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ABSTRACT (academic)

The treatment olvater and wastewater is energy intensive, and there is an urgent need to
develop new approaches to address the veatergy challenges. Bioelectrochemical
systems (BES) are enggy-efficient technologies that can treat wastewater and
simultaneously achieve multiple functions such as energy generation, hydrogen production
andor desalinationThe objectives of this dissertation are to understand the fundamental
microbiology of BES,develop coseffective 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 smatiated EET and create
optimal anode salities for their dominanceA novel statistical model has been developed
based on the taxonomic data to understand and predict functional dynamims ramd
production In Chapter 3, 4 and 5, three cathode catalyst (i-eaqidS- co-doped porous
carbonnanosheetdN-doped bambodike CNTs and Mo% coated on CNTs) have been
synthesized and showed effective catalysis of oxygen reduction reaction or hydrogen
evolution reaction in BESChapter 6, 7 and 8 have demonstrated how BES can be
combined witiforwardosmosis to enhance desalination or achievepgeifered hydrogen
production. Mathematical models hadveendeveloped to predict the performance of the
integrated system# Chapter 9, BE®avebeenused asresearch platform to understand

the fateand emovalof antibiotic resistant genes under anaerobic conditibng studies

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

energyefficient water and wastewater treatment.
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General Audience Abstract

Water and energy aerequisiteto life. Everyday, a lot of energy and money are spent
on treating wastewater and producing fresttex. Bioelectrochemical systems (BES) are
new technologies that can treat water and wastewatfeiow energy consumptioES
typically consist ofan anode(where microorganismireak down organic matter) and a
cathode and worklike a batteryCurrently, BES areonly studied in laboratories amubt
applied in realworld situatiors, because the performance needs to be improved and
fundamentals remain to be better understdbeé. studies in this dissertation aim to address
these problems and maB&S toward practicdt 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
techniquesand thus statistical methods agpliedto estimatetheir possible functions. In
Chapter 3, 4 and 5, three materials have been fabrigateflinctioned as the catalysts for
electricity generationChapter 6, 7 and 8 have demonstrated how BES can be rezsbi
with forward osmosis a spontaneous water diffusion procéesenhance desalination or
achieve selpowered hydrogen production. Mathematiequationshave beerrombined

to simulate the process of biologiaaletabolisms, watediffusion and ion migréon. In
Chapter 9, BEShave beenshown to remove antibiotic resistant gene, an emerging
contaminant caused by the excessive use of antihidhiesstudies in this dissertation have
collectively demonstrated that BEBay be the answedbp future water andvastewater

treatment
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CHAPTER 1: Overview

1.1Water-energy nexusn water and wastewater treatment

The growing demand for water and energy has become a critical issue ift @en®iry. Globally
there arabout2.5 billion people suffering from water sanitation probleMsanwhile more than
1.3 billion people lacking access to electricitij. Due to the rapid industrialization and
urbanization,hiewo r | d 6 s emeagy cnsumpto@eestimated to increase B%% by 2050
and48%hby 204Q respectively1, 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 technalogmses>2 kW to

generate 1 rfhof freshwatef3]. For wastewater treatent, conventional activated sludge process
consumes 0.6 kW thof energy more than 50% of which is attributed to aeratjgh It is

estimated that water and wastewater utilities accountd®s of the total electricity consumption

in the USA, namely 35% of the total municipalkegy budget§5]. Given that fossil fuels are the

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

economic impacts and be a major contribtbagreenhouse effects.

Wastewater is now considered more as a resource than aDa@siestic wastewatavith 500 mg
Lt COD (chemical oxygen demanid) estimated t@ontaina potentialenergy of1.93 kwWh n?
[4]. This energy may not be effectively recovered by sdeNeloped maerobic digestignwhich
is mainly applied to tredtigh-strengthwastes (e.g., waste sludgé). addition, the inefficient
collection could result in the release@fls to theenviromment, whose global warming impact is
25 times higher that G 6]. Hence, there is an urgent need to develop ereffgyrent and
environmentallyfriendly methods for sustainableater andvastewater treatment.

1.2 Bioelectrochemical system¢BES)

Bioelectrochemical systems (BES) are emerging technologies that can treat wastewater at low
energy consumption, and simultaneousthievevariousfunctionssuch as electricityagneration
(microbial fuel cells(MFCs)), hydrogen productiorfmicrobial electrolysis cellsMECs), and
desalination (microbial desalination celfMDCs)) [7]. In a typical MFC (Figure 1.1A)

microorganisms in the anode degrade organic médtgr, acetate, Equation 1.ahd release



electrons extracellularlyor respiration These electrons are transferrggbntaneouslyo the
cathodedo reduce termial electron acceptors (e.g., oxyg&aguation 1.2 As such, organic matter

is removed and energy is productdan 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 tgenydas
(Equation 1.3) at an energy input much lower than that of conventional water spbftidgm

MDC contains an anion exchange membrane (AEM) and a cation exchange membrane (CEM)
between an anodmnd a cathode to form a desalination cham®lefFigure 1.1C). lons in the salt
water are driven by the electrostatic force and migrate to the anode and cathddlee

desalination is accomplished
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Figure 1.1 Schematic of (A) an MFC, (B) an MEQI4€) an MDC.

BES are advantageous over conventional water and wastewater treatment technologies in many
aspects. First, BES are energy efficient. According to the-stag technology, an MFC
consumes 0.024 kW3 but produce 0.026 kW m? [10]. Thus BES cartheoreticallyachieve a

positive energy balanc&econg as an anaerobic biotechnology, BES prodissswaste sludge

than activated sludge process dodhile activated sludge process generates8igvolatile
suspended solid¥SS)g*-COD, an MFC produces around 0-V§Sg*-COD[11]. Because the
disposal of theexcess sludgeonsumesadditionalenergy, the low sludge production of BES

furtherhighlightstheir highenergy efficiencyThird, BES are resilient to environmental variation
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and show strong operatiotability [12]. BES do not require exogenous seed and can readily
produce etctricity by enriching the indigenous microorganisms in the wastewater. Moreover, BES
are less sensitive téemperaturecompared with anaerobic digestidrast but not least, BES
convert organic matter to G@nd electricity, which isclearer and moresustainable compared

with anaerobic digestioiife cycle assessment has suggested that BES may be advantageous over

anaerobic digestion regarding the emission of greentgasssd hazardous chemicdls3].

Despite the great promise, the practical applications of BES are hindered by the low energy
production inefficient electron transfend high capital co$8, 14]. Microorganisms are playing

a key role in energy production in BES,thine bioelectrochemical activity andhicrobial
community in the anode are not fully understobtkanwhile the electrode materials and the
cathode catalystsanaccount for50% ofcapital cost. Platinum is a widely used-&dale catalyst

that can catalyze oxygen reduction reaction (ORR) in MFCs and hydrogen evolution reaction
(HER) in MECs, but is not economically viable for largeale applications. Because of the
technological att economicathallengesBEScurrentlydo not seem competitive to conventional
water and wastewater treatment technologies, anditleusindamentals of BES warrant deeper

understandingthe process needs to be optimized andapplication nicheshouldbe identified

[12].

1.3Fundamentals ofBES. microbiology

Electrochemicallyactive microorganismglso known as dissimilatory metadducing bacteria)
can respirghe anode electrode via three mechanisms: (1) solelgletronshuttles (2) redox
active proteins on the cell membrane /ang3) conductive pili[15]. The detailedextracellular
electron transfer (EETpathways of different organisms can be diveFse example(Geobacter
one of the mostidely studied electrochemically active organisrmasesthe branched outer
membranecytochromesystem to transfer electrowsit of the cell(Figure 1.2A)[16]. Another
model organismShewanellaoneidensisperform EET with thenetatreducingpathway(Figure
1.2B) [17]. Since thefirst discovery of dissimilatory metaieducing bacterium in 1999, many
bacteria have been found to be capable of, E&€ClTuding the oportunistic pathogerisscherichia
coli and Pseudomonaseruginosa[18]. It has been elucidated th& aeruginosaexcretes

phenazine derivatives (e.g., phenazlrearboxylic acid, phenazinel-carboxamide and



pyocyanin) as electron shuttles for EEE]. These findings indicate thatectrochemically active

microorganisms are ubiquitous in the environment.

_—

succinate

fumarate

electrode

=0

Figure 1.2 Schematic (A) Branched outer membrane cytochromes syste@eotiacter
sulfurreducenand (B) metateducing pathway and terminal reductaseSia#wanella oneidensis
[16]. Copyright © 2015 Kracke, Vassilev and Krdner.

Most of the studies on bioelectrochemical activity are conducted with pure cultures or defined co
cultures, and he researchof mixed cultures are technically challengifgQd]. A novel
metatransriptomic method was developéd study the regulation of global bioelectrochemical
activity in the microbial communitgnd demonstrated transcriptional responses of genes related
to EET in the presence of electrochemical stinfiilij]. Based on the gene expression of cell
activity and metabolism, a metabolic netwarkmposed oéleven dominant microbes in the MFC
anode was establish¢?l?]. S u comicdoapproathpresentsa powerfultool to understand the

functional dynamics of the mixed cultures under environmental changes.



The presence of electrode as electron acceptor in BES anode favors the growth of
electrochemically active microbesnd thus theyre constantlyfound dominant inthe anode
community[23, 24]. However, the detailed microbial community structure and composition are
affected by manydctors, such as operational mode, carbomrcesand salinity, etcWhen an
MFC was switched from closed circuit to open circuit, the community structure shifted
significantly with denitrifying organisms becoming the dominant speicél indicating the
critical role of the anode electrode in shaping the microbial community. Distinct community
structures weralsoobserved when different carbon sources were [Z&dIn the MFC fed with
leachate, the decreased power density was accompanied by a declined fragtohaaftef27].

The salinity of theanolytecould be another important factor to the microbial community. It was
reported that theCoulombic efficiency of an MFC noticeably dropped when the NaCl
concentration in the substrate was higher than 5'gsuggesting an inhibitory effect on the
bioelectrochemical activity28]. A recent study showed that the MFCs under extremely saline
conditions (100i 200 g L* NaCl) generatedow power, and the anode was dominated by
Halanaerobium(abundance 85.7%), a strictly anaerobic and halophilic chemoorganotroph that
had not been reported befdf)].

Compared to the abundant studies on MFC, tiselimited information regarding the microbial
community in MDCs. Similar to the MFC experime[i§], increased NaCl in the middle chamber

of a microbial electrodialysis cell led to decreased[8%. However, an increased proportion of
Geobacterand adistinct 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 MG, and became less
diverse after longerm operatiorf32]. In another study where four MDCs were hydraulically
connected, the first MDC achieved the highest power density Geittbactemot being detected

and fernenters being the dominant spedi&8]. Thesestudies haveollectively highlighted the

lack of knowledge of microbial ecology in MDCs.

1.4 Fundamentals of BES: electrode



(This section has been publishad: Heyang Yuarand Zhen He. "Graphemmodified

electrodes for enhancing the performance of microbial fuel cells.” Nanoscale (2015): 7,
70227029)

As earlier mentionedhe developmerdf BES has been hindered by the low charge transfer
efficiency of electrodes antthe high cost of catalyst§l4, 34]. To address these issues, a
variety of materials and themodifications, including carbon/graphite materials, carbon
nanotubes (CNTSs), nanostructured materials andpnecious metals, have been studied,

as reviewed in detail elsewhd@bh, 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 thog newly developed materials, graphene has been of great interest since the first
demonstration of its facile isolation in 20027]. This twodimensonal sheet formed of $p
hybridized carbon atoms exhibits outstanding physical properties, including high mechanical
strength, high thermal conductivity and good elastig40]. Its maximal specific surface area

is estimated to be 2630°mg?, several times higher than that of other carbased nanomaterials

[41]. Furthermore, the superior electrical properties make graphene a promising material in
applications of electronics. It has besported that the charge carrier mobility of suspending
single layer graphene can be higher than 200060v¢tns 1 [42]. Consequently, electns travel

in graphene at a Fermi velocity of®1@ s* without scattering, known as ballistic conductjéf].

These unique propertieare tunable towards specific applications via different synthetic
procedure$44, 45].

Graphenebased materials are a promising candidate for highly effi@&s anode[46, 47]. It

has beerdiscusedthat graphendased electrode can enhaideT efficiency,increasespecific

surface area anthprovedmulti-phase interactions BES anod¢48]. Graphenebased materials
havealsobeenstudiedas the cathode electrode and carry outORRVvia efficient pathway (i.e.
four-electron transfer), abundant active sites and high condudu\}y Therefore, graphene and

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

the cathodelectrodesand are highly attractivier BES application.



In most caseshe enhanced performance of anode electdyegraphendasednaterials

Is a synergic effedtc0-53]. For examplea chitosan/vacuumtripped graphene scaffold
composite with hierarchically porous 3D structure hapexific surface area of 248 g

1 owing to the property of grapheiig4]. Meanwhile, its charge transfer resistance was
reduced with increased graphene loading, with the lowestvaluegqf150o0r 50 wt % a
a series of loding 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, respectivdifrie nulti-directional
improvement was also found in cathode modifications: implantation of mesoporous
graphiticCsNassimultaneously facilitated favorable ORR pathway and increased active sites
andconductivity[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 grapbasel electrode

and catalysts in the future.

Despite their great promise IBES, graphendasedmaterials suffer from relatively
complicated synthesis procedures. In general, graphene electrodes are prepared through
three stepsgraphene oxideGO) synthesis GO reduction to graphene, and modification

[56]. This approach, and other methods uithg chemical vapadepositionunzipping of
MWCNTs and detonation, etare either burdensome, energy/tisansuming or imolved

with hazardous chemical§7-59], therebynot suitable fotarge-scale applications. #situ
reduction of GO to graphene by bacteria or phytoextracts could be an effective option for
anode electrodefabrication as it meets the requirement of sustainabiiind green
chemistry[60]. For cathodeelectrode nitrogendoped graphenis a competitive material
because of its outstanding ORR catalysis, but does not seem to prevail before economic
synthesis methods with optimized nitrogen typad contents are develogéd].

By far there wasvere onlya few studes using graphene to enhance performance in BES other
than MFCH67]. In a study of MECs, 3D Ma8NG nanosheet aerogeieresynthesizd through



a facile hydrothermal approach and used to catalyze HER. Although the loading ratextN®oS
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 M85 aeogels outperformed pristine MeS
nanosheets and NG aerogels with respect to electrochemistry and catalysis. It can be expected that
with the advancem graphene research, there will be more research using graphene materials as
electrode and catalyst famproving 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 Oxgen reduction reactiorcatalysts inMFCs
(This section has been publishas: Heyang YuanYang Hou, Ibrahim M. AbReesh,

Junhong Chen, and Zhen He. "Oxygen reduction reaction catalysts used in microbial fuel
cells for energyefficient wastewatetreatment: a review." Materials Horizons (2016): 3,
382401)

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 geramtditonal economibenefits[10],

further highlighting the importance of economic feasibility of the cathode catalysts. Hence,
properties associated with practicality, including simpie largescale 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 cathad constantly exposed to wastewater containing organic
matter, contaminants and microorganisms. In sialEmber MFCs, the catalysts directly
contact the wastewater and may be poisoned by the intermediate products such as methanol,

chloride, sulfide, et [63-65]. Furthermore, organisms can fotsofilms on the cathode



surface and degenerate catalyperformance by blocking the >Qransport[66, 67].

Although in some circumstances the biofilm may serve as a biocd@fyghe interaction
between the organisms and the catalyst remains unknown and warrants dtuthes.
Similar problems are also found in twebamber MFCs, where the anode effluent is
commonly introduced into the cathode for petment11]. Poisoning of the catalysts

by intermediates leads to high potential loss and reduced power prodlRitEMoOUS
studies showed an increasedrbductionat a lower current, indicating the competition

for substratebetween exoelectrogens and methano@é®s To make MFCs fopractical
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, MEQedent a
powerful tool to study the durability and activity of the catalysts. The assessment using
MFCs provides insightful information that cannot be obtained byitexelectrochemical
characterization methods. For example, raeyttle cyclic voltammey (CV) as a method

to measure durability is typically accomplished with 6;Q@0000 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 chronoamperometne dar assessing catalytic
stability lasts only a few hours, and the typical operation potential ©.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 md¢laswistribution of
internal resistancg/(], 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 internasistane, but can also be used for comparison

of the concentration overpotential at high current oufplit Moreover, longterm MFC
experiments help gaiabetterunderstandin@f the complicated effects of poisoning and

fouling caused by real wastewaf&p-74].

It should be noted that the choice of external resistance is critical when performing MFC
experiments. The difference in cuntgroduction between the catalysts of interest and the control

Pt/C is artificially diminished by using a large resistance. As aforementioned, the current will



determine the anode potential and will consequently affect the microbial activity, metabolite
productionand fouling. It is thugecommended that, when evaluating the laron 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 resistaviteh are the typical operational

conditions in real applications.

MFC cathode catalysts have been comprehensively reviewed and sontee of
representativeatalysts are summarized Tiable 11. Carbonbased catalysts, particularly
N-doped AC, may be the most promising candidate for practical applications. The
normalized MPD of.,210 mW $' achieved by the AC mixed with CB is by far the highest
reported in the literature. Further studies are edetb understand the roles of AC
precursors, elucidate the mechanisms of heteroatom doping and develop a simple treatment
for mass production. Metdlased catalysts do not seem competitive compared with carbon
materials in terms of durability and cost, e hybridization of metal and carbon can
combine the advantages of the individual components andgtiealy enhanceatalytic
performance. MN-C complexes present a new group of catalysts aittellentcatalytic
activity and highstability, and are pdicularly 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 cataby/$ite iadditional treatment of
wastewater by microbes. However, recent studies have demonstrated that integrated
catalystmembrane assembly can also produce effluent with high quakly 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 MFJ76]. The MFC using the membrane modified withiaMi Fe O catalyst

could remove up to 90% COD and 80% fHN [77]. In addition to the gooderformance,

the integration of ORR catalysts with membranes can impsgsgemstability. Fouling
mitigation was observed when the membrane was coated with different cdtabystd,
possibly because the electric field reduced the deposition of sludge on the membrane
surface, and the 3. produced by the cathode removed thalants[80]. With stable
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energy andvater productionthe catalystmembraneassembly may be more ceaffective

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 membrang8l]. Such a combination may provide a new

direction in the study of abiotic ORR catalysts for MB&sed wastewater treatment.

Regardless of the catalyst materials, biofouling is almost inevitable when the cathode
electode is exposed to wastewater. The inefficient ORR catalysis, i.e.;ghgathway
with the production of kD2, may provide a solution for the fouling issue. Most of the ORR
catalysts discussed in this review produce a considerable amoupOglihlder normal
MFC operation. For examplat the MPD, GCoPcgenerated a current density5A m"

2 and the corresponding cathode potentialbo? V vs. SCE. The electron transfer number
at this cathode potential was measured to be 3, with 50% of the @é&duct being
hydrogen peroxide iong32]. The high HO: production, as discussed in the catalyst
membrane assembly, may contribute to fouling mitigatibhe study using graphite
particles as the cathode electrode could produce 196.5ntp@; in 24 h, but did not
further investigate the effects on fouling§3]. Therefore, the relation between®i

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 achieveimultaneous 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 prodiyciogen gas by using protons as the electron acceptor
[86, 87]. Similar to ORR, HER is sluggish and needs pithesence focatalysts[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 meguoent of applicationdt can be expected that

ORR catalysts will play an important role in enegfficient water and wastewater treatment in

the future, and there will be @mcreasing need for identifying their proper application niches.
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Table 11 The synthesis/modification, stability andsteffectivenes®f representative ORR catalysts from each category.

Category Catalysts/Synthesis n2 MPDP Stability Cost effectiveness Ref.
Carbonbased  Carbon black Polypyrrole/carbon black composite 401.8 mW m Biofilm formation 15 times that with  [94]
catalysts 2 Pt/C
Activated carbon Activated carbon/carbon black mixture 1210 mW n?  15% decrease in MPD after 1€ 1,210 mW $1 [99]
months
Carbon nanofibers  Alkaline treatment 61.3 MW n? 2.6 times that with  [96]
Pt/C
Carbon nanotubes  polyaniline/multiwalled CNTs composite 488 mW n? 31 mw $t [97]
Graphene N/S codoped carbon nanosheets 3.5 1.5 W n?? Stable after 6000 cycles of CV 10 mW $* [99]
Other @arbonbased 3.5 2293 mW n? Stablein longterm experiments > 143 mW $1 [99
catalysts (free precursors)
Metalbased Platinum electron beam evaporation Reduced Pt loadin¢ [10q
catalysts Silver nanoparticles Inhibit bacterial growth [101]
Perovskite oxides 405 mW n?  15% decrease in MPD after 1 116 mW $1 [102
cycles
Metalcarbon MetalAC Pyrolysis ofFeEDTA and AC 1580 mW n?  No change in MPD after 4.5 [103
hybrids months
MetatCNT NiO/CNT with in-situ reduction and 3.5 670 mWw n? 45 mw $t [104
calcination
Metalgraphite Carbonized AgNPs/Fe304/GC 3.98 1712 mW n? Inhibit bacterial growth [109
Metalgraphene N-doped graphene/CoNi alloy encased 3.63 2.0 mW n¥ 150 mw $ [106
within bamboelike CNT
Metaknitrogenr  Metalmacrocycles CoO-FePc mixture 654 mW n?  85% decrease in MPD after 6 11 mW $t [107
carbon days
complexes N-Fe/Fe3C@C Pyrolysis of cyanamide and FeClI3 3.98 42wWnmd Stable current output over 6 5% of that of Pt [109
months
Biocatalysts Microorganisms Mixed culture 554 mW n?  64% decrease in MPD after 9 Free [109
cycles
Enzymes Laccase 26 W m? 4% loss in potential after 5 day [11q

an, electron transfer number
b MPD, the maximumpower density
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1.5.2 Hydrogen evolution reactiocatalysts inMECs
(This section has been publishest Heyang Yuam nd Z h e n -metal freé ddtalysts for
hydrogen evolution reaction i n Record.inpress.al el ec

The HER can occur either via the VolmEeyrovsky mechanisntquationl.4 andEquation 1.%
or the VolmefTafel mechanismEqguationl.4 andEquation 1.5[111]:

HO"+e+ * Y 4@%Volmer Kaction in acid solutions,4h)
HO+e+ * Y H{Volmer i@adtion in alkaline solutions,4b)
H* + H3O"+e Y i+ H,0 (Heyrovsky reaction in acid solutioris5a)
H*+H,O +eY H OH (Heyrovsky reaction in acid solutiork50)
H* + Hz+ 2*{(Tafdl reaction in acid and alkaline solutiofh<s)

where * is an empty active site on the catalyst and H* indicates a hydrogen atom absorbed on the
active site. The mechanisms suggestitatHER catalysis is strongly influenced by the hydrogen
binding frewe aenderpgye,diae@ that an ef fud0.fThisv e HER
explains that Pt wiidthe mastativea HER tatalyst ameng a vatiety ef 2 G
metals[117.

In conventional electrolysis cells, the two hedl reactions are oxygen evolution reaction in the
anode E° = 1.23 V vs. NHE, normal hydrogen electrode) and HER in the catiildeq 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, exogtrroatalyze the oxidation

of organic matter and produce a negative anode potential (e LGEHHCOs, E®=-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 aradirv, 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 lineep sswkammetry (LSV). One
parameter of interest from LSV is the onset potential, which is empirically defined as the potential
at which the current density reaches €608BA cm?in LSV [114]. Another important information
derived from LSV is the Tafel plot, which can be expressed as the reduced\Rulittear equation

at large overpotential (e.g-,> 50 mV), i.e., Tafel equatioil].

- ol T o TQ@.7

wherejo is the exchange current density and describes the intrinsic catalytic activityjsatite
Tafd slopethat can provide insights into the rate determining step of the catalysis. At small

overpotential, the Butlevolmer equation can be simplified as follow:

0 —0 (1.9

Yo - —(@19

whereF is the Faraday constaiRjs the gas constarii,is the temperatur®.is the charge transfer
resistance and related to the activation energy loss. Charge transfer resistance cameglsoried
using electrochemical impedance spectroscopy (E18) Although it is rarely donethe charge
transfer resistance obtained from EIS can serve as a supporting datRet#heulated 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 RandlesSevcik equationEquation 1.1pand a defined redox couple (e.g., ferrocyanide
solution)[119:

N HwpneTdHOTHLT (1.10

whereiyp is the peak currentyis the number of electrons transferr@ds the electrode areB, is
the diffusion coefficient of the redox coupf@,s the concentration of the redox couple, ansl
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the scan rate. In addition, CV over 3000 cycles is commomly tesevaluate the durability of the

catalysts.

The ideal HER catalysts in MECs should be catalytically active;eftesttive, easy to synthesis,

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

CQ is released via the metabolism of the anode microorganisms, which lowers the fraction of H
in the biogas. Moreover, the G@nd B are scavenged by hydrogenotrophic methanogens to
produce CH, further decreasing thexidontent{116, 117]. In some cases, the microorganisms in

the cathode can servethge HERDbiocatalysts, but the biofilm may block the proton transport and
inactivate the abiotic catalysts. The MECs with degenerated cathode catalysts produce not only
less H in the cathode but also more CHin the anode, as a result of the competition between
exoelectrogens anatcetoclastianethanogens at high internal resistaf&4. 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, trebamber MECs seem to be a more practical tool for

the studies of cathode catalysts.

HER catalysts are developed to enhance MEC performanc®)B@d in turnserve as a research
platform to assess the catalyst durabiltfich is an important parameter not available from the
electrochemical techniques. For example, raytile 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).
Similary, 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, hegn MEC experiments can help gain a
betterunderstanding 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 chard, 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 potefiial 6], and therebgxerteffects on

the overall internal resistance and the hydrogen production. It is thus recoetdrteatl when
evaluating the longerm 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 represdigti
catalysts from each category are summarized in TabldNbr2precious metals are widely used
in bench and large scaeperimentshut do not seem economically competitive mainly due to the
corrosion behavior. In contrast, carboased catalysts, particularly carbaretal hybrids, may be
the most promising candidate for practical applications. The-Ng{®H)./graphene composites
notonly achieved a hydrogen production ratetinsfaster than Pdid, but also remained stable
for 2 months with inhibited biofilm growtfiL19. Finally, hocathode 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
catalystmembrane assembly may be a promising strategyprove the treatment performance

of MECs without compromising the energy production. A nidkated hollowfiber membrane

with an average pore size of 1 -ingemsiondsmteringp r ep ar
method and served the dual function adER catalyst and a filtration membrafE2(. 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 -fibkow
membrane to further improve the effluent qualify21]. The catalytic membrane was peov

durable with low transmembrane pressure after-lenign operation.
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Table 12 The characteristics of representative HER catalysts from each categogyré&tats to the hydrogen production rate of Pt
control in the MEC.

Category Catalyst Synthesis/ Voltage Rate Rate Ratept Cathodic  Stability Cost Ref.
Community (V) (mEm2dl)  (MmEm3d? (m3m3d? efficiency
Ni Ni 210 Commercial 0.6 1.30 1.6 79% Corrosion  $2.82n?  [127
Mo MoS; Commercial 0.7 0.048 1.20 1.8 [123]
Carbonmetal NiFe LDH/Ni Hydrothermal 0.8 0.018 2.11 2.01 97% Corrosion [124]
hybrids 3D MoS2/NGAs  Liquid 0.8 0.19 0.31 [62]
exfoliation/hydrothermal
MoS;@CNT Hydrothermal 0.8 0.010 0.03 0.03 49% [88]
nanaMg(OH),/Gr  Hydrothermal 0.7 0.126 0.63 0.49 83% Stable over 1.7% of Pt [119
two months
Biocatalysts  Mixed culture DesulfovibridGeobacter -0.7 vs. SHE 0.63 [129
Mixed culture 0.6 0.047 1.31 1.69 54.3 low CHs Free [12€
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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 localaedi thigh pH may favor

the growth of alkaliphilic hydrogenotrophic thanogens on the electrode surf§t&&d. As a
consequence of the favorable mieavironment, Cllcan accant for 86% of the total biogas

[117]. Insteal of inhibiting methane production, recent studies used MECSs to prbahigghane

an emerging fuel composed of biomethane aii®% biohydrogeri127]. The MEC produced
biohythane80% faster than an anaerobic digester due to the multiple pathway®egais b
production, including fermentative and electrolytic hydrogen production, as well as
hydrogenotrophic and electrochemical methanogenesis. The production of biohydrogen and
biohythaneis a result of the complicated microbial interactions and is thtisulli to be fully
explored with experimental method28 129. We have previously developed models to simulate

the system performanad microbial desalination celfs30, 131], and believe that mathematical
modeling can provide laetterunderstanding of hydrogen and methane production in $]E&2,

133. It can be expected that MECs and other BES may be the solution to the problems surrounding
waterenergy nexus in the future, and the development of HER catalysts will be a key part of their

practical applications.

1.6 Processengineering combining BES with membrane technologies

(This section has been publishest Heyang Yuarand Zhen He. Integrating Membrane

Filtration into Bioelectrochemical Systems as Next Generation E#regifgyent
Wastewater Treatment Technologies for Water RediamaA Review' Bioresource
Technology (2015)t95, 202209.)

Although BES can significantly decreabe productionof wastesludge[12], the effluent of BES

still needs further treatment for direct dischegy reuse. To achieve higjuality 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 effeavely remove VSS and pathogetisereby producing an effluent of high qualify34].

In addition, biomass is retained by the membrane in the reactor to improve treatment efficiency
[135. Based orthe pore size, the membranes used in B&iSbe classified akynamic membranes

(DM, >dndubranf)i | tration (UF, <0.1 &m). Membr ane
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internal or external configuratiohe major studies of integration of membrane filtration in BES
are summarized in Table 1.3. These previous studies have collectively demortbinatad
membraneBES systera possesshe benefits of each component, arah addressvaterenergy

nexus through energy efficient treatment, energy recovery, and water reclamation. To better
understand this integration towards the development of effecéaément 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 demonsttdtes tha
membranantegrated BES could theoretically achieve energy neutral or pogitiéel 38, 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 kWhhor kwh kg*-COD. Future studieshould really incorporate NER

in dataexpressionand 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
integated 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 integratdd mémbrane 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 degradat 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 an@RR in the cathode througthe 2-electronprocess

will 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 ifieddwith conductivity materials can

function as electrode materials, thereby benefiting BES performance. For exarB8with
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conductive nickebased hollowfiber membranes as both filtration component and cathode
electrode can recover energy in tbeni of biogas (Ckland B) [12(. However, energy neutrality

could not be achieved in such a system because of the relatively low conversion effafiency
combusti on. The membraneds ohmic resistance

or synthesizing the membrane with nickéb, 12Q.

Fourth, thematerialscience of filtration membranes must be advanced to enhance the performance
of filtration. For example, foulig can be mitigated by doping polymers such as polydopamine or
anthraquinone/polypyrrole in the membrdfd9, 14(. In a recent study, the inexpensive carbon
powder was used to synthesize filtration membieatbode assembly, resultingaremarkable
performance with respect to both weasgater treatment and energy producfibfl]. These studies

are indicative that muHiunctional membrane unit may play a critical role ia ttevelopment of
membraneBES.

Fifth, system scalingip remains a significant challenge for 80 demonstrate the feasibility of
the membran®ES for practical application. It strongly relates to the configuration, for instance,
internal or external integration of membrane modules. Scaling up the merdiE&should take
advantage of the existirgfforts 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 perforfidice
147). As one of the most critical parameters for scaling up, the cost of meniEsehould be
reported in details in future studies to help researcheatsrhenderstand the limitations of the
system. The cost to benefit ratio is another helpful index to compare mend#E&neith existing
technologies. Whilehe largescalemembraneBES system is difficult to be established and no
data are currently availlbfor the analysis of economic feasibility and life cycle assessment, the
comparison between litexcale systems and millilitexcale systems may provide insight into the

performance, cost and environmental impact at larger scale.
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Tablel1l.3 Summary of the studies about the membrategrated BES

Membrane Pore size Configuration Carbon source COD NH4*-N Turbidity ~ Maximum Ref.
removal removal (NTU) power density
(%) (%)
SS mesh 4 0 ¢ n separator/cathode acetate 86.693.9 92.799.6 ~0.8 4.35W m? [134
nylon mesh 7 4 & n cathode 89.6 ~0.8 6.0 Wms [143
pyrrole-modified polyester filter cathode glucose ~100 2.6 mW nv [144
cloth
nonwoven cloth 50 ¢ n cathode acetate 87.491.2 69.597.6 <2 76 Wm [144
SS mesh 4 8 ¢ n separator/cathode acetate 81.092.8 95.398.5 0.80 8.56 W m? [149
SS mesh 15 ¢ n cathode sucrose 91.995.3 0.15W m? [78]
SSmesh 13 ¢ n cathode glucose 96.4 2.82 0.12W m? [149
carbon felt 95.5 4.98 1.25W m?
microfiltration membrane 0. 45 separator acetate 831 mW n? [147
farm wastewater 81.6 746 mW n?
nickelbased hollow fiber membrane 1& m cathode acetate >95 [12Q
anthraquinorie 9. 8 ¢ cathode glucose 92.5 70.6 0.35 W m? [14Q9

disulphonate/pgipyrrole composite
modified polyester flat membrane

carbon filtration membrane 0. 55 & cathode acetate 93.7 96.2 581.5mwW n?  [14]]
UF membrane 0.5 kDa separator acetate 5 mW n? [149
1 kDa 36 mW m?
3 kDa 36 mW m?
UF membrane 1 kDa separator glucose 52.0 324 mW n? [149
5 kDa 60.0 138 mW n?
10 kDa 57.4 54 mW m?
PVDF hollow-fiber UF membrane 0. 02 anode acetate 45.357.8 0.41 3wWmd [15Q
primary effluent 86.990.2 9.1-50.0 0.450.75 15Wmd
UF membrane 1 kDa separator acetate >90 53.5 mwW n? [157]
PVDF hollow fiber UF membrane 0. 0 2 cathode acetate 90.495.4 83.0 1.01.2 27 W md [157
cheese plant effluen 84.491.9 62.2 1.82.4
polyester nonwoven membrane bas 0 . 0 6 5 separator/cathode domestic wastewate 97.3 97.3 <0.1 6.8Wms [76]

coated with MWCNTs
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PVDF hollow fiber UF membrane

UF membrane + polyvinglidene
fluoride UF membrane

UF membrane + polyvinglidene
fluoride UF membrane
polydopamine modied UF

membrane

0.
30 kDa +

0

30 kDa +

0

1

1

1

1 kDa

regenerated cellulose UF membran 1 kDa
~0.0

UF menbrane

PVDF hollow fiber UF membrane

PVDF hollow fiber UF membrane
hollow fiber UF membrane

0.

0.
0.

02

1
4

regenerated cellulose UF membran 1 kDa

PVDF hollow fiber UF membrane

PVDF hollow fiber UF membrane

15 kDa

0.

03

€

€

€

1

€
€

external

separator +
external
separator +
external
separator

separator
external

anae

anode + external
external

cathode
separator

cathode

cathode

glucose
glucose

glucose
glucose

glucose

domestic wastewate

acetate
acetate
primary effluent
acetate
acetate

acetate
primary effluent
glucose + starch

86.7
94.0

93.0
87.0
91.6
95.0
86.2
91.6

91.3
84.5
95.1

93.0

85.0 0.70
1.00
1.60

31.7

99.0

95.2

51 mW n?
40 mW m?

60 MW n?
159.8 mW n?

129.4 mW nt
25.1 mW n?
1.8Wm

86.9 mW n?
116 Wnm?

122.2160.5
mw nt2

218 W md

[153
[154

[159
[139

[156
[157
[137

[15§
[159
(160

[161]
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Last but not least, emerging trace contaminants such as pharmaceanithisticsand personal

care products have raised increasing attention in recent years due to their potential environmental
risks and adverse effects to human heplé3-165. MBR, benefiting from the combination of
biodegradation and membrane filtration, is believed to remove trace contaminants more effectively
than activated sludge process [d®q. A recent study demonstratedaththe removal of p
fluoronitrobenzenavas significantly enhanced by the cathodic reduction in a BEY. It is
therefore expected that membreBES will combine the advantages of the individual technologies

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

1.7 Processengineering: combining BES with forward osmosis

(This section has been publishest Heyang Yuarand Zhen He. Integrating Membrane

Filtration into Bioelectrochemical Systems as Next Generation Eregffgyent
Wastewater Treatment Technologies for Water Reclamation: A RewuBivesource
Technology (2015)t95, 202209.)

An forward osmosis (FO) process refersite movement of water molecules from a {salinity

solution (feed) through a semipermeable membrane to ashigtity solution (draw) under an

osmotic pressure gradiefecause water permeation is aunak 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 effici¢fhfg].
Meanwhile, the small pore size (average pore radius 0.26 nm) of FO membrane can guarantee
rejection of a wié range of contaminanf&69. 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 red(itédl. The concentrated feed contains
organic matters and nutrients that must be treated befateadige, which provides an opportunity

for the synergistic linkage between FO and BES].

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 osnotic 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 pedaiman

this OsMFC slightly decreased with artificial seawater (equivalent to 35NpICI) 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 solICOD 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 polarizatioi3§. It is worth noting that the relatively low COD removal remained

to be further examined becicontrol reactor with ion exchange membrane is missing. An energy
analysis indicated that the OsMFC could theoretically generate 0.108 k¥t @mergy, which

was sufficient to drive the pumping, thereby establishing asseslfined treatment systeno T
eliminate energy consumption by aeration, ancathode 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 CEM174]. 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 laydry-layer polyelectrolyte FO memdmne was fabricated and resulted in a
high initial water flux of 18.43 LMH in an OsMFC using 2 M NacCl as a catholyte/draw, suggesting
that improving FO membrane will have significant impact on the performance of OEMEIC

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 CJEVEH. 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 smadt afeations 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 tfeg FOBES integration to produce highalue
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products, and may be expanded to microbial electrosynthesis that produce organic compounds
from carbon dioxid¢177].

Although FO can extrachigh 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), whichdes hi
energy efficiency than conventional desalination technologies such as reverse osmosggeulti
flash and electrodialysig5]. This osmotic MDC (OsMDC) simultaneously realizes wastewater
treatment, water extraction and desalinafibig. Although theOsMDC was advantageous in
water extraction, its salt removal was outperformed by a convention MDC, likely because that ClI
was retained in the salt chamber by the FO membrane. To overcome this limitation in salt removal,
a conventional MDC was hydraulicgllinked to an OsMFC to enhance desalination without
compromising water extractigi79. The coupled OsMF®IDC 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 resistamcé 31 q, which was equivalent
of the MDC) was more favorable because of the higher energy production (0.16 RWh m

Similar to the UF, external linkage between FO and BES has also been investigated. For example,
the previous} described OsMF®IDC 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 MB@. Such a flow pattern
achieved 75% COD removal, 64% volumegluction 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 lg! d%, which is among the highest reported in the literatures. The FO process
contains a large amount of osmotic energy between the feed anfll&Awand 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 MEG/flvogen productiofl87].
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Both experimentaresults and mathematical modeling of this RRBC system demonstrate its

feasibility and identify several major limitations for further development.

Ammoniumbased draw solution is attractive to FO application, because of relatively easier
recovery ofdraw solute[183. An innovative MECFO system was developed to recover
ammonium from wastewater in the MEC and use the recoverstaium as a draw solute in the

FO to treat the MEC effluenfii84]. 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 2.9HeéMH; t
final effluent after ammonia recovery contained <1 mg\NHs and no COD. Including nitrogen
recovery into the FEBES integration will make the system more economical and environmental
advantageous. However, at the current stage of the developmeME @O system consumed

3.9 kWh m?3 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 ohe studies abolRO-BES.

Membrane Configuration Carbon source  COD Maximum Ref.
removal (%) power density
FO membrane separator acetate 474 W m? [172
FO membrane separator acetate [173
FO membrane separator acetate [17§
FO membrane separator acetate 82.5 282 W m? [13§
primary effluent 74.8 45W nm?
cellulose triacetate FO membran separator acetate 90.0 43 W md [174
FO membrane separator + acetate >85% 12.45 W m? [179
external

chitosan [CH; polycation] + separator glucose 89.8 27.38 W n? [175
PAACc; polyanion

cellulose triacetate FO membran external glucose 60.6 [184
cellulose triacetate FO membran separator acetate [179
cellulose triacetate FO membran external acetate ~80 (189

1.8 Researchobjectives
The overall objective of thisesearchs to understand the fundamentafed the applicationsf
BESin water and wastewater treatmentis will be achieved by pursuing the following specific

objective:
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1)

2)

3)

Unravel themicrobial population and functional dynamics BES As earlier discussed, the
electrochemically active microorganisms are the key playkmsastewater 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 functi@msl the anodes of MDCs

are constantly exposed to high salinitye salt concentration in the middle chamber of an
MDC candetermine the ohmic resistance, and consequently @ffeciurrengeneration and

ion migration, both of which are hypothesized to regulate the bioelectrochemical activity and
shape thenicrobialcommunity.Basel on the hypothesis, a tubular MD@asconstructed and
operated at different NaCl concentrations. The microbial comgumis characterizedising

16S rRNA amplicon sequencingnd the functional dynamics and interspecies interactions

werefurther studied with bioinformatics and biostatistics.

Develop athode catalystbor BES applicationsThe cathode catalyst is one of the limiting
factors of BES performance. As previously reviewed, an effective cathode catalyst should be
catalytically adve, costeffective and durabléBased on these criterinitroger and sulfuf
co-doped porous carbon nanoshesid nitrogerdoped bambodike carbon nanotubesere
synthesized as the ORR catalysts, mnodybdenum disulfidevas coatedn highly conductie

carbon nanotubeas the HER catalyst3.he catalytic mechanisms of these materials were
elucidated with electrochemical measurements and their catalytic activities were evaluated in
BES.

Optimize the process of BES and enhance the perform&tardalone 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 bémefiis.study,
MDCs were first hydraulically coupled with FO aaderatecata batch modeThe treatment
capacity between thadividual componentw/as notbalancedecause othe faster treatment

in the FO than that in the MDQ0 address this problem, a continuously operatedViBiC
system was builtA mathematical model wadsodeveloped based dhe previous-O model,

MDC model and PREMEC model[131], 182, 185 to understand theffects of flow rate on

the FO-MDC systemand predict system performance. In addition, FO was operated under
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4)

PRO mode to extract osmio energy, which was then applied to an MEC to achieve self

powered H production.

Identify the application niches of BEBES can be modified to achieve various functions and
can be used to remowvariouscontaminants such as heavy metals and xenobiotic. However,
the removal of antibiotic resistant genes (ARGs) by BES have not been repdtted.are
emerging contaminants posing serious concern to public healtj18q. It has been
demonstratedthat a twestage thermophilic/mesophilic anaerobic digestion system can
efficiently remove ARGs associated with tetracycline resist§h8@. Anaerobic digestion
was also used as pteeatment for aerobic stirred tank reastand noticeably enhanced the
removal of a variety of ARG4.8g. The removal of ARGs undanaerobiconditiorsis likely
associted with the fitness and survival of their host organigi89. Based on the previous
studies on anaerobic digestarsdthe fact that theespiratoryenvironmat in BES is highly
specific, it is hypothesized that ARGs may be removeati&panode/cathode treatmenB&S.

To examine this hypothesig) antibiotic resistar. colistrain carryingntll, sull andtet(E)

was isolated from domestic wastewater ansiedointo a tubular BEShe BES was operated

under differentnodesto understand the fate and removattafARGs in the reactor.
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CHAPTER 2: Unravelling and Reconstructingthe Nexus ofSalinity, Electricity and
Microbial Ecologyfor BioelectrochemicalDesalination

(This section has been publishast Heyang YuanShan Sunlbrahim M. AbuReeshBrian D.
Badgleyand Zhen He" Unravelling and reconstructing the nexus of salinity, electricity and
microbial ecology for bioelectrochemical desalinatioBnvironmental Science & Technolagwp

press)

2.1 Introduction

The growing demand for water and energy has become one of the most critical challenges in the
215 Century. Globally, there are 2.5 billion people suffering from water sanitation problems and
1.3 billion people lacking accessftelectricity[19(. Conventional desalination and wastewater
treatment methods, such as reverse osmosis and attshatigge processes, are eneirggnsive

and furtherexacerbatéhe stress in wategnergy nexu$s, 191]. On the other hand, wastewater,
which contains chemical energy and nutrients, aree@singly consideredsa usable resource

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

sustainable water and wastewater treatment.

bioelectrochemical systaa{BES) are an emerging concept that can treat wastewater, convert
organic wates into electricity and simultaneously achieve a variety of functions, such as
bioremediation, chemicagproduction and nutrient recovery, et¢./]. One of the promising
configurationsof BES is microbial desalination cell (MDCA typical MDC contairs an anion
exchange membrane and a cation exchange membrane between an anode and a cathode to form a
desalination chamb€i9]. The electrochemically active microorgangnm the anode oxidize
organic matter in wastewater and release electrons extracellularly for resp[tEijoriThe
electrons are transferred to the cathode when proper electron acceptors (e.g), aeygeesent.

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 largeale MDC system whta total liquid volume of 105 L has demonstrated

the potential of this technology in practical applicatifits]].

29



As the catalysfor oxidationreactionand electron transfethe microorganisms in a BES anode
play a pivotal role in organic removal and energy produdti®3]. Anolyte salinity is one of the
important factors that can affect the bioelectrochahactivity and microbial community, but its
detailed effects remain unclear. For example, in ar8®0 NaCl solution, model organisms
Geobactesulfurreducen®CA andGeobactemetallireducen$S-15 could not generate current,
whereas a novdbeobacterspecies showed high bioelectrochemical actiity4]. Meanwhile,
mixed-culture BES could stilproduceelectricity under extremely saline conditions (10850 g
LY NaCl), but the anode was dominated Hbyalanaerobium a group of halophilic

chemoorganotrophs that had not been reported in previous BES $A#}lies

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 foumgldistinct from

those in other BEE31], andto become less diverse after letegm operatio32]. In contrast to
theinhibitory effects high salinity on thgerformanceof other types of BE$29], the current and
Coulombic efficiency of MDG increased with a higher salt concentration in the desalination
chambef130 18(. Based on these previous studies, it is possible that the microfvaiwaty

may be selregulating by interacting with the salt solution in the desalination charfizgrré

Al): as the ions start to migrate, the ohmic resistance of the MDC is reduced and the growth of
electrochemically active bacteria is encouradé€]. Meanwhile, the salinity in thenade
increases and the metabolism becomes energetically expghSiaje The positive effects of
conductivity and adverse impacts of salinity on microbial activity eventualbhregquilibrium

with the developmentof a stable microbial community. Thus, different microbial community
structures may form unde&ariedsalt concentrations, and a comprehensive understanding of the
salt effects on MDC community structure and function is required for improving em@dyction

and desalinatioefficiency.

A betterunderstanding of the microbial ecology in MDC anode @¢@l$o improve modeling of

the microbialcommunity, and therebguide the system design and optimization. With the recent
advancements in higiinroughput sequencing technologies and bioinformatics tools, the microbial
community can be predicted using stitial 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 ecosysten{d97. 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 aw@rmodel performancgl9g. These

novel approachesanprovide poweful tools to model the microbial community and functional

dynamics in MDC anode, leadingttwe potentialpredictionof MDC performance.

In this study, a benebcale tubular MDC was builE{gure A2) and operated at six different salt
concentrationgo: 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 steunctyresdict

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 usingRI8& amplicon sequencing

The extracellular electron trans{&ET) mechanism was identified with cyclic voltammetry (CV).
Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSY)
was applied to further understand theeef$ of salinity on overall metabolic functions. The data
guantifying environmental parameteend dominant taxa were trained to construct Bayesian
networksandthen combined with logistic regressions to predict current output over a continuous
range ofNaCl concentration

2.2 Materials and methods

2.2.1 Reactor setup and operation

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

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 wsethe anode electrode. A piece of-150

cn? carbon cloth (Zoltek Companies, Inc., MO) was coated with 0.5 nig aativated carbon

and used as the cathode electrode. The cathode electrode was covered with stainless steel mesh as
current collector. The anecand cathode electrode were connected with titanium wire acress a 1

q resistor. Synt hetic wastewater was used as
acetate 8 g; NaCl, 0.5 g; Mgg@.015 g; CaG| 0.02 g; KHPQy, 0.265 g; kHPQy, 0.535 g;
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NaHCQ, 4.2 g; and trace element, 1 100 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 asiaoculum 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 wastvater of an aeration basin or the effluent of an existing MEG3]

which might not be suitable as MDC inocula considering the low abundance of anaerobes and the
low diversity after acclimatiorA recent study suggested that mangrguewn brackish sediment

could be a potential inoculum source for BES that were operated at high 4aliijtydowever,

It has been reported that the predominancégeafbacters consistent with good MFC performance

and not related to inoculum sour¢&8] Core conmunity has also been identified in 6 different
BES from different labs (i.e., different inoculum sourd@s)?] These findings suggest that

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

For starup 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 recirausatgd peristaltic

pump (BT6062J, 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 HCI, respectively, by pH controllers
(MC122, Milwaukee Instruments, Inc., NC).

2.22 Reactor performance evaluation

Electrical current was monitored throughout the experiments by measuring the voltage-dh the 1
resistor with a digital multimeter (2700, Keithley Instruments, Inc., OH). Reactor performance was
evaluated after the MDC wamperated at each NaCl concentration for 21 @ulde chemical
oxygen demand (CODvas measured wusing a colorimeter
instruction PR/890,Hach, CO).Coulombic efficiency and current efficiency were calculated as
previously escribed85] Conductivity was measured using a betmh conductivity meter

(Fi veEasyE c on-daledda, OH).The gonceniviidng of MaCl, K* and PQ* 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 Aminex87PIX
column (BicRad, CA). Data ere collected at room temperature in triplicate.

2.2.3 Ekctrochemical measurement

Electrochemical measurement was performed after the reactor was operated at each NacCl
concentration for 24 d. The MDC was drained and the refilled with fresh anolyte{(@cggtate),
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 €. After changing the electrolyte, the MDC wascewed 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'mVhse current and power
densities were normalized to the anode volyB&) mL). After measuring polarization curve,
turnover cyclic voltammetry (CV) was measured with the scan rate ranging from 0.5to 58 mV's

A platinum wire (CH Instruments, Inc., TX) and an Ag/AgCl electrode (3 M KCI, 0.210 V vs.
SHE (standard hydrogeziectrode), 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, Electrochemical measurementsr&veompleted

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 extaction, sequencing and analysis

Inoculum samples were collected within 24 h from the anode electnadiégaid 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-&@ €. DNA was extracted with the PowerSoil DNA
extraction kit (MoBio Laboratories, CA) foll o
of bacterial 16S rRNA gene was amplified using primer pair 515F and[@l&RThe25¢ L P CR
reaction mixture contained 10 gL 2.515 Pri me
(MoBio Laboratories, CA), 0.5 €L of each of tI
thermal cycler pstocol was 94 € for 5 min; 35 cycles of 94 € for 45 s, 50 € for 45 s, and 72
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€ for 90 s; and a final extension at 72 € for 10 min. DNA of all samples were amplified in
triplicate on a t her mRad CA)aulvisualizel 2% @gde g&lo u ¢ h E
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 camedi in equimolar ratios and
sequenced on an lllumina 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 USEMR[204] with minimum forwardrevesse 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 clasptfiet, with SILVA
database as referen@iq Sequencing data are available in GenBank under BioProject accession
numbker PRINA384805.

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 foMEBC samples). One of the G\ 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 taxonoc units (OTUSs) with a 97% similarity thresholthe plateaus of the
rarefaction curves indicated capture of most of the dominant species in the commekigties (

A5). The biofilm samples exhibited significantly higher Shannon and Simpson indicegityiv
compared with the liquid sampleBigure A6C andA6E), meaning higher evenness and richness

in the biofil m c¢ ommdiversity indices.for Qidiile and tigdid samples a | U
decreased readily as the NaCl concentration was reduced fidnmo20.05 M, and were not
restored at the end at 4 MigureA6B, A6D andA6F). 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 andBigdire2.1).

2.2.5Functional prediction
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Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUS)
was used to predict the metabolic dynamics of the observed microbial comm&tiile®©TU

table was constructed with a closederence OTU picking process against the May 2013
Greengenes databassang QIIME with 0.97 similarityj208 and 90.2% of the reads were mapped

to reference. The results were uséd PICRUSt pipeline according to the online

protocol(http://huttenhower.sph.harvard.edu/galdx¥he Nearest Sequenced Taxon Index range

from 0.12 to 0.39. Functional predictions were assigned to KEGG Ortholog level 3. Tseesty
environmental functions from 6 lev2l categories (Cell Motility, Carbohydrate Metabolism,
Energy Metabolism, Lipid Meabolism, Membrane Transport and Cellular Processes and
Signaling, TableAl andA2) were visualized using Circ§209

2.2.6Statistical analysis

Oneway Analysis of Variance (ANOVA) was used tottés significant difference of the MDC
performance and PICRUSt results. Faample ttest was performed to to test for significant
difference of the BraxCurtis similarities. Linear regression was fitted for current vs. log (NaCl
concentration), anodic p& current vs. square root of scan rate and actual vs. predicted values by
the Bayesian network. PCoA (based on BGaytis distance) and CCA were conducted using R
package fivegano. PERMANOVA was performed to
realts (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 aetworkanalysis 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 wszkected 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 tdoetween 0 and 1 with equation (1):

... . L a0y
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wherev_norm is the normalized variable j of samplevj,is the observed variable j of sample i,
min(y) and max(y) are the minimum and maximum values of variable j. Among the total 18
datasets (triplicate for 6 NaCl concentrations), one of thklklofilm samples and one of theN2
liquid samples were omitted due to the poor repeatability of the taxonomicFigtae(A8),
leaving 16 datasets for network training and validation. Bayesian networks were built with R
package @ bnl elmmbimgoalgoutsm, mrgl thé parameters of the networks were
calculated with Maximum Likelihood parameter estimation method. riEteorks were tested
with leaveoneout crossvalidation[21( i.e., 15 datasets were used to construct a Bayesian
network and the remaining one was used to validate the network. Thevalidssion was thus
performed for 16 times. For each crasdidation, BrayCurtis similaritybetween the predicted
and actual community was calculated. Meanwhile, Bayesian networks were also validated using
relative rootmean square error (RMSE, equation (2)), with experimental value¥max = the
maximum experimental values ahd the prediatd values (i.e., the abundance of the 8 taxa and
the values of the 6 environmental parameters):

B ® o

YO YO £ C
w

A null model based on average taxa abundance was performed to further validate the network
modeling approacfiL9g After validation, three final Bayesian networks at the phylum, ordgr an

OUT level were constructed from the total 16 datasets. The abundance of the major taxa associated
with NaCl concentration were fitted with logistic regressidfigre A18, A19 and A20) as a
simplification of pureculture growth under the influence of GBlg211] and subsequently input

into the Bayesian networks for current simulation.

2.3Results anddiscussion

2.3.1 MDC performance

After startup, 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 mA2\WihNaCl to 10 mA with 0.05

M NaCl, and rose back to 105 mA with 4 M Na®ligure2.1A). The slight current fluctuation

under each concentration was mainly due to the dose of NaOH for pH coh&aurrent changed
lessnoticeablyat higher NaCl concentiians (1- 4 M, 15mA difference) than at lower values
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(0.05- 0.6 M, 65mA difference). This implies that further enhancement of the bioelectrochemical

activity may be inhibited by the high salinity.
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Figure2.1(A) Current production; experiment statten day 28 after stadp; red arrows indicate
performance measurements, green arrows indicate electrochemical measurements and blue arrows
indicate sample collection for DNA extractiol)(COD removal and Coulombic efficiencyC)(

The concentrations @l and N4 in the anode.[§) Polarization curveError bars were calculated

from triplicate data.

COD removal and Coulombic efficiency were analyzed to examine the effects of organic matter
on bioelectrochemical activityF{gure 2.1B). Similar to thetrend 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 m§COD. The presence of high
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acetate content in the effluent was furtheonfomed using higkperformance liquid
chromatographyHRigure A3). Such a COD concentration was in theory equivalent to ~25 mA of
current according to the equation of Coulombféiciency, and suggested that the sufficient
organic matter was not the liimg factor of the relatively unchanged current at high salt
concentrationsHigure2.1A). On the other hand, the lower Coulombic efficiency with 0.2 M and
0.05 NacCl indicated that a considerable proportion of the organic matter was consumee by non

electricty generating microorganismg&iQure 2.1B), implying a shift in the anode community

[212.

Chloride ions migrated into the anode as a result of current production. Tetmn€ntration in

the anode was positively relatexthe salt concentration in the desalination chamber and reached
the highesof 0.84 M at 4 M Figure2.1C). In addition to migration, diffusion also contributed to

ion movemen{213, which explained the >100% curregfficiency (i.e., the ratio between the
transported Clions and the transferred electrons) at 2 and 4dufe A4). The sodium ions,
which were mainly from NaOH dosing for pH control, had a higher concentration thdneGb

the presence of negativetharged acetate and the resulting bicarbonate. The highly saline anode
environment at high NaCl concentration was beneficial for chtemgeferbut might also suppress
microbial metabolisnj214].

The bioelectrochemical activity was directly evaluated using polarization cufigeg€2.1D).

The experimentsvere 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
maxi mum power and current densities f2M> owed
0.05 M, which was consistent with the current production and COD remeigair¢ 2.1A and

2.1B) and reflected a lower bioelectrochemical activity with decreased NaCl concentration. The
maximum current of ~150 mA (438 m3-anodevolume) at high saltange was higher than the

907 105 mA obtained under continuous operatiéig(re 2.1A), likely because of the high
substrate content (8acetat® and the low osmotic pressure (0.009 M NaCl) of the faesityte

While the polarization curves of Gi24 M were similar in shape, a sharp decreatdegh current

density was observed for 0.05 M, meaning that current production was limited by mass transport

[71]. Given the high substrate content of fresiolyte the mass transport overpotential was
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possibly caused by electron mediators. These resoliectively 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 Miaobial communty dynamics

Principal coordinate analysis (PCoA) based on HRPaytis distances among microbial
communities revealed significant differences among the microbial communities of the inoculum,
the anode electrode and the liquid phdsgure 2.2A, Permutational Multivariate Analysis of
Variance (PERMANOVA), p < 0.001). After cultivation at 2 M NacCl, the biofilm and suspended
communities were separate from the inoculum. The two communities further shifted away from
the inoculum community as theltseoncentration decreased, but showed different patterns. At low
NaCl concentrations (0.050.6 M), the biofilm communities diverged from each oth&gyre

2.2B), whereas the suspended communities remained clustered togégioee 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 parasters and microbial communities. The biofilm communities cultivated at

2 M and 4 M NaCl showed similar projection onto, @idicating their adaption to high salinity

(Figure A7A). However, the 2M biofilm communities had much more positive projections on

current production, COD removal and maximum power density thanthbidfilm communities

did (p < 0.001). In contrast, the projections of the suspended communities on perferetaiece
environment al parameters rougvhl>y 0f &l IMowe d .t2h dv
M (Figure A7B), consistent with the trend of the actual MDC performakagife2.1). The results

thus implied a more critical role of the suspended communities in MDC performarazesdsalt

concentrations.

At the phylum levelBacteroidetes (B 29%), Firmicutes (12 42%), Proteobacteria (1558%),
Synergistetes (1L 14%) and Tenericutes {114%) were dominant in both biofilm and suspended

communities [figure A8), which agreed with previous studies on BES commur{i#ieg. At the
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order level, similar community structure was observed, with Bacteroidales, Clostridiales,
Pseudomonadales, Synergistales and Acholeplasmatales beingbgigure2.2D and2.2E).

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 0.8 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 contriliton of the suspended communities to the MDC performdfigeie2.1).

It can be concluded from these results that salinity, a major determinant of microbial community
structure in environmental ecosystefi$y, strongly affected the suspended communities in the
MDC anode.
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Figure2.2(A) Principal coordinate analysis of the biofilm and liquid samples based on the relative
abundances of OTUSB] Detailed PCoA of the biofilm sample<€)(Detailed PCoA of the liquid
samples.D) Relative abundance of the biofilm samples at the order |&)dRdlative abundance

of the liquid samples at the order level.

2.3.3 Mcrobial community composition

Of the8 major orders, 36 OTUs had a relative abundance >0.5% and accounted886 5®d
71-83% of the total relative abundance in the biofilm and suspended communities, respectively.
The affiliated OTUs are summarizedrigure2.3, and their potential rolea the MDC anode are

discussed individually below.

(i) Pseudomonadale3his order was dominated by 4 and 5 OTUs from the gBseasidomonas

and Acinetobacter respectively. The £seudomonaeelated taxa showed distinct preference
regarding site and saltyg. OTU 25 Pseudomonadrenner) and OTU 1781 Bseudomonas
endophytica were found more abundant at low NaCl concentrations in both biofilm and liquid
samples. On the other harRseudomonasanthomarinarelated OTU 57 was initially the major
Pseudomonais the suspended communities (6.7% withl 2 and was later replaced by the more
omnipresenPseudomonasaentirelated OTU 38 (20.5% with 4 MPseudomonais among the
earliest genera isolated frdaiS,and is well known for the mediatbased EET usinghenazine
derivatives, such as pyocyanin, phenaZirearboxylic acid and phenaziiecarboxamidg21q.

These electron shuttles, which are regulated by environimeéanted quorum sensing (e.g., NacCl
concentration]217], can also be used by other bacteria in mixed cultures as electron acceptors
[219. In addition, phenazine derivatives can function as antibiotics to inhibit competitors, affect
transcriptional regulation and modulate the physical characteristRseoilomonasommunities

[219. Based on their Asocial o behavior and ubiq
that Pseudomonaspp play a key role in shaping the anode community and determining the

bioelectrochemical function

Similar toPseudomonaghe 5Acinetobacterelated OTUs were classified with high confidence
(>98% identity) and showed succession with varied NaCl concentration. The dominance shifted
from OTU 12 Acinetobactervenetianuys and 514 Acinetobacterrudis) at 2 M to OTU 1362
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(Acinetobactebrisouii) and 30 Acinetobactegandensisat 4 M. Overall, thécinetobactespp
seem to prefer biofilm environment and high salinity. The high phylogenetic similarity to
Pseudomonaand the fact that sonfcinetobacte spp could reduce chromium implies that the
membersof this genus may be capable of EEA2(. In fact, Acinetobactercalcoaceticus
dominated an ethanolxidizing BES[221]. An Acinetobacter sgstrain Tol 5 was highly adhesive

to the anode electrode and performed EET solely via electron shuttles, e.g., phenazine derivatives
from Pseudomonaf227. It has been reported thBseudomonasan provideBrevibacillus sp.
PTH1 andEnterobacteraerogenesvith phenazine for respiratipteading to their dominance in
the respective communitieR223 224]. The high total abundance d?seudomonasand
Acinetobactein the MDC under high current conditions (4 M NacCl, 17.9% in biofilm and 28.3%
in liquid) suggests thaicinetobacteispp may form symbiotic associations wiseudomonas
spp and actively partipate incurrentproduction.
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Figure2.3 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 relatiadundance >0.5%.

(i) Bacteroidales The membersf this order were highly diverse but poorly identified. OTU 91
and 55 were phylogenetically related and were the only two OTUs that share high wéhtity

known species,Lascolabacillus massiliensisand Petrimonas sulfuriphila, respectively P.
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sulfuriphila was reported to grow optimally in the absence of N&2H, which could explain
their preference for low salinity in the MD&hode. Bacteroidales are consistently found dominant
in anaerobic bioreactors and can contribute to degrading soluble microbial prf2l@ts
Although most of the Bacteroidaleslated OTUs in this study are unidentified and their functions
remain unclear, the relatively unchanged abundance at different current condhigme Z.2D

and 2.2E) suggests that they may not be important drivers of EET.

(iii) Clostridiales. Four of the 6 major Clostridialeglated OTUs (OTU 72, 32, 47 and 37) were
frequently observed under medium to high salinities (046M) 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 méditso biomassand HCQ". For
example,Proteiniclasticumruminis (OTU 72) does not utilize carbohydrates but can digest
proteins[227], and thus may feed on dead cells. On the other sretpanaerobiunmoterae

(OTU 47) is known to utilize C®and H to produce aceta{@2d. 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 C&ixation and do not directly participate @urrentproduction.

(iv) Others In addition to Pseudomonadales, three dominant OTUs in Canagyéohles and
Oceanospirillales might also contribute to electricity generat@ampylobacterupsaliensis
related OTU 148 was ubiquitous in the biofilm, whilecobacterskirrowii-related OTU 1 and
Halomonassalicampirelated OTU 20 were abundant undeghthcurrent conditions (i.e., high
NaCl concentrationsprcobacterand Oceanospirillaceae (the family tiitlomonadelongs to)
from marine sediments have been reported to utilize acetate to reduce manganeg&€gxide
Moreover, aHalomonas spisolated from Soap Lake could reduce Fe and Cr, implying their
potential ability for EET[23(. Based on the high phylogenetic similarity betwdeskirrowi
andArcobacterbutzleri ED-1 (an electrochemical active strain isolated from BES)], and that
betweenH. salicampi and thePseudomonaselated OTUs Kigure 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 waslpoelated to known species

and the functions ohcholeplasmanorumrelated OTU29 was unclear. On the other hand, three
OTUs belonged t&ynergistales, which were known to ferment amino aci@g]. 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 decreasedmaGtration

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 electrortransfer mechanisms

Electrochemically active microorganisms caansfer electrons extracellularly via membrane
bound cytochromes, shuttle molecules or conductive[ 8. 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 mYV Ehe voltammograms showed the typical
characteristics of a Nernstiaasponse, including anodic peak current/cathodic peak current = 1
and peak potential being independent of scan Rt A9). Furthermore, the peak current
correlated linearly with the square root of the scan fagu(e 2.4A), indicating that the redo
reactions in the anode were reversible and diffusion contrdliEd. This isa clear evidence that

the EET in the MDC anode proceeded mainly via shuttle mole2iek
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Figure2.4 (A) Linear correlation between the anodic peak current and the square root of the scan
rate (0.51 50 mV sb). (B) First derivative of the CV at the scan rate of 1mVumder turrover
condition.
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The formal potentials of the shuttle molecules were obtained from the first derivative of the CV at
1 mV st under turrover condition Figure2.4B). Two peaks weraentified at approximately

180 and260 mV vs. SHE (standard hydrogen electrode), which could be assigned to the phenazine
derivatives, phenazirg-carboxylic acid and phenaziiecarboxamidg 16, 235. Initially, the

EET was dominated by the more positive redox reaction (2LBQ mV vs. SHE). As the NacCl
concentration decreased, the EET showed a composite characteristic of both peaks (0.6 M), and
then shifted to the mernegative redox reaction (0.2 M60 mV vs. SHE). Interestingly, the
major EET pathway changed back to the more positive redox reaction when the NacCl
concentration further dropped to 085 and remained stable with 4 M. Although the variation of

the donmnant electrortransfer sites under osmotic pressure remain unclear and warrant further
studies, the electrochemical results agree well with the community composition corddiighg
abundance dPseudomonal-igure2.3), and suggest that phenazimediated 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 anod¢207]. Of the 329 predicted results, 27 environmental funstfoom 6
categories (Cell Motility, Carbohydrate Metabolism, Energy Metabolism, Lipid Metabolism,
Membrane Transport and Cellular Processes and Signaling) were significantly affected (ANOVA,
p <0.05, Tabl&A1l andA2).

Figure 2.5 highlights the dynamics of the major functions of the suspeodeununities,and
reveals clear patterns under high salinity. For instance, the significantly high cell mobility (i.e.,
chemotaxis, motility and flagella assembly) suggests that bacteriberastively seeking shuttle
molecules for respiratiof234. In terms of energy metabolism, carbon fixation becomes more
active, which is igoodagreement with the high Clostridiales abundaiegufe2.2 andFigure

2.3) and possilyl related with the high HC®content resulted from the rapid acetate oxidation
(Figure 2.1B) [237]. Meanwhile, the high level of oxidative phosphorylation, secretion and
electron transfecarriers may be associated with the phenadapmendent EET. To maintain

proper metabolism and survive under high osmotic pressure, microorganisms can either increase
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Figure 2.5 The 27 major functions of the suspended communities predicted using PICRUSt and
visualized using Circof207, 209. The thickness of the band representspbemillageof the
function in the predicted data. For each function, thereiafgasds associated with the six NaCl
concentrations, and the two highgsrmillageswere highlighted. Amino, Aminsugarand
nucleotide sugar metabolism; PPP, pentose phosphate pathway; ABGhimdiiy cassette

transporters; PTS, phosphotransferasesgyst

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 @npareed

25), possibly because EEElated acetate oxidation is suppressed and more substrates are
available to nofEET heterotrophs,syntrophs and methanogens. Ilagreement methane
metabolism and phosphotransferase system for sugar uptake are upre@uatat, PICRUSt
provided reasonable predictions of most microbial functions of the suspended communities, but
the roles of butanoate amdoponatemetabolism and membrane transporters in EET under salt
stress remain unclear. Similar to the biofilm commityudynamics, the predicted biofilm functions

do not exhibit significant patternkigure AlL1l) and the detailed functions need further elucidation

using other functional analyses.

2.3.6 Networkanalysis

A Bayesian network modeling approach was appieedimulate the dynamics of the microbial
community and achieved significantly more accurate prediction than the null reayleleA12,

t-test, p<0.05). The community structure was predicted with high accuracy at the phylum level as
indicated by the higBray-Curtis similarity of 9083% between the actual and the predicted
community FigureA12). The prediction power significantly decreased to 8315% at the order level
and 691#6% at the OTU levelest, p<0.05). These similarities were noticeably higher thase

at the respective levels in a previous study using ANN to predict acid mine drainage
communitieqd, 199 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 netwtndining[198 but was likely a result of community

redundancy. Ira 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 theRsajmiomonas

in the suspended community and might perform EET, but their dominantedsa# the salt
concentration changeéigure2.3). 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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Figure2.6 (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 avidd®mental
parameters.
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Figure2.7 The actual and simulated current at different leviétsor bars were calculated from
triplicate data.

Bayesian network modeling was further validated by calculating the RMSE. The RMSE at the
phylum level ranged fror6% to 21% for the biofilm taxa and from 4% to 26% for the suspended

taxa FigureA13A). 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 datgure A14). The RMSE was not improved at
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the order level Kigure A13B), and the values for Campylobacterales and Synergistales in the
biofilm and Oceanospirillales in the liquid reached >30%, mainlytdube overestimation at

low NaCl concentrationd{gureA15). The prediction power further decreased at the OTU level
as indicated by the large standard deviatidghgure A13C). Over and undeiprediction of the

taxa were frequently observed in bothftho and suspended communities under all six conditions
(FigureA16). Overall, the RMSE results were in accordance with the-Brayis similarities that

the anode community could be more accurately predicted at higher taxonomic level.

After the modelingapproach was demonstrated as valid according to-8taiis similarities and
RMSE, final Bayesian networks were constructed from the whole dataset to further undbestand
microbial interactions and the potential functions of the major taxa in the MDd2 a@Gonsistent
with the low RMSE, the abundance foteobacteriavas inferred well by théhe phylumlevel
Bayesian networkHigure2.6A) with low standard deviatiort.he Proteobacteria were negatively
related to other phyla at the same location (i.efilm or liquid), implying competition. In
addtion, the occurrence of Proteobacteria was positively dependent, amh{Ch agreed with
experimental data that EET taxa became dominant at high saliRkitiesg2.3). At the order level
(Figure2.6B), themajor EET taxa Pseudomonadales was better simulated in the liquid than in the
biofilm (standard deviation 0.06 vs. 0)2Rutatively norREET Erysipelotrichales showed a strong
negative correlation with the current (correlation coefficientgld@i8 in thebiofilm and-1.61 in

the suspended commun)itywhile Synergistales and Acholeplasmatales in the suspended
community were negatively associated with EET taxgygesting thahey might not play a role

in current production

The Bayesian networks indicateat environmental parameters can be predicted from taxonomic
data Figure2.6). For example, current, Gind PQ* were simulated with RMSE lower than 7%
(FigureA13). The prediction of the current was slightly better with the taxonomic data at the orde
level as the slope of prediction vs. experiment was closer téiguré A17A) and standard
deviation of the equation was the lowest. The relationships between order abundance, current
production, COD removal and BOconcentration indicated that curremhs not only associated

with the three EET orders, but also correlated with the putativdeBdntaxa. Current production

was continuously simulated and the taxonomic data at the order level yielded the most accurate
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prediction Figure2.7), with low RMSEranging from 1.8 to 14.1% (Tabke3). It should be noted

that the prediction power of the continuous simulation was partly affected by the accuracy of the
logistic regressiong=jgureA18, A19 andA20) 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

(Figure6), possibly because microbial activity would be suppresseieblyigh salinity.

2.4Discussion

Adding saltin theelectrolytecan 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 desalinatidrecimight
adversely affect electricity generati¢0]. However, the present study showed high current
production above 0.6 M NaCFigure2.1), and the current (308 m=-anodevolume or 7A m-
cathodeelectrode area) at 4 M NaCl was one of the higla@sbng 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 amated optimal anode salinities for continued
dominance by regulating the bioelectrochemical actikigyre Al, Figure2.2 andFigure2.3).

When the NaCl concentration was higher than 1 M, the anode effluent still contained a
considerable amount of orgarsubstrateKigure2.1B andFigure 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 phylo§seyidomona#\cinetobacter
ArcobacterandHalomonasare proposed to be the major electrochemically active microorganisms
in the MDC anode, utilizing phenazine derivatives as electron shifilpa¢2.4). Members of
Bacteroidales and Clostridiales migtat be involved in EET directly but could play critical roles

in sustaining other important functions in the anode community, allowing roixiaare BES to
consistently generate higher current and power thanquitere BEJ18]. For example, members

of Bacteroidales may be scavenging dead cells on the ele¢&édethereby creating space for

electrochemically active bacteria aratifitating EET kinetics. Hydrogen gas may be produced
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from biomass fermentation, and subsequently used together with” HZ Olostridiales (e.gA.
noterae Figure 2.5) to form acetate. Some Clostridiales, suchCasstridium ljungdahlii and
Clostridiumaceticum have been reported to reduced®@acetate using an electrode poised at
400 mV vs. SHE as electron dorf@41]. A similar process may occur in the MDC anode, but
with phenazine derivatives donating electrons. At pH 7, the redox potentials of phehazine
carboxylic acid and phenaziiecarboxamide are calculated to {860 and-400 mV vs. SHE
(onset oxidative potential in C\Wkigure A9), which are thermodynamically favorable when
coupled withCQO; reduction to acetated96 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 predction by PICRUSt and Bayesian netwoRdure2.5 andFigure2.6), but needs further
studies that directly measure functions.

Bayesian networks can help identify interactions between environmental factors and dominant
taxa Figure2.6) [242, and have been used here for the first time to préghictionaloutput from

an engineered syste(figure 2.7) This approachs based on taxonomuata,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 witBOO-mL anode and 150 mtesalination
chambe) could not yield satisfactory simulation at high N@Gncentrations without optimizing

some key coefficientgl31]]. In contrast, the taxbased statistical model in this study can well
predict reactor performance over a wide range of salt concentratitmiow RMSE. With the
advancement in sequencing technologies and biostatistics, such an approach can potentially be
expanded to predict the effects of other engineering fattorsluding COD loading, hydraulic
retention time, external resistance ancetee size, etd. 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 agasdration energgfficient
water and wastewater treatment technglétjgh NaCl concentrations in the desalination chamber
of an MDC is beneficial for current production and leads to the dominance of smetated
electrochemically active microorganisms suchHPasudomonaand Acinetobacter Members in

Bacteroidales ah 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
nowvel 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 publistesiHeyang YuanJianyang 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, 182833)

3.1 Introduction

Hydrogen is considered to be @mising nextgeneration fuel because of its high heat value and
generation from renewable sour¢g4]. The methods for hydrogen production includstiggam
reforming and water splitting consume a large amount of energy, which can be substantially
reduced by usingenewable resources such as organic compounds in wastgivejeAs 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 electrodg86]. In an MEC, exoelectrogens oxidize organic compounds and release
electrons to an anode electrodesulting in a potential 0f0.30 V vs. SHE at the anode when
acetate acts as an organic so{ificéq. To drive hydrogen evolution rei@an (HER) on a cathode
electrode {0.41 V vs. SHE), an external voltage > 0.11 V will be theoretically required, and in
practicea voltage >0.2 V is usually applied to overcome overpotential§]. Even withan
additionalvoltage input, the energy consumption in an MEC is still less than the conventional
water electrolysis. Moreover, tause electrons are generated from wastes, hydrogen production
in an MEC will benefit sustainable societal development. MECs have been intensively studied in
the past few yearf247-249, and a pilotscale MEC exhibited the feasibility of using winery
wastewater as a substrate to produadrogen gagll7]. However, further development of MECs

is seriously hindered by high capital cost, especiallydhaathodic catalysts.

Catalysts are commonly applied to facilitate HER, which is thermodynamically favorable but

kinetically slow. Platinum is widely used in berstale experiments and shows outstanding

productivity[25(, but it is not economically viabl®ozendal, Jeremiasse [2€gmonstrated the
possibility of utilizing biocathode to catalyze hydrogen evolution; however, hydrogenotrophic
methanogens could thrive and consume hydrogefl@ak From the perspective of stability and

performance, meliec 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[127], foam[257], alloy[253 and naneassembly254]. Huang, Liu [255]coated carbon
paper with palladium via electrochemickdposition and obtained a catalytic efficiency 50 times

higher than platinum. In a study using irfbased composite nanorods as catalysts, hydrogen yield
was found to be comparable to platin{@%€6]. Nevertheless, operational complexity and energy
consumption during material synthesis accounts for the major issue abtvementioned

materials.

Molybdenum sulfide (Mog is an exciting catalyst inspireg the research of nitrogenase enzyme
[257]. Density functional theory (DFT) calculatienggested that the Medge favored hydrogen
binding [257]. In the volcano plot of thexchange current density as a function of Gibbs free
energy of adsorbed atomic hydrogen, Mafas found close to platinum, indicating a high
potential of HER catalysig25g. The inherent defect of this material lies in its low conductivity
and insufficient active sitgd 11]. To tackle these problems, Mo&as been modified by means of
Li+ intercalation,[259 chemical exfoliatior{26( and hybridization with graphene oxi@iz61].
Laursen, Kegnaes [11ldoated Mo% on multiwall carbon nanotubes (CNTS) to increase

conductivity. Their results revealed that coating could achieve good performamn@xcessive

treatment, i.e. annealing at high temperature would lead to loss of active edges.

By far there has been only one MEC study using MasSa HER catalyg267], in which MoS

was not modified but simply mixed with carbon black. Linear swedfamnogramsshowed an

earlier onset potential for M@$han for Pt. High current density and hydrogen production rate
were also obtained in the batch MEC test. However, the amount of Ivexfd orthe 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 efezdyeated ultrathin

Mo$S; nanosheets and high conductive CNTs (MGSIT). This unique structural design utilizes
combinative merits of edgerminated Mo% and the high conductive A8, leading to both
enhanced electronic conductivity and increased amount of actives sites. Th#CNIDS
composites were examined by using electrochemical techniques andME&C for hydrogen

production.
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3.2 Materials and methods

3.2.1 Synthesis of MQGBECNT

CNTs (Flo Tube 6000, CNano Technology, Ltd., CA) with an average outer/inner diaméter o
nm / 3 nm and length of 10huwas purified by sonicating in concentrated HN@% W/W) for

30 min followed by washing with deionized (DI) water and dryin§GiC in a vacuum oven. In
typical synthesis of the MoBCNT 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 intodhgien subsequently and sonicated for 15 min.
The homogenous solution was transferred to a Tdiitmu autoclave and heated at 220 € for 24

h. Afterward, the dark suspension was collected and rinsed with DI water for several times before
drying. MoS, MoS/CNT-30, and MoQCNT-60 were synthesized by the similar hydrothermal
method.

3.2.2 Characterization

Hitachi S4800 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 propertigayXliffraction(XRD, Bruker D8
Discover A25 was used to identify the crystal structure and phase informationcopber K
radiation. Thermal gravity analysis (TGA, TA SDT 2960) was used to determine the CNT
concentration in the nanocomposiBaman spectra were taken a Renishaw 1000B Raman
spectrometer with a 63 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 atoralence states was collected by HP 5950A
X-ray photoelectron spectroscopy (XPS) with Mg
at 284.6 eV.

3.2.3 Preparation of the cathode

The synthesized catalysts were coated piece of rectangular carboloth (PANEX®30PWO03,

Zoltek Corporation, St.Louis, MO, USA) with an area of 4°dtmat was used as a cathode
electrode. In more details, 20 mg of the materials (Mo&ted on 0%, 30%, 60% and 90% CNT)
were mixed with 22AKMBch StLlovdgf iMOn (USIAgmand 17 €L
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applied to the carbon cloth, making a loading rate of 5 mid é&fter 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 \Mcan, Fuel Cell Earth LLC, Wakefield, Ma, USA) was prepared
with the same method and served as control.

3.2.4MEC construction and operation

A two-chamber MEC was built by connecting two glass bottles with a cation exchange membrane
(CEM) asa separatofUltexCMI7000, Membranes International, InGlenRock 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; Mg3®015 g; CaG| 0.02 g; KHPQ4, 0.53

g; KoHPQy, 1.07 g; NaHC@® 1 g; and trace element, 1 i20QJ. 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
Speialists, Inc., Mesa, AZ, USA), the anode electrtmd®#0.2q r esi st or then to t
The MEC was operated under a batch mode at room temperature. Every 48 h as one cycle, 60 mL

of anolyteand 140 mL of catholyte were replaced. Each materaalte@sted in triplicate.

3.2.5 Measurement and analysis

The voltage ) onthe 0.1 r esi st or was recorded by a dig
Instruments, Inc., Cleveland, OH, USA) with a time interval of 5 min. Currgntas calculated

wi t h [@vwimO/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
voltammogram (LSV, scan rate 10 mV)sind Tafel plot (scan rate 1 m¥)swere measured with

a potentiostat (Reference600, Gamry Instruments, Warminster, PA, USA). Electrochemical
experiments were conducted in a sealed glass bottle containing 120 mL &fBISMolution,

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 spaxgchitrogen gas for 15 min prior to each test.
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Important parametergcluding Coulombic efficiency (Equation 3.1) cathodic H recovery
(Equation 3.2) overall H recovery(Equation 3.3)and H2 production rat§Equation 3.4)were
calculated apreviously describef246, 254 :

P QQo
¢¢ O
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."QQo 8
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0 0
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WhereF is the Faradaic constanian is theanolytevolume,qpC O B the removed COM2is
the mole of hydrogen productiovi,2 is the hydrogen volume ands the time period of one cycle
(48 h).

3.3 Results andliscussion

3.3.1 Claracterization of the catalysts

The synthetic procedure is primarily bdsenthe a simpleonepot 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 honeogus solution of the highlgispersed CNTs. The field emission
scanning electron microscopy (FESEM) and transmission electron microscopy (TEM) studies of
CNTs showan averagediameter of 7 nm and length of 3m. The FESEM image of the
MoS/CNT-90 compode reveals slightly increased diameter (Figsuie and3.1d) compared to
original CNTs (Figure8.1aand3.1b). A thin layer of Mo% nanosheet on the surface of CNTs is
clearly observed by TEM (Figur8.1d). The lattice spacing is measured to be 0.65 nm
corresponding to the interlayer spacing aldimgz-axisperpendicular to (002) plane of 2440S,.
However, MoS/CNT-60 and Mo%CNT-30 demonstrate the morphology of Moffowers
embedded in the CNTs networks (Figid®c andB1d). The increased amount of Md®wers

might block the fast electron transport, which limits the oveslttrocatalytic performance

Pristine MoS shows similarflower-like morphology composed o thick layer of MoS
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nanosheets (Figuigle), which was measured to approximately 15 layers with a lattice spacing
of 0.65 nm (Figure.1f).

\
Figure3.1FESEM and HRTEM images ¢&) and(b) CNT,(c) and(d) MoS/CNT-90, (e) and(f)

MoS,. Arrows in(d) indicatea thin layer of MoS2 nanosheet on the surface of CNTs. IngBt in

is corresponding lattice fringes.

X-ray diffraction (XRD) was employed to investigate the crystal structure and phase information
of CNTs, MoS and MoS/CNT composites (Figurgd.2a). Thespectra of Mog MoS/CNT-60,

and MoS/CNT-30 show typical diffraction peaks of a hexagonal crystal structure, which can be
indexed as 2HMo0S, with a spacegroup of Pe/mmc (JCPDS 32492). Compared with pristine
MoS;, the (002) peak of MaBCNT-60 and M&/CNT-30 depict a reduced intensity and
broadened width, suggesting a smaller mean crystallite size than that of pristineMdoSver,

there are no observable Mofeaks orthe spectrumof MoS,/CNT-90 probably due to the low
concentration of MoSin the nanocomposite. By assuming the remaining product isslio®©no

59



Mo atom loss during the thermogravimetric analysis (TGA), the amount of MdBe original
nanohybrid is calculated to be 91% (FigB&), which is close to the material inp&imilarly, the
Raman spectrum of MeENT-90 reveals characteristic peaks of CNT at 1330 (nband) and

1590 cm! (G band) with barely observable MpBeaks. However, MaSMo0S,/CNT-30, and
MoS,/CNT-60 exhibits clearly typical peaks of theptane E.q phoron mode (374 crt) and out
of-plane Ag vibration phonon mode (402 chhof MoS: (Figure3.2b), confirming the presence

of Mo in the nanocomposite. A close view of all three spettraonstratehigherintensity of

A1y mode than that of 'z; mode, indicting the formation of edgeerminated Mogfilm [263.
According tothe previousreport that edges @h Si Moi S sheet are the active sites,particular
the[1010] Mo-edges have the most advantageous hydrogen binding energy of the edges considered
[11]]. X-ray photoelectron spectroscopy (XPS) was conductedutty he compositions and
atomic valence states of the M#SNT-90 nanocomposite (Figurg2c). The full survey of
Mo0S,/CNT-90 exhibits signals of sulfur, molybdenum, carbon, and oxygen, confirming the
presence of MoSin the nanohybrid. Oxygen was intrashd 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 Figure3.2c), corresponding to Mo 3d Mo 3d2, S 2p2, and S 2> components of
MoS,, respectively. Moreaar, the nitrogen adsorptiedesorption isotherms of all five samples
show a type IV with H3ype hysteresis loop, indicating the presence of mesoporous structure
(Figure 3.2d). The specific surface area and pore volume of X@T-90 using Brunauér
Emmett Teller (BET) method are measured to be 26%and 0.856 mg?, respectively (Table

B1). In comparison, MoBCNT-60 and MoS/CNT-30 exhibit much lower surface area and pore
volume. Notice that the larger surface area provides more exposed activsitedgehich is

anticipated to havanexcellentactivity for electrocatalytic hydrogen evolutipz64].
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Figure3.2 (a) XRD patterns(b) Raman spectrdc) XPS full survey and the corresponding high
resolution Mo 3d and S 2p XPS spectra of MGSIT-90 nanohybrid (insets)d) Nitrogen

adsorptiordesorption isotherms.

3.3.2 Electrochemicaperformance

The HER activity of Mo%composites was first evaluated using LSV. Because the measurement
was conducted in 1 M phosphate buffer saline (PBS) with a pH of 7.0114.01, the potential was
normalized accordintp: Erne = Emeasuret 0.41 + 0.20 V vSRHE (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 MoS/CNT-90 exhibited early cathodic current at a small overpotential of approximately 70
mV, indicating a high HR activity (Figure3.3a). 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 researdill, 260, 264]. In contrastpure CNTs did not show drop untl).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!decPt, and ranged from 59
(CNT-90) to 73 (Mo%) mV dec! for the composites (Figui3b).

In theory, three steps may participate in HER in acid mgdia, 261, 265 266, while similar

Tafel behavior was also observed previously in PBS sol{i#61:

Volmer reaction( Ao( P ¢@2A& pcim6AAA
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Figure 33 (a) linear sweep voltammogram (scan rate 10 m\asd(b) Tafel slope (scan rate 1
mV s') measured under 1 M PBS buffer (pH = 7.0140.01).

Hydrogen is produced through the combination of either Volderovsky mechanism or
Volmer-Tafel mechanism. The significance of Tafel slope is that the raterdeteg step of HER

can be identified by comparing calculated and experimental slopes. The measured Tafel plot
yielded slopes close to 40 mV desuggesting that Heyrovsky reaction, i.e. desorption step is
limiting the HER kinetics. It should be noted thafel slopes of MoSmodified with different
methods varies in a wide rang&®3, 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. Figui@3b depicts highly similar electrochemical behavior for all
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MoS, compositesiespitedifferent CNT contents, indicating similarity of catalytic chemistry on
the materialsurface[26g. On the other handhe disparityof HER activity shown in Figur8.3a

implies crucial factors other than HER mechanism effecting the catalytic performance.

One inherent problem of M@@&s a catalyst e low conductivity between-Bo-S sheets bonded

by van der Waals forde.11], which could be the reason for late onset potential of pure:MaS
shown in SEM (Figur&.1), coating CNTs with Mo&did not noticeably change the morphology.
In addition, ehigher CNT ratio means a lower amount of Md8ading to the reduced active sites,
as no other modification was made on M{E9. Therefore, the enhanced HER activity with
increased CNT content may not correlate with acsives,but is very likely due to increased
conductivity[269 27(. Those results suggest that conductivity could be the main limiting factor

when using Mogto catalyze HER.

3.33 MEC experiments

Actual hydrogen production catalyzed by M&ESNT was investigated in an MEC operated under
a batch mode. The electrical current generation is shown in Fgyirdn general, currents
decreased over the course of operation due to the consumption of substrates. The Pt catalyst led to
relatively stable grrent generation between 10 and 35 h. A higher content of CNTs i M¢Bs
resulted ina highercurrent generation. A more detailed comparison can be found in Jabia
which one can see that total coulon@) production roughly follows this oed: Pt > CNTF90

> CNT-60 > CNT-30 > MoS. This trend is further confirmed by other parameters enumerated in
Table3.1. The calculation shows similar cathodic hydrogen recowgy,(indicating a high HER
activity of the catalysts. On the other hand, ©oulbic efficiency (&) of the composites was
slightly enhanced by coating, but still inferior to that of Pt. Although differenie@ toa minor
differencein overall hydrogen recovery (B, it exerteda distinct effect on actual hydrogen
production rate (). While the Q.2 of materials containing less CNT was less than 80% of that

of Pt, MOS/CNT-90 achieved comparable hydrogen production.

The results of the MEC test, including current den$ityta, Cr and Qi2, 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 (Figure3.3b) we assume that this 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 xMoSvertical nitrogerdoped CNTs via
precursor depositiofi271] The authors of that study demonstrated an optimized structuréheith
maximum catalytic surface area and sufficient contact betweenxMo8 CNTs, and reported

small owrpotential (~75 mV) and Tafel slope (40 mV dgcwhich is close to our results.
Furthermore, their electrochemical impedance spectroscopy (EIS) showed reduced charge transfer
resistance for hybrid catalyst compared to pure Mim@icating that the goagerformance of the
MoS/CNTs composite is due to electronic coupling between,Mo8 nitrogerdoped CNTSs.

In summary, the MoCNT composites synthesized in this study are promising for future MEC
application because of the comparable performance to Pt, simple synthetic procedure and low
price.[267 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 MoS:CNT ratio. Tackling these problems will not only improve the hydrogen production

catalyzed by Mogcompositesbut also provide insight into hydrogen evolutazatalysisor other
materials.
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Figure 3.4 Current density of the MEC with Mo&mpogtes 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 Mo@nposites or Pt as a
cathode catalyst. Standard deviation is calculated with triplicate experiments.

Cowl (C)  CRP(%)  Rea®(%)  Rua® (%)  Qne® (mPHzm2dY)

MoS, 115.8412.3 21.6%2.3 46.2#4.3 10.04.5 0.00784.0014
Mo0S/CNT-30 119.8483.2  25.3183.5 43.2%).6 10.941.5  0.00774.0002
Mo0S/CNT-60 121.6#19.7 23.3#.8 46.0#4.0 10.94.5  0.00814.0008
Mo0S/CNT-90 144.443.8 25.785.0 49.045.5 12.743.9  0.01014.0007
Pt 146.945.9 30.6143.8 48.046.1 14.641.6  0.01034.0013

2 Crotar Total coulomb.

b Cr: Coulombic recovery.

°Rcat Cathodic hydrogen recovery.
4 Ry2: Overall hydrogen recovery.
® Qu2: Hydrogen production rate.

3.4 Conclusions

In this study, molybdenum disulfide (MgSwas coated omitrogerrdopedcarbon nanotubes
(CNTSs) 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 fréBto 73 mV de¢ for the MoS
composites, indicating similar chemistry on the surface of the composites compared with the
unmodified MoS. These data suggest that conductivity may be the main limiting factor for overall
HER activity by MoS. The MEC testshowed that the MeBCNT-90 achieved comparable
hydrogen production to the Pt catalyst. The low price of the MmBposites will make it
competitive as an effective HER catalyst for MEC application.
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CHAPTER 4: Porous Carbon nanosheetsco-doped with Nitrogen and Sulfur for Oxygen
Reduction Reaction inMicrobial Fuel Cells

(This section has been publishesiHeyang YuanYang Hou, Zhenhai WeXiaoru 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 (@R is one of the most critical reactions for
electrochemical systems. Because ORR is sluggish, platinum is widely used as a catalyst
in lab experimentsput is economically not feasible for largeale applications, which
poses a major challenge for fuedlicapplications[272]. Non-precious metals such as
manganeseiron and cobalt have also been modified and efficient catalysis has been
obtained[273, 274]. However, the longerm stability of these metal catalysts remains to

be examined.

Carbonmaterials are of great interest for fuel cells because of their low cost and high
stability [44, 275. Nitrogendopedcarboncatalysts (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 @hr376, 277]. Enhanced

ORR catalysis using nitrogatoped carbon materials have therefore been extensively
reported in previous studigd78, 279. In addition to nitrogen, heteroatoms such as boron,
sulfur and phosphorus have also been dopedarbonbased materials and noticeably
enhanced ORR catalysj280, 281]. The catalytic activity was reported to be further
improved by dual doping of N and[382, 283, and the specific surface area of a sitilfur
nitrogen cedoped threalimensional carbon foam reached up to 850ym[284]. While

the synerget effects of the dopants and the ORR mechanism remained to be explored,
duatdoped 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 generatergynérom renewable resources such as
wastewater. Wastewater is increasingly recognized as a green resource because of the
potential energy and nutrient that it contajgg The chemical energy stored in organic
matters in wastewater can be directly converted into electricity by microbial fuel cells
(MFCs) [28Y. In the anode of an MF&xoelectrogens degrade organics and respire by
releasing electrons extracellularly to the anode electi@8e 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 cathodgl13. As such, wastewater treatment and electricity generation are
achieved simultaneously. Similar to chemical fuel cells, oxygen is a conetaotron
acceptor because of its availability and high reduction potential. Therefore, advances in
carbonbased materials for ORR catalysis may play an important role in sustainable water
and wastewater treatment in future. A variety of carbased mateais, including
activated carbof286-288 andgraphemg48], have been used as cathode catalsteCs

and show great promise in terms of performance and stability.

In this work, we have demonstrated the simple synthesis of é&f8oped porous carbon
nanosheets (NAENS) with abundardctivesites and higsurfacearea.The ORR catalysis of the
asprepared 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 presentsvexected to
provide insights into the dualoping of N and S in carbon materials and the application of such

catalysts in MFCs for energgfficient wastewater and/or water treatment.

4.2 Materials and methods

4.2.1 Synthesis dii/S-CNS

To synthesize theatalysts, 1 g of potassium citrate was annealed in Ar atmosphere at 850 € for
2 h at a heating rate of 2 € mih[289. The porous carbon nanosheets were gaadrby further
treatment of the producésobtainedabove with 0.5 M SOy solution for overnight followed by
washing with deionized water and vacuum drying with a yield of about 41%. Next, the obtained

porous carbon nanosheetsredissolvedn 10 mL ehanol, followed by addition of 0.5 g diphenyl
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disulfide under stirring. Then, the solvent was slowly evaporated at 50 €. The remaining powder
was further heated at 750 € with a rate of 2 € minand held at that temperature for 2 h under
NHz atmosphere, resulting in the formation of N/Sdaped 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 migrOBEd)

Hitachi H 9000 NAR) and fielggmission scanning electron microscopy (FESEM, HitaeA8@0).

X-ray diffraction (XRD) data were obtained with a Scintag XDS 2000ay powder

di ffractometer (Cu KU radiation asoecordecgnas = 1
(Renishaw 1000B spectrometer with laser excitation (wavelength 633 RRayXhotoelectron
spectroscopy (XPS) analysis was performed on I
Brunauer 1T EmmetT Tel l er ( B EdTby usmgia Miaoeeritica ASAR wa s

2010 instrument with Nadsorption.

4.2.3 Electrochemical analysis

Five milligram of the synthesi z®pérluorimatediory st s w
exchangeresin (Sigmal dr i ch, MO, USA)edwated anl &pliedito acdrborn e i o n
cloth (PANEX?30PWO03, Zoltek Corporation, MO, USA) with an area of £ tmobtain a loading

rate of 5 mg chit. After coating, the carbon cloth was dried in a fume hood for 24 h and ready for
use[88]. A 1-cn? carbon cloth coated with 5 mg tfrof Pt/C (10%wt. Platinum on Carbon

Vulcan, Fuel Cell Earth LLC, Ma, USA) was prepavéth the same method and served as control.

These electrodes were examined as the working electrode in @lacgede cell containing 120

mL of 0.1 M PBS (phosphate buffer saline, 5.3'¢g KH-PQ and 10.7 g ! K:HPQ) with a

platinum wire (CH Instruments, Inc., TX, USA) as the counter electrode and an Ag/AgCl electrode

(CH Instruments, Inc., TX, USA) as theference. Linear sweep voltammetry (LSV) was
measured with a potentiostat (Reference600, Gamry Instruments, PA, USA) at a scan rate of 10
mV s 1. Electrochemical impedance spectroscopy (EIS) was conducted attheiaquitvoltage

with a sinusoidal peurbation of 10 mV and the frequency ranging frorhi®16 1¢ Hz. The data

were fitted withGamryEc hem Anal ystE software. The el ectr
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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 sarreld@bteele cell to

study the ORR mechanism. A glass carbon tip (diameter 3 mm, BASI, IN, USA) Visisego

with alumina slurry (PK4 Polishing kit, BASI, IN, USA) to obtain a mirrdike surface and then

washed with deionized water and ethanol. Ink solutions with a concentration of 100 hvgene_

prepared by mixing 10 mg of the catalyst powder witt40 of ®Naftli 60 &L of dei
water. After 16mi n ul trasoni cation, 3.6 €L of the ink
RDE tip, making a loading rate of ~5 mgénThe current density was recorded at the scan rate

of 10 mV $! and the rottion rate was varied from 100 to 1,600 rpm (RREBASI, IN, USA).

To maintain a constant:@evel, 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 theeasurement. The electrolyte was then purged wifoNL5 min and LSV was
conducted to obtain the baseline for each catalyst. The baseline was subtracted and the electron
transfer numbem) was calculated from the slope of the Koutetleyich plot[115:

1_1, 1 1 D
QR 062" ®O 0 Vel V2

whereik is the kinetic current (A)F is the Faradaic constant (96,485 C W)pA is the

electrode area (0.071 énDo: is the diffusion coefficient of @in the 0.1 M PBS (2.15

c? s1) [2904, 3 is the kinematic viscosity of the electrolyte (0.01%2ash), C is the Q

centration in the electrolyte (2.6x1Gnol cni®) measured using a DO m
A213, Thermo Fisher Scientific Inc., MA, USA) amrds the angular rotation velocity (rad

s1). 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 f\VAdl electrochemical

experiments were conducted at roa@mperature 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 athe separato(CMI-7000S, Membranes International, Inc., NJ, USA). The liquid

volume of he 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 deiom&ed:

sodium acetate, 1.0 g; NaCl, 0.5 g; MgS@O015 g; CaG| 0.02 g; KhHPQ, 2.65 g; KHP(Q, 5.35

g; NaHCQ, 1.0 g; and trace element, 1.0 f#20(. 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 througiga 1r e s i s +X03r0.0¢1HEATR &bs, In¢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 Ohmés | aw. Bnsitywdrecreeds@wedpsing ar i z
the potentiostat at a scan rate of 0.2 mV Ehe MFC was operated under batch mode at room
temperature. Thanolyteand catholyte were changed every 24 h. Both the anode and cathode were
stirred and the cathode chamber wastadra

4.3 Results anddiscussion

4.3.1Characterization of the catalysts

The morphology and microstructure of-@®pared N/SCNS were examined by FESEM and
TEM. The product is of 2D nanosheet morphology with lateral width ranging from hundreds of
nanometes to several micrometers (Figutda), and the thickness is approximately 23 nm (Figure
4.1b and 4.4). The N/SCNS exhibited a highly interconnected 3D framework of randomly
stacked nanosheets with porous architecture, similar to the previously repantgded graphene
particle[279, which may be favorable for the access of electrawid shortens transport distance
between electrode and electrol{f2]. TEM analyses further confirmed the layered morphology
of the assynthesized N/&NS (Figure4.1d), which agrees well with the FESEM observation.
The partially crinkled nature may be originated from the defective structures formed by nitrogen
and sulfur doping (Figuré.1e)[29]]. Many alternative dark and light areas from higlsolution

TEM image in Figuret.1f clearly reveals the presence of numerpores on the surface of the
N/S-CNS.

The crystal structure of N/GENS was studied by -Xay 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) plas of graphite carbon, respectivgl¥97,
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indicating partial graphitization structure (Figyt2a). The Raman spectrumfS-CNS
shows two main peaks centered at 1,331 and 1,584 comresponding to the D and G
band, respectively (Figu#&e2b). The D band results from tegucturaly disordered carbon
atoms, whereas the G band corresponds to vibration mode (E2g) fdwylspdized
graphitic carbon293. The intensity ratio of D band to G band/(t) is about 1.17,
indicating a high degree of disord€©4], owing to the incorporation of defects by &hd

S- doping. The smaller peak at 2,660 and 2,909 can be assigned to a combination of
2D and D + G band95, 294].

50nm 10nm
— —

Figure4.1FESEM (ac) and TEM (df) images of the N/SCNS.

The chemical composition of N/SNS was characterized by-Pdy photoelectron
spectroscopy (XPS). Figude2c 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 edoped 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 403atregponding

to pyridinic-N, pyrrolic-N, graphiticN, and oxidizeeN, respectively (Figuret.2d) [91,

297, The high-resolutionS 2p peak of the NAENS can be resolved into three different
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peaks. The former two peaks at 163.2 and 164.3 eV are in agreertietittevieported S
2mre and S 2p2 (Figure4.2e)[299, which are attributed to the sulfur bindingii@i Si
bonds and conjugatédC=S bonds, respectiveljz99. The third peak at 168.7 eV results
from oxidized S[30(. The typical nitrogen adsorption/desorption curve of the resulting
N/S-CNS exhibits a typdV adsorption isotherm, indicating that the nanosheets possess
porous structures. The Brauei Emmeti Teller (BET) surface area of the NGNS is
estimated to be about 1,004 gt with a pore volume of 0.8 chy* (Figure4.2f), which

Is much higher than those reported feradd S doped graphene materials (typically in the
range of 220 to B0 nt g?) [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

D
Cls
(a) (b) (c)
—— NIS-CNS G
- — N/S-CNS
- =S -
=} : =
&S < <
>
2 2 2
0 c 7] N 1s O1ls
c o c
2 € 2D 2
£ = D6l E Wiy k i J\ Ui
S2pg2s
10 20 30 40 50 60 70 1000 1500 2000 2500 3000 0 150 300 450 600
2 Theta (degree) Wavenumber (cm™) Binding energy (eV)

(e) 163.2eV  s2p

BET Surface Area: 1004 m® g* ) &
450 M
) o
af 04
270+ M
EIED
Pore diameter (nm)

408 404 400 396 392 172 168 164 02 0.4 06 0.8 1.0
Binding energy (eV) Binding energy (eV) Relative pressure (P/P )

Intensity (a.u.)
Intensity (a.u.)

168.7 eV /
72 === -

Volume adsorbed (cm® g™)

dv/dD (em® g™ n

[
D
o
o
o

Figure4.2 XRD pattern (a), Raman spectrum (b), XPS sweep scan (c}résglution N 1s XPS
spectrum (d), highiesolution S 2p XPS spectrum (e); &dsorption/desorption isotherm (f) for

the N/SCNS. Inset to panel (f) is the corresponding pore size distribution.

4.3.2Electrochemical performance
It can be seen in Figuke3a that the onset potential (i.e. the potential at which the onset of
electrochemical current occyrkly) of N/S-CNS for ORR occurs a0.05 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 cidping of the heteroatoms successfully
enhanced ORR catalys. These results are consistent with the RDE measurement, in which

the onset potential of N/ES occurs at 0.2 V vs. Ag/AgCI (Figud4d), whereas Pt/C

shows catalysis at ~0.3 V vs. Ag/AgCI (Figutela). EIS results suggest that CNS is

slightly more caductive than Pt/C (Figu43b). Moreover, the charge transfer resistance

of NNSCNS (14.8 q) i's also | ower t hanCNShat o f
shows lower resistance than Pt/C does but exhibit less catalytic activity (i.e. more negative
onset potential)probablybecausd®t and CNS catalyze ORR through different pathways.
Previous studies proposed that ORR could proceed thrtheybnestep four-electron

pathway or the less efficient twelectron pathwaj277.

To gain insights into the ORR mechanisms of H/SS, RDE was carried out in the same
electrolyte (Figured.4). The electron transfer number of N(EINS calculated from RDE
results ranged from 3.41 to 3.68 depending on the potential applied (Figcyeneaning
that ORR on N/SCNS predominantly followethe 4-e route, butthe 2-e pathway is also
involved. In cantrast,the 2-e transfer is likely to be the major mechanism of ORR en N
CNS and SCNS (Figure4.3c). These results are in agreement with the previous findings,
in which the electron transfer number ofdoped carbon foam or graphene is close to that
of P/C [304, 307, 309.

It has been previously discussed that nitredeping may lead to a relatively high positive
chargedensity of the carbon atoms, thereby enhancing ORR aci{i®iig]. The three
nitrogen species also contribute differently to ORR catalysis: pyridinic and pyrrolic N
favors 4e pathway, whereas graphitic N adsorbs OOH and redugés &0, via 2-e
pathway[48, 287]. For sulfurdoping, since carbon and sulfur atoms have the similar
electronegativitythe spin density may play a morenportant role and thus sulfur atoms
are believed to be the active cerft&8]]. Increased activity of carbon atoms was observed
by simultaneous incorporation of N aB¢gand was attributed to the induced asymmetrical
spin and charge densif283. However, the structures and the consequent synergetic

effects of N/S caloped 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 ¢hoverall catalytic behavior. Therefore, the detailed mechanisms

of the N/Sdoped porous CNS prepared in the present study warrant further studies. In

addition to the remarkable ORR catalysis, the-RIS showed excellent durability as

negligible change cald be observed after 3,000 and 6,000 cycles of scan (Higguig.

These results collectively demonstrate that the GIN&s may be a promising ORR catalyst

for fuel cell applications.
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Figure4.3. (a) LSV (scan rate of 10 mV#sin 0.1 PBS, arrowmdicate the onset potential,

(b) EISin 0.1 PBS, (c) electron transfer number calculated from the RDE measurement and
(d) LSV of N/SCNS at 1,600 RPM after 3,000 and 6,000 cycles
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4.3.3MFC performance

It is worth noting that the catalytic performance in a defined tbreetrode 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 catalgstsexwamined 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 ele¢&poand rapidly recovered to the

previous level (Figurd.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 elef@&)de
Similar to the LSV results, the current density followed this order: Pt/C >ONIS > N

CNS > SCNS. The MFC with Pt/C generated the highest average current densityfof 7.3
m2, followed by the 6.6A m2 of N/S-CNS. The N/SCNS performed slightly bettém 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.
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Figure 45 (a) Current density and (b) polarization curves of the MFC with different

catalysts.

The open circuit voltage and short circuit current density of GIS were measured to be
0.70 V and 7.6A m? (Figure4.5b), respectively, both of which were slightly lower than
those of Pt/C. As a consequence, the maximum power decelitylated from the
polarization curve was 1.5 W'ifor N/S-CNS and 2.3 W it for Pt/C. Interestingly, it

can be seen from Figudesb that at currentdensity higher than 5.5 A'rf the potential

drop of N/SCNS is lessteepthan that of Pt/C, indicatg a lower potential loss on mass
transfer[71]. This result, which implies a more efficient interaction betweem@ N/S

CNS, together with the high specific surface area (1,00¢%nand 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/ENS is 34.8% lower than that of Pt/C, the comparable current
density of N/SCNS 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 sugtfestedhigh current density

was favorable for desalination in a microbial desalination cell (MEBCY, which implies that
N/S-CNS could be uskas the cathode catalyst of MDCs for sustainable wastewater treatment and
seawater desalination. Another advantage ofGIS is the low cost. Given the yield of 41%, the

cost of the catalyst for arh? cathode is estimated to be $168, which is remarkallgr 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/SCNS.

4.4 Conclusions

In summary, we have demonstrated a simple synthesis procedureabed CNS with nitrogen
andsulfur and investigated its performance for ORR in an MFC. The modified hanosheets catalyst
shows pronounced electrocatalytic activity with enhanced ORR catalysis compared to sole doping
of nitrogen or sulfur. The excellent catalytic activities can balastito the synergistic effect of
thelargesurface area with abundant pores and N/S-daping, the low ohmic and charge transfer
resistance, and the favorable pathway. The MFC equipped with NCINS achieved comparable
current generation to the onéhvPt/C, while the cost for NEENS was more than 16 times lower

than that of Pt/C. The results collectively represent a significant step towards the development of

metatfree catalysts for MFCs.
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CHAPTER 5: Nitrogen-doped Graphene/CoNiAlloy Encased withinBamboo-like Carbon
NanotubeHybrids as Cathode Catalysts inMicrobial Fuel Cells

(This section has been publisheesi Yang HouHeyang YuanZhenhai Wen, Shumao CHiaoru

Guo, Zhen He, and Junhong Chen. Nitrogeped graphene/CoNi alloy emsed within bambeo

like carbon nanotube hybrids as cathode catalysts in microbial fuel cells. Journal of Power
Sources (2016): 306, 56368)

5.1 Introduction
Microbial fuel cels (MFCs) as arevolvingwastewater treatment technology has attracted

much atention in the past decafig 285 311, 317. In a typical MFG organic energy (e.g.,

organiccompounds in wastewater)dgectly converted to electricity by taking advantage

of microbial extracellular respiration with an electr¢gdel113. 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 becaitsawdilability and high
reduction potential. Howeveoxygen reduction reaction (ORR) isiggish and thus often
requires the presence of cataly$atinumis a common ORR catalyst in berstale
experiments due to its superior ORR catalwiitivity, but is not economically viable in

practice, which accounts for the major hindrance for the dacgée application of MFCs

[34,313.1 t I' s estimated that current MPKQ, t echr

47% of which comes from the cathofiel]. Therefore, it is of practical significance to

develop inexpensive and robust cathode catalysts.

To make MFCs morpractical, a variety of catalyst materials have been studied, including
carbon/graphite materialsanostructured materialsnd nonprecious metalg35, 36, 314).
Among those novel materials, graphdyased catalystare d great interest due to their
excellent electricatonductivity,largespecific surface areand high stability37, 62, 256,

276, 292. Moreover, gaphenedoped with nitrogen exhibits abundant defects sites, which
can significantly facilitate ORR catalydi§1]. These unique propertiekinable towards
specific applications via different synthesis proced{4ids 279, are highly attractive to
MFC applications. Electrodedecoratedwith modified graphenebased materials have been

reported to substantially decrease the loss of electrical potential and enhance the MFC pmsforman
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(TableC1) [319. In a previous study, graphitic carbon nitride was implanted-doped
graphene and a completesletron ORR pathwawas detectes5]. The MFC equipped

with this catalyst achieved higher power density and durability than with platierals

such as manganese, irar cobalt have also been decorated wudyped graphene and
noticeably enhanced the power density of MIFZI5-318. While the synergetic effects of
metals and NJoped graphene remain to be understood, these studies collectively suggest

that metal/Ndoped graphene can be a promising cathode catalyst for MFCs.

In this work, we demonstrate the use of a estep strategy to prepare a noveldbdbped
graphene/CoNalloy encased within bambédike carbon nanotube hybrid (S8@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 impedancetgsseopy (EIS). The durability of

the prepared electrode was examined by cyclic voltamn(@wyfor continuous 3,000 and 6,000
cycles. To better understand the catalysis performance, the electrode washathered in an

MFC. The present work is exged to provide insights into the simplification of tiN
G@CONI/BCNT synthesis and the application of this material in MFCs and/or other biological

systems for energgfficient water and wastewater treatment.

5.2 Materials and methods

5.2.1 Synthesis of NNBCNT

In a typical procedure, 5 g of urea wamxed with 10 mL ethanol dissolved with 0.10 g of
NiCIl20 6 4@ under stirring with heating at 80 € until completely dfifhe mixture powder was
then transferred to the furnace and heated at 900 € at a r&€ ohin 't and maintained at 900
€ for 1 h under Ar atmosphereThe resulting productvas further dispersed in 0.5 MxSQy
solutionand stirred overnight to remove any accessible higecies present on it, resulting in
theNi-NBCNT.

5.2.2 Synthesis of GBIBCNT
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In a typical procedure, 5 g of urea wamxed with 10 mL ethanol dissolved with 0.12 g of
Co(NGs)20 6 4@ under stirring with heating at 80 € until completely drifhe mixture powder
was then transferred to the furnace and heated at 900 € at a rat® ofin 't and maintained at
900 € for 1 h under Ar atmospher&he resulting produatas further dispersed in 0.5 NSOy
solutionand stirred overnight to remove any excessiMaalt species present on it, resulting in the
Co-NBCNT.

5.2.3Synthesis ofCoNi-NBCNT (high molar ratio of urea to C3*/Ni?* ions)

In a typical procedurel0 g of urea wagnixed with 10 mL ethanol dissolved with 0.12 g of
Co(NGs)20 6 4@ and 0.10 g of NiGb 6 3@ under stirring with heating at 80 € until completely
dry. Themixture powder was then transferred to the furnace and heated at 900 € at a 12 of
min'! and maintained at 900 € for 1 h under Ar atmosph@itee resulting produawas further
dispersed in 0.5 MI>SQs solutionand stirred overnight to remove any excessive cobalt and nickel

species present on it, resulting in the GOMECNT.

5.2.4Synthesis of NG@COoNi/BCNT

In a typical procedure, 5 g of urea was mixed with 10 mL ethanol disswelitbd0.12 g of
Co(NGs)20 6 4@ and 0.10 g of NiGb 6 4@ under stirring antieating at 80 € until completely

dry. The mixture powder was then transferred to a furnace and heated at 900 € at a rate of 2€
min'! and maintained at 900 € for 1 h under Ar aisphere. The resulting product was further
dispersed in 0.5 M 5Oy solution and stirred overnight to remove any accessible cobalt and nickel
species present on it. Abolif0 g black products @&E@CoNi/BCNT) were obtained for further

experiments.

5.2.5Characterization

The NG@CoNI/BCNT morphology was examined using a Hitackd®0 NAR transmission

electron microscope (TEM) and a field emission scanning electron microscope (FESEM, Hitachi
S-4800) equipped with an energyspersive Xray (EDX)analyticalsystem. Powder analysis was
performedusinganX ay powder diffractometer operating
(& = 1.5418 j, Scintag XDS 2000) . Raman <char :
1000B with a 633 nm laser excitation. Foutransforminfrared (FTIR) spectra were recorded on
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a Bruker Vector Fourier transform spectrophotometeray)Xphotoelectron spectroscopy (XPS)

was obtained usingnHP5 950A equi pped with Mg KU source al
an internal standar@hermogravimetric analysis (TGA) was carried out dimesamoanalyzefTA

SDT 2960) with a heating rate of 5 € mihin anair atmosphere. BET surface asgasmeasured

with a Micromeritics ASAP 2020Theinductively coupled plasriiaptic emission spectrometry

(ICP-OES9 tests were performed using a Perkin EImer Optima 7000DV

5.2.6Electrode preparation

The synthesized cat al Wafion8 perfluerinated mrexcharte resint h 4 0
(SigmaAldrich, MO, USA) and 6@l water addeapmiedita s ahrbon cloth
(PANEX®30PWO03, Zoltek Corporation, MO, USA), yielding a loading rate of 5 mif.cAfter

coating, the carbon cloth was dried in a fume hood for 24 h, cut té Anchready for usgsg]. A

carbon cloth coated with 5 mg thof Pt/C (10%wt. Platinum on Carbon Vulcan, Fuel Cell Earth

LLC, Ma, USA) was preparedith the same method and served as control.

5.2.7Electrochemical analysis

Electrochemicakxperiments were conducted in a thedectrode cell containing 120 mL of 1.0

M PBS (phosphate buffer saline, 53 ' KH.PQy and 107 g L' K:HPQy), where the modified
electrodes served as the working electrode, platinum wire (CH Instruments, Inc., TXat/®&
counter electrode, and Ag/AgCl electrode (CH Instruments, Inc., TX, USA) as the reference. LSV
was measured with a potentiostat (Referéd@@® Gamry Instruments, Warminster, PA, USA) at

a scan rate of 5 mV %5(-0.6 to 0.4 V vs. Ag/AgCl)Tafel dope was derived from the LSV curve.
Rotation ring disk electrode (RRDE) was conducted to study the mechanism of ORR. The electron
transfer numbem) and HO; yield (H20.%) were calculated as folloW819:

n=4s s (57)
I, +1, /N

r

I. /N
H.O,(%)=2003 ———— (5.2
22(0) Id+|r/N( )

wherelq is the disk currentl; is the ring current, antl = 0.424 is the collectionfieciency

determined with Fe(CNJ /Fe(CN)}* " CV was conducted at 100 mVAgo examine the durability
of the prepared electrod@(6 to 0.4 V vs. Ag/AgCI). The EIS was carried out at the open circuit

81



voltage with a frequency ranging from'#@ 10 Hz and asinusoidal perturbation of 10 mV and

the equivalent circuit is shown BchemeC1l. The PBS solution was aerated for 15 min prior to
eachexperimentand kept aerating in the headspace in the course of experikestsodes were

air dried before each test. All electrochemical experiments were conducted at room temperature

for three times.

5.2.8MFC construction and operation

A two-chamber MFC was built by connecting two glass bottles with a cation exchange membrane
(CEM) asthe separatofUltexCMI7000, Membranes International, Inc., NJ, U$B83hemeC2).

The liquid volume ofthe anodic chamber and the cathodic chamber was 130 and 140 mL,
respectivelyThe 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 tM&C for one month. The anolyte
contaired (per liter of DI water): sodium acetate) @; NaCl, 0.5 g; MgS@ 0.015 g; CaGJ| 0.02

g; KH2POy, 0.53 g; kHPQy, 1.07 g; NaHC@® 1.0g; and trace element,amL [20(. The carbon

cloth coated with catalysts was examinedhascathodeelectrode. PBSolution (50 mM) was

used as the catholyte. The anode and cathode electrode were connected thipugh &@ls i st or .
voltage on the -y resistorwas recordedly a digital multimeter (2700, Keithley Instruments, Inc.,

OH, USA)at a time interval of 5 min. The current of the MFC was calculatedrdingoO h mo s
law. Polarization curve and power density were measured using the potenfiosstuidy the
performance of the catalysts under different conductivity and pH, NaCl sol@&an I(' %), 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 HCI and Na@cid buffer (pH = 4.0) was prepared by
mixing 0.2 Msodiumacetate 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 conductiity of the buffer solutions was controlled at 10.0 mSomsing DI water and

NacCl solutionThe MFC was operated under batch mode with at room tempefBterdectrolyte

was changed every 24 h. The cathode chamber was stirred and aerated in thé expesienznts.

All cathode electrodes were examined at room temperature for two cycles.

5.3 Results anddiscussion

5.3.1 Characterization of the catalysts
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The synthesis of \G@CoNi/BCNT is accomplished by pyrolysis of urea, Co§NCand NiCp,

followed by acid treatment of the resulting material. During the process, tH&NE6 ions were
reduced to CoNi alloy namncatalysts to assist the evolution of gases released from the
decomposition of urea into the hybrid (Figwda). Figure 5.1b shows typicafield-emission
scanningelectronmicroscopy (FESEM) image of the-G@CoNi/BCNT, indicating that the
sample is dominated by 1D tubular nanostructures. The diameter of the nanotube was estimated to
beintherangeof 16 00 nm wi t inlergth (Figire@lband 5hc). From an open end

of the nanotube shown in Figusd.d, an interesting tub@-tube structure can be clearly observed.

Solid dots observed at the tip of the nanotube in Figute are determined to be CoNi
nanoparticles based on transeion electron microscopy (TEM) imagé&sgure Cl). TEM images

and energy dispersive Xay (EDX) analysis reveal a bambbke structure of the individual
nanotube in which CoNi nanoparticles are sparsely encapsulated at the endhendiaidle

section dthe tube (Figur®.2a, 52bandFigure Cl), as well as many crumpled stripes composed

of random graphene layers formed inside inner cavities of the BCNT (F@orand 52e). The
graphene layers are easily identified with an interlayer spacing ofcath84 nm (Figuré.2f).

Notably, the named herelvamboelike structuredid not formc | o s e d wihikhnisotdtadlyo |,
different with those of traditionavell-defined bambodike CNT structure with a diameter ranging

from 20 to 60 nn[320, 321]. The main reason is that the diameteNeG@CoNi/BCNTis so

large (over 100 nm) that the graphene nanosheets can only grow into small nanosheets rather than
f or m fkoausirig @ 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
(Figure5.2d and 52e). The diameter of inner tubes is about 50 inthis hybrid strature, 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 asiites for the electrocatalytic procg327].
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Figure 5.1 (a) Schematic illustratiofthe synthesis process ofGI@CoNi/BCNT. (be) FESEM
images of NG@CoNI/BCNT at different magnifications.

Based on thexperimentesults a plausible mechanisfor thegrowth ofthe N-G@CoNi/BCNT
hybrid structureis proposed.During heat treatment, theitrogencontaining polymer (e.g.,
polymeric carbon nitride)323 evolved fromureacan be decomposed and a large number of
nitrogencontaining gases (e.g. ", CN2*, CsN3*) are releasedimultaneoushy324], which
canserve as carboandnitrogen sources for BCNT growth and nitrog#oping reactionsAs a
result,BCNT appeas with visible metahangarticles at thend and/othe middle sectioby a
well-known "tip-growth mechanis [325, suggesting the growth of suchrbon nantbes is
catalyzed by the€CoNi alloy [91]. Dynamical observations of SUBCNT growthrevealedthe
existence oN-doping is necessary to catalyze the formation of the bask®oarbonstructures
[32]]. At a lowconcentratiomf theCo/Ni source, the resultingoNi alloy nanoparticleare small,
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thusleading tothe formation ohanotubesvith a relatively small diametdéFigure ). With an
increasingconcentratiorof Co/Ni, the obtained carbon nanotubes have a much ladgeneter
than that of nanotubes withlow concentratiorof the Co/Ni asthe size of CoNi alloycatalyst
become largeaccordingly (Figuré.2). Besideghe large inner cavities of d4srmedBCNT, the
structurd defects and broken sites formedigethe BCNTdue to Ndopingcould contribute to
the formation of graphenmesnosheetf295, 326, 327], thusleadng to theformation of the unique
nanostructure whemd-dopedgrapheneZoNi-aloy wasencased withiBCNT. It is worth noting
that whenonly Co or Ni saltinstead ofCo/Ni composite saltivas used aghe precursoy the
diameters ofthe resulting nanotubeare still less than 100 nnFigure Q); no such N
G@CoNI/BCNThybrid nanostructure was obtaindd other wordsthe co-existence ofCo and
Ni with proper concentrations and urea are important for the formatidir@@ CoNi/BCNT

hybrid. The detailed mechasms need to be further clarified in the future work.

the EDX spectrum from the area labeled by the circle in (b).

85



—— N-G@COoNi/BCNT
(a) CoNi alloy (111)

—— N-G@CoNi/BCNT

(b)

/1, =1.08

CoNi alloy (200)

Intensity (a.u.)
Intensity (a.u.)

G (002)

10 20 30 40 50 60 70 1000 1500 2000 2500 300C

2q (degree) Raman shift (cm™)
160
(C) Pyridinic N N 1s — % (d)
(398.7 eV) / RSN
™ o
- Pyrrolic N € 1204
5 (4006eV) ) g oo
< TR 0] deme
N—’ . Q 0.004 eeteo o o o o o |
> Graphitic N Qo 0 100 200 300 400
a (4022 ev) 8 80' Pore diameter (nm)
2 g
c
£ ()
N g 40+ et PR )
“““ v S e , . Desorption
Oxidated N (4041 ev) (>) BET: 114.3m" g —u—AdSOI’ptiOﬂ
408 404 400 396 392 0.0 0.2 0.4 0.6 0.8 1.0
Binding energy (eV) Relative pressure (P/P )

Figure 5.3 (a) XRD pattern, (b) Raman spectrum, (c)-héglolution N 1s XPS spectrum, and (d)
Nitrogen adsorptiomesorption isotherm curve and Bgidre size distribution derived from the
adsorption branch of the isotherm (inset) oG 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) pldi@&$], no othe phases are present in the
N-G@COoNI/BCNT (Figure5.3a). The Raman spectrum of-8@CoNIi/BCNT (Figure5.3b)

shows that the hybrid exhibits intense D (1,332%mnd G (1,581 ci) bands as well as a weak

2D (2,656 crht) band. The intensity ratio of D to @and is about 1.08, which indicates the
existence of substantial defects or disordered sites in the structur&@CGbONI/BCNT[329,
presumably stemming from the presence of N dopantthawdncomitantabsence of C atoms in

the hybrid structurg301]. X-ray photoelectron spectroscopy (XPS) analyBigure G reveals

that the NG@COoNI/BCNT is mainly composed of §, and Owith a nitrogen content of 4.1 %,
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confirming that nitrogen has been successfully doped into the nanocarbon. Although no obvious
CoNi signalwasdetectable because thie formed carbon shells in the hybrid hindered the CoNi
alloy [33d, the presence of CoNi alloy was confirmedBiyX analysis andhigh-resolution Co

2p and Ni2p XPS spectréFigure A, Figure G, and Figureb.2). The atomic ratio of Co/Ni in
theN-G@CoNi/BCNThybridwas found to b® 1:1 from ICROESmeasurement&urther, based

on TGA analysis, that.% of CoNi alloy in theN-G@CoNi/BCNTwas calculated to be 3.95%
(Figure ). A high-resolution N 1s XPS spectrum (Fig&8c) of NG@CoNi/BCNTshows that
there existpyridinic (398.7 eV), pyrroli¢400.6 eV), graphitic (402.2 eV), and oxidate@494.1

eV) [33], 33F. The evidence of Mloping in the hybrid is also provided by Fourier transform
infrared spectroscopy (FTIRjgure @), which reveals a new band around 1;81363 cn’ that
matches well with the stretching of the carbonyl aromatic C=C bond and the foirriNedo@Gd
[333. As determined by Nsorption measurements (Figig8d), the NG@CoNI/BCNT sample
possesses a high Brunaitemmett Teller specific surface area of 114.% gi! with a pore

volume of 0.22 crhg' *.

5.3.2 Electrochemical performance

It has been reported thatdbped carbon can efficiently catalyze ORR due to the high specific
surface area and goetkctrical conductivity[309, 334]. The catalytic activity of the synthesized
N-G@COoNIi/BCNTin the present study was thus evaluated with LSV in 1.0 M PBS. Compared to
the early onset potential of the Pt/C electrode YO\&. Ag/AgCl),N-G@CoNi/BCNT started to
catalyze ORR at 9.06 V vs. Ag/AgCI (Figurés.4a). This onset potential ggnificantly more
positive than that of bare Co and Ni, indicating an enhanced ORR catalysis of the hybrid. The
difference of onset potentials betweerCPahd NG@CoNi/BCNT (0.14 V) is consistent with the
previous study on Moped grapheng35. The catalytic activitywas further confirmed by the
exchange current dsity calculated from the corresponding Tafel slope (T&@B)e According to

the ButlerVolmer model, exchangeurrentis proportional tothe standardrate constant at
equilibrium, and thus is an important kinetic parameter reflecting reactiofiLiaie The highest
exchange current density was obtained from Pt/C (X%5820°% A m'?), followed by N
G@COoNI/BCNT (.73x 10 3 A m'?), which is several folds higher than that of the pristine Co and
Ni. This suggests that the hybadtalyzes ORR faster than Co and Ni. Similar trend was observed

in the EISresults Figure &), in which the chrge transfer resistance, characterized by the
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diameter of the semicircle, was (

for

PO / € -&@CAONI/RCNT, while those for

Co and Ni were noticeably highéBecause the threglectrode cell was purged with air in the

headspace, the early aceence of Warburg impedance could be attributed to the low oxygen

concentration in the PBS solution.
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Figure 5.4 (a)

LSV

curves (scan rate 5 -mV

axis, large dots) and electron transfer number (riggptiy, small dots) as a function of potential

S

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 rat-®@3 100
V (1,600 rpm) followed § 3.0 M methanol of NG@COoNi/BCNT. Partial data for NNBCNT,
Co-NBCNT, CoNiNBCNT, and Pt/C are also shown.
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