. 
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