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Abstract 

Microfluidic microbial fuel cells (MFCs) hold great potential to reproduce core functions of 

bulk MFCs for study and optimization under precise conditions. Unlike most MFC types, those 

in a microfluidic format typically do not use a membrane to separate anode and cathode 

compartments, relying instead on the physics of laminar flow to maintain isolation of 

independent liquid streams. This lowers cost, device complexity, and should reduce internal 

resistance. However, to avoid solution crossover, which is likely to occur due to inevitable 

instabilities during long operational times, authors often separate electrodes by distances of 

several millimeters or more. This reverses benefits on internal resistance, undermining a prime 

advantage of microfluidic MFCs. This work demonstrates a facile method for the in-situ 

synthesis of a microscale membrane, supporting sub-milimeter electrode spacing. The 
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membrane added only 68.5 Ω to the cell internal resistance and its synthesis resulted in no 

measurable changes to Rct at either electrode. However, the method to grow the membrane 

after device synthesis greatly reduced complexity in device fabrication. Overall, the reduced 

electrode spacing that was facilitated by the membrane lowered internal resistance from 25 k 

to 10 k and provide stable operation even under non-ideal flow conditions. Compared to a 

state-of-the-art membraneless MFC with 6 mm electrode spacing, the membrane MFC 

provided approximately 45% higher power density, 290% higher current density and 7 times 

higher acetate conversation efficiency. Membrane-enhanced flow stability also delivered 

continuous increases to power density with increased flow rate over baseline levels, rising to 

30% higher for flow rate increases of 100 times. 

 

Keywords: Microfluidics, microbial fuel cells, microfabrication, chitosan membrane, power 

generation 

 

 

 

1 Introduction 

Microbial fuel cells (MFCs) are fascinating alternative energy sources that can remediate waste 

streams (e.g., municipal water streams), while producing usable energy.1-5 A typical MFC 

consists of anodic and cathodic chambers that are usually separated by an ion-exchange 

membrane.6, 7 The membrane prevents anolytes and catholytes from crossing to the opposite 

chambers while selectively and efficiently transferring certain ions from one compartment to 

the other in order to support redox reactions and charge balancing.8-10 The use of a membrane 

enables close electrode placement in non-microfluidic MFCs, which can have a significant 

impact on the internal resistance, thus improving power output.7, 9, 11-13 For example, recently 
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a “near zero gap distance” flow-MFC produced very high-power density at around 8.8 W m-2 

when electrodes were sandwiched between a 106 µm anion exchange membrane which 

selectively transported hydroxide and better mitigated pH imbalance between the electrodes.8 

Much effort has been expended in improving the membrane for high performance (ion 

selectivity and throughput), but for microfluidic MFCs, their role in preventing 

anolyte/catholyte mixing is considered less critical because mass transport across laminar co-

flow interfaces is strictly diffusion limited, and therefore slow. However, in practice, 

anolyte/catholyte solution crossover can arise during long experiments due to pump 

instabilities or during solution source replacement or other maintenance operation. Even under 

ideal flow conditions, simulations have shown that electrode spacing of less than 4 mm can 

result in more than 10% of the inlet acetate concentration diffusing to the cathode.14,15 Often-

overlooked, solution crossover may therefore present a major challenge in realizing the 

potential advantages of microfluidic MFCs, especially in relation to the fabrication devices 

with closely spaced electrodes.  

Membranes in microfluidics have been demonstrated before by sandwiching an ion exchange 

membrane between two spacers.16 But this limits flexibility in channel design and precision 

offered by microfabrication tools and the approach requires that the membrane be integrated 

during assembly which can complicate the fabrication process. From a microfabrication 

perspective, a more elegant approach would be to form the membrane after the device is 

fabricated. Various approaches to in site membrane formation have been demonstrated at the 

interface between two coflowing reagents streams. In one example, nylon polymer membranes 

were formed by a polycondensation reaction using an adipoyl chloride in 1,2-dichloroethane 

and hexamethylenediamine in 0.1 M NaOH solution.17 In another, freestanding, semi-

permeable membranes from the biopolymer chitosan was achieved by precipitation following 

a switch in molecular polarity at the co-flow interface with a basic solution.18 This technique 
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has subsequently proliferated in the literature as recently reviewed.19 For example, we 

previously developed microfluidic methods for creating pure and hybrid chitosan membranes 

with accurate control over their dimensions.20, 21 In this study we explore the use of semi-

occluding chitosan membranes in microfluidic MFCs to separate electrodes with sub-

millimeter spacing. The study is aided by computational electrochemical fluid dynamics and 

electrochemical impedance spectroscopy. Furthermore, the bioelectrocatalytic performance of 

the system was investigated with a pure culture Geobacter sulferreduces electroactive biofilm 

(EAB) and results were compared to a membraneless microfluidic MFC with a larger electrode 

separation.  

 

2 Materials and methods  

Device fabrication 

Microfluidic moulds were made by photolithography. The photomask motif was designed and 

printed by computer-aided design software (DraftSightTM, Dassault Systèmes, France) and a 

photoplotter (FPS25000, Fortex Engineering Ltd., UK). Dry photoresist films (SY300 film, 

Fortex Engineering Ltd., UK) with a final thickness of 150 μm were attached to a 75 × 50 × 1 

mm glass slide (12–550 C, Fisher Scientific, Canada) using a dry film laminator (FL-0304-01, 

Fortex Engineering Ltd., UK). The photomask was combined against the laminated photoresist 

surface and exposured to UV light (AY-315, Fortex Engineering Ltd., UK). The unexposed 

photoresist was dissolved by the developer and rinse solutions (SY300 Developer/Rinse, 

Fortex Engineering Ltd., UK). Two graphite electrodes (Isomolded Graphite Plate, 

Graphitestore.com Inc., USA) were covered with a protective laminate and placed onto the 

mould in a side-by-side arrangement such that their overlap with the channel would result in 

an exposure area of 3 × 10 mm. Then a mixture of PDMS and a cross-linker was poured over 

the mould, and the assembly was cured at 70 °C overnight. Four inlets and three outlets were 
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punched into the device to admit fluid conduits. Two glass plates were plasma bonded (PCD-

001, Harrick Plasma, USA) for 90 seconds at 600 mTorr to the device. One to seal the channels 

(on the bottom side) and the other was placed on the outer surface (top side) to prevent oxygen 

penetration through the air-permeable PDMS material. Inlets and outlets were connected to 

connective tubing (PFA tube 1/16", Hamilton Inc., Canada) that were made gas-impermeable 

using a layer of gas-impermeable tape (Loctite 249 Anaerobic Blue Threadlocker Tape, 

Medium Strength, Henkel Corp., Canada), and an epoxy coating (LOCTITE Epoxy, HenKel 

Corp, Canada). The same epoxy was applied to all remaining exposed PDMS. Gas tight glass 

syringes (DGA glass syringe, 50 mL, Sigma-Aldrich, Canada) were connected to the tubing 

and operated at selected flow rates by syringe pumps (PhD 2000, Harvard Apparatus, MA). 

More details on the design and final membrane MFC device are shown in Figure 1. The 

schematics of the membrane and membraneless MFC studied this work are shown side-by-side 

in Supporting Information, Figure S1. The smooth transition from PDMS to electrodes was 

critical for predictable flow patterns required during synthesis of well-formed membranes 

(Supporting Information, Figure S2). 
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Figure 1. Experimental setup. (a) The designed mask pattern for a membrane microfluidic 

electrochemical flow cell shows four inlets (Inlets 1 to 4) and three outlets (Outlets 1 to 3) with 

dimensions indicated. (b) The experimental device prepared in this work, with a co-flow 

interface with contrast enhanced by colour dyes. The anode and cathode side are indicated as 

Sidea and Sidec, respectively. (c) Isometric view of the membrane MFC showing fluidic 

connections to anolyte and catholyte, red and blue, respectively, and the electrical connection 

of the anode and cathode through the external resistor, Rext. All units are in millimeters (mm). 

(d) Cross-section schematic (y-z plane) showing 150 µm channel height, and device fabrication 

materials: PDMS (blue), graphite (black), glass cover slip and outer layer sealing protection 

(grey), epoxy walls (yellow). Outlet 2 is not shown as it is blocked after membrane formation. 

Only 1 inlet and 1 outlet are shown because they have the same y-position as the other(s). The 

green arrows show the flow direction. 

 

Chitosan membrane synthesis 

The chitosan solution was prepared by adding 0.05 g of chitosan (medium molecular weight, 

Sigma-Aldrich, Canada) into 9 mL deionized water with final concentration of 5.5 mg mL-1. 

Around 30 µL of 1 M HCl solution was added to maintain pH 2 and stirred at room temperature 

for two hours. The solution was filtered with a 0.2 μm syringe filter before use. The phosphate-

buffered saline solution (10 mM phosphate buffer, 2.7 mM KCl and 137 mM NaCl, pH 7.4) 

was introduced as sheath flow into Inlets 1 and 4 (Figure 1a). Both NaOH and HCl solutions 

were connected to Inlet 2 via a switching valve. The chitosan solution flowed on-chip via a 

connection to Inlet 3. Initially, HCl and chitosan solutions flowed on-chip (QHCl=1.0 mL h-1, 

Qchitosan=0.8 mL h-1) and were surrounded by a sheath flow of PBS solution (both buffer flow 

rates had QPBS=30 mL h-1 in each inlet) using separate syringe pumps (PhD 2000, Harvard 

Apparatus, MA). A calming period of 10 minutes was implemented to allow the laminar co-
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flow between all 4 streams to become steady with electrodes being contacted by only the PBS 

buffer (Supporting Information, Figure S3). Before switching Inlet 2 to NaOH, we ensured that 

the sheath flow completely covered the electrodes, preventing their contact by membrane 

reagent streams during synthesis. Then HCl solution was changed to NaOH solution by a 

switching valve, while maintaining the same flow rate (QNaOH=1.0 mL h-1). After 

approximately 25 mins, the chitosan membrane was fully formed, reaching its final thickness 

of 20 to 50 μm. Then, pumping was stopped for NaOH and chitosan solutions through Inlets 2 

and 3, while the PBS buffer continued to flow through Inlets 1 and 4. The PBS washed out any 

unreacted precursor molecules from the channel, membrane, and any other surfaces of the 

microfluidic channel. The selected flow rates enabled the electrodes to be contacted by only 

PBS during the entire synthesis process.  

 

Microscopy 

Transmission microscopy was conducted on an inverted microscope (IX73, Olympus, Canada) 

with 10x objective to monitor the position and thickness of the membrane during its synthesis. 

Confocal laser scanning microscopy (CLSM, FV1200, Olympus, Canada) was used to 

characterize the membrane size in three dimensions using the z-scan option with a 100 

objective, with a vertical resolution of 1.5 m. 

 

Bacteria preparation and inoculation 

A green fluorescence protein (GFP) expressing G. sulfurreducens was used for these 

investigations. The strain was gifted by Prof. Derek Lovely (University of Massachusetts, 

Amherst, USA) and is the same as has been used previously.22,23 All air-sensitive operations 

were performed in an anaerobic glove box (10% H2, 10% CO2, and 80% N2). G. sulfurreducens 

were thawed from ceramic beads from -80 °C and subcultured in a nutrient medium with the 
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addition of 40 mM fumarate to provide a usable electron acceptor for planktonic bacteria. The 

base nutrient medium (without fumerate) contained the following components in 1 litre of 

distilled water: CH3COONa (10 mM); KH2PO4 (0.42 g); K2HPO4 (0.22 g); NH4Cl (0.2 g); KCl 

(0.38 g); NaCl (0.36 g); CaCl22H2O (0.04 g); MgSO42H2O (0.1 g); NaHCO3 (1.8 g); a trace 

mineral supplement (10 mL) (ATCC® MD-TMS™); a vitamin supplement (10 mL) (ATCC® 

MD-TMS™), cysteine (1 mM), spectinomycin (150 mg). The nutrient medium was purified 

using a 2 m sterilized syringe filter before use.6, 24 

The microfluidic device was inoculated by injecting a fumarate-containing planktonic G. 

sulfurreducens inoculum into sidea using a 10 mL syringe at a flow rate of Qa=0.5 mL h-1. 

Ferricyanide (30 mM, in a pH 7.0 sodium phosphate buffer) flowed through the cathode 

compartment at flow rate Qc=0.5 mL h-1. Inoculation lasted for 24 hours under the total flow 

rate of QT=Qa + Qc=1.0 mL h-1. After inoculation, a sterile nutrient medium without fumarate 

was supplied to the channel at the same flow rate. This eliminated electron transfer to the 

solution, thus promoting G. sulfurreducens growth on the anode.  

Based on concentrations of each ionic species, the ionic strengths were calculated to be 69.9 

mM and 331.3 mM for the acetate growth medium (anolyte), and ferricyanide solution in PBS 

(catholyte), respectively. 

 

Polarization tests and calculation of current and power density 

Following the switch to a fumarate-free nutrient medium, EABs growth on the anode was 

monitored. Using a commercial potentiostat (Parstat MC 200, Princeton Applied Research, 

Oak Ridge, USA) to constinously record the voltage drop across the external resistor, Rext. The 

same setup was used to periodically performe a polarization test, from which polarization and 

power density curves were obtained. Polarization tests were achieved using a switched resistor 

approach (in the range Rext=100 to Rext=4 kΩ), utilizing a potentiostat connected directly across 
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the anode/cathode. The changing voltage (V) across the external resistor after switching from 

OCV was monitored as a function of time and could be converted to current density (I)̅ using 

Ohm’s law and by accounting for the anode area (Aanode):  

 I=̅
V

Rext Aanode

  (Eqn. 1) 

Polarization curves were then obtained by plotting V vs I ̅at each Rext value tested during the 

polarization measurement. during the Power density curves were obtained by Equation 2: 

 P̅=IV̅ (Eqn. 2) 

 

Electrochemical impedance spectroscopy  

Electrochemical impedance spectroscopy (EIS) was used to determine the electrochemical 

properties of graphite electrodes and solution resistance before and after membrane synthesis. 

Electrochemical impedance spectroscopy measurements were conducted in the frequency 

range of 100 MHz to 1 Hz (10 points per decade) with a sinusoidal perturbation amplitude of 

10 mV (Squidstat Plus, Admiral Instruments, LLC, Tempe, USA). Nyquist plots were fitted 

with an equivalence circuit (Supporting Information, Figure S4) using EC Lab V11.36 to 

support characterization of solution resistance and charge transfer resistance. In addition to two 

graphite electrode devices shown in Figure 1, devices containing reference electrodes were 

fabricated for a series of membrane tests in different configurations. Titanium electrodes were 

used as pseudo-reference electrodes. These were created from Titanium wires (Titanium wire 

0.25 mm, 99.7% trace metals basis, Sigma-Aldrich, Canada), which were flatted by a hydraulic 

press (Model M, Carver 4339, Carver Inc., USA). Measurements were conducted in a 10 mM 

phosphate buffer before and after membrane preparation. The device has two sides, the anode 

side (Sidea) and the cathode side (Sidec) for each electrode investigation.  

 

Acetate conversion efficiency and other flow-based figures of merit. 
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The acetate conversion efficiency (Ac)  is represented as the percentage of the acetate 

concentration that becomes oxidized: 

 Ac=
([Ac]i - [Ac]f)

[Ac]i
 × 100% (Eqn. 3) 

where the initial acetate concentration at the inlet is given as [Ac]i (mol L-1) and the final 

acetate concentration after oxidation is given as [Ac]f. The acetate turnover rate, 
dmolAc

dt
 (mol s-

1), is the consumption of acetate per unit time, which can be calculated from the current:25 

 
dmolAc

dt
=

I

8F
 (Eqn. 4) 

where F is Faraday’s constant, F=9.6485×104 C mol-1, and 8 is the electron transfer number for 

acetate oxidation reaction on anode. The final acetate concentration can be calculated from the 

acetate turnover rate, and acetate flow rate, Qa (L s-1): 26 

 [Ac]f=[Ac]i - 
dmolAc

dt
/Q

a
 (Eqn. 5) 

Thus, the acetate conversion efficiency is a unitless value that can be calculated from the 

following equation: 

 Ac = 
I

8F∙Q∙[Ac]i
×100% (Eqn. 6) 

To convert between volumetric flow rates, Q (mL h-1), and linear flow velocity, ν (m min-1), 

we used the following equation, 

 ν=
Q

hw 30
 (Eqn. 7) 

Where h and w are the channel height and width (in mm each). 

 

Computer simulations 

The concentration profiles studied in this work were simulated via software (COMSOL 

Multiphysics 5.4, COMSOL, Inc., USA), using physics for secondary current distribution, 

transport of diluted species, and laminar flow. The electrolyte composition was assumed to 

remain constant due to continuous flow of the nutrient medium containing supporting 
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electrolytes at a high ionic strength. Thus, secondary current distribution was used to describe 

the electrochemical reactions as a function of the overpotential. In addition, the commonly used 

Butler-Volmer equation that describes the relation between current density and overpotential 

at electrode/electrolyte interface was expanded to include the dependence of electrode reaction 

kinetics on species concentrations. The secondary current distribution was combined with mass 

transport including diffusion, migration, and convection by the Poisson-Nernst-Planck 

equation to describe concentration dependent current distributions.27 The boundary conditions 

in simulations were obtained from experimental current measurements due to its direct relation 

to the redox reaction rate. The maximum current density obtained in experiment of 3.5 A was 

used as the boundary condition applied to the anode as an upper limit on acetate assumption 

and oxidation by-product outputs. The ions involved in the simulated electrode reactions (Eqns. 

8, 9) included acetate, protons, bicarbonate, ferrocyanide, and ferricyanide via electrode 

reactions which were coupled to mass transport equations. Mass transport included convection 

based on an inlet velocity (ν), diffusion (based on diffusivity for acetate, DAc−=10.89×10-10 m2 

s-1, ferricyanide, D
Fe(CN)6

3-=8.96×10-10 m2 s-1, ferrocyanide, D
Fe(CN)6

4-=7.35×10-10 m2 s-1, protons 

DH+=93.11×10-10 m2 s-1, and bicarbonate, DHCO3
- =11.9×10-10 m2 s-1),28 and migration in electric 

field. The reaction equations for acetate oxidation on the anode and ferricyanide reduction on 

cathode are shown below: 

 CH3COO
-
 + 4H2O ⇌ 2HCO

3

-
 + 9H++ 8e-   (Eqn. 8) 

 Fe(CN)
6

3-
 + e- ⇌ Fe(CN)

6

4-
  (Eqn. 9) 

 

Results and discussion 

Membrane synthesis 

The membrane was synthesized as explained in the experimental section. Following the 

methodology for membrane synthesis outlined in the experimental section, we observed a thin 
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chitosan membrane was synthesized between two electrodes following the introduction of the 

chitosan and NaOH solutions. Depending on flow conditions during their synthesis, 

membranes widths of less than 100 m (Figures 2a-d) and heights that were equal or less than 

that of the channel. CLSM was used to accurately characterize the sizes of two membranes 

formed in separate devices with different electrode spacing. In each case the membrane 

synthesis was stopped before the full vertical height of the channel was occupied. As observed 

previously the membrane grew downwards from the top of the device (PDMS side) which we 

believe is due to the membrane having a lower density than the pre-curses solutions.20 This 

resulted in a 5 m gap between the membrane and the bottom glass surface, whereas the 

membrane was well-connected to the PDMS/electrode side of the device as shown 

schematically in Figure 2. We exploited this small gap on the glass side of the device (opposite 

from the electrodes) to provide adequate connection between the anolyte and catholyte 

solutions for ion transport, in lieu of optimized transport properties through the membrane. In 

addition to reducing the internal resistance of the cell, we anticipated that this would provide a 

“controlled cross-over region” where differences in pressure could be alleviated without 

breaking the membrane. But, due to the gap position being opposite to the electrode layer, 

moderate amounts of cross-over could be tolerated without contamination of the liquid layer in 

contact with the electrodes. 
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Figure 2. Micrograph of the region between graphite anode and cathode in the x-y plane 

(obtained using 2 microscope objective). A close up of device with 1.5 mm electrode spacing 

is shown before (a) and after (b) the synthesis of a 20 μm-wide membrane (with sheath flow 

on each side being QPBS=30 mL h-1). A second device with 0.8 mm electrode spacing is shown 

before (c) and after (d) the synthesis of a 50 μm-wide membrane (with sheath flow on each 

side being QPBS=40 mL h-1). In both cases the flow Qchitosan=1 mL h-1 and QNaOH=2 mL h-1. The 

scale bar in all cases represents 1 mm in all images. Flow was from left to right. (e) A schematic 

of the device at the x-z plane. The membrane (blue) extends from attachment point at the 

PDMS/electrode surface, leaving a small gap at the glass surface. 
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Before and after the chitosan membrane formation inside the microfluidic MFC, Nyquist plots 

were obtained from the EIS measurement with the microchannel filled with 100 mM phosphate 

buffer at QT=1 mL h-1. To determine the resistance of the membrane and if its synthesis affected 

electrode performance, EIS was conducted. Solution/membrane resistance and charge transfer 

resistances (Rs/m, Rct, respectively) were quantitatively determined using an electrical 

equivalent circuit. To accomplish this, two different electrode configurations were selected: (i) 

WEa, REa, and CEc, and (ii) WEc, REc and CEa, as shown in insets of Figures 3a and 3b, 

respectively. Under both setups the Nyquist plots contained a semicircle feature at high 

frequencies, which is indicative of a charge transfer process on the working electrode (Figure 

3a, 3b). The x-intercept at high frequency gives the solution/membrane resistance. Extending 

toward lower frequencies in the Nyquist plot is a capacitive linear segment. Before membrane 

formation, Rs/m=1998 ± 8.51 Ω as measured using electrode configuration (i) and Rs/m=1857 ± 

13 Ω as measured using electrode configuration (ii). The difference between the two measured 

Rs/m values could be related to differences in inter-electrode distances or in electrode 

dimensions between the two electrode configurations. After membrane formation, the 

solution/membrane resistances increased to Rs/m=2060 ± 14.47 Ω and to Rs/m=1932 ± 8.11 Ω 

using electrode configuration (i) and (ii), respectively. Following membrane synthesis, the 

average increase in Rs/m was 68.5 Ω. The increased resistance was statistically significant 

(compared to the fitting uncertainty) and is attributed to the membrane. Analysis of charge 

transfer resistance on the graphite electrode on Sidea (using electrode configuration (i)) was 

Rct,a=833.61 ± 3.38 Ω and Rct,a=866.55 ± 60.59 Ω before and after membrane synthesis, 

respectively. Analysis of charge transfer resistance on the graphite electrode on Sidec (Using 

electrode configuration (ii)) was Rct,c=593 ± 87.76 Ω and 624 ± 5.11 Ω before and after 

membrane synthesis, respectively. The differences in Rct were not statistically significant 

(compared to the fitting uncertainly), so we conclude that there were no residual effects of the 
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membrane synthesis on the electrochemical properties of either graphite electrode. We attribute 

this to the PBS sheath flow which protected the electrodes from contacting precursor liquids 

during membrane synthesis. Experiments which did not contain a sheath flow resulted in Rct 

values that were significantly changed after membrane synthesis (data not shown). 

 

 

Figure 3. Results from electrochemical impedance spectroscopy before and after membrane 

synthesis. Nyquist plots from electrochemical impedance spectroscopy using electrode 

configurations (i) and (ii) in (a) and (b), respectively. Electrodes included pseudo reference 

electrode (RE), working electrode (WE), and counter electrode (CE). Subscripts indicate anode 

(a) or cathode (c) sides. Inset figures show a close up of Nyquist plot at the high frequency 

side. Fitting results for solution resistance (Rs) before membrane and solution/membrane (Rs/m) 
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after membrane and charge transfer resistance (Rct) before and after membrane synthesis from 

(a) and (b) are shown in (c) and (d), respectively. Error bars in (c) and (d) report on uncertainty 

in the fitting procedure. In all cases, the reported uncertainty, arose from the fitting procedure. 

 

Previously, we studied solution crossover in the standard membraneless microfluidic MFC as 

a function of electrode distance.14 In those simulations the anolyte and catholyte flow rates 

were balanced. In the following work, we simulated three different flow conditions on both the 

standard 6 mm membraneless MFC design (Figure 4a) and the present membrane MFC (Figure 

4b): (i) Qa=Qc=0.5 mL h-1 (balanced flow), (ii) Qa=0.7 mL h-1, Qc=0.3 mL h-1, and (iii) Qa=0.3 

mL h-1, Qc=0.7 mL h-1. For the membraneless MFC under balanced flow (Qa=Qc), the simulated 

acetate concentration profile was as expected (Figure 4a (i)). Under imbalanced flow where 

Qa > Qc, the acetate solution was shifted to cathode compartment (Figure 4a (ii)). When Qc > 

Qa, ferricyanide solution shifts to the anode compartment (Figure 4a (iii)). The same behavior 

was observed in the experiments by monitoring the change in position of the faint yellow 

ferricyanide stream (data not shown). A quantitative test of the cross-over was obtained by 

measuring the solution resistance from EIS measurements due to different in ionic strength 

between anolyte and catholyte (Figure S5). The differences in the simulated acetate 

concentration profiles for the membrane device with the membrane in place were imperceptible 

at three flow conditions (Figures 4b (i-iii)). A Nyquist plot from EIS measurements during 

imbalanced flow in the membrane device did not show a significant difference in the fitted 

solution resistance, conforming that the membrane prevent any perceptible solution cross-over 

(data not shown). On the contrary, imbalanced flow in the same submillimeter MFC without 

the membrane installed affects on the co-flow interface position much like for the 

membraneless device, but the contamination of the opposite electrode is more severe due to 

the closer electrode spacing.  (Figures 4c (i-iii)).  



17 

 

 

Figure 4. Simulated acetate concentration profiles for the standard 6 mm membraneless MFC 

(a), 0.8 mm electrode spacing membrane (b) and membraneless (c) MFC under three flow 

conditions: (i) Qa=Qc=0.5 mL h-1, (ii) Qa=0.7 mL h-1, Qc=0.3 mL h-1, and (iii) Qa=0.3 mL h-1, 

Qc=0.7 mL h-1.  

 

The contour line of 2 mM acetate for membrane submillimeter MFCs was plotted with an 

imbalanced flow (ii) (Figure S6a). The contour line showed a less shift at the PDMS side due 

to the block of the membrane. While the contour line shift was more obvious on the glass side 

with 5 μm gap. The same trends was observed with contour line of 6 mM ferricyanide at an 

imbalanced flow (iii) (Figure S6b).  

 

A major hurdle for microfluidic MFCs is to improve their operational times. For example, one 

study using the same 6 mm electrode separation membraneless MFCs shown here achieve 6-

month operational time,14 but in another study using the same design, we had to solve a problem 

of a developing power overshoot.15 Each new design modification should be evalued from the 

perspective of operational longevity. With this goal in mind, we next verify the effect of the 

acetate oxidation products (Eqn. 8) on their interaction with the membrane because the 

membrane can be dissolved in solutions with pH lower than 5.20 To accomplish this, we 
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simulated the proton concentration profile in the vicinity of the membrane (Figures 5a and 5b). 

A similar plot of the HCO3
− ion concentration was shown in Figures 5c and 5d. The protons 

produced by the acetate oxidation reaction has a maximum concentration of 10.8 mM over the 

anode, whereas its maximum concentration on membrane was 6.8 mM. However, the nutrient 

medium has a calculated buffer capacity of 12.9 mM pH-1, which limited the solution 

acidification at the membrane surface to only pH values between 6.8 to 6.4 (Supporting 

Information, Section S7). The almost unchanged pH indicates that the acetate reaction by-

products do not affect the membrane integrity. This is supported by experiment, which shows 

that the membrane is stable over the entire operational time of the MFC. Further studies on the 

MFCs under different electrode separation distances were also simulated and the readers refer 

to Figure S7 and S8.  

 

Figure 5. The proton and bicarbonate ion concentration profiles in solution (a), (c) and zoomed 

views on membrane position (b) and (d). The conditions including the maximum current 

density of I ̅max=3.54 A m-2, total flow rate of QT=0.1 mL h-1
, 10 mM acetate, and 30 mM 

ferricyanide at inlets were applied. 
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MFC start up and growth curves 

After synthesis of the chitosan membrane, the microfluidic MFC was inoculated with G. 

sulfurreducens for 24 hours with anolyte (inoculant) and co-flowing catholyte at a balanced 

flow rate such that flow velocity was 0.01 m min-1. The initial external resistor was set to 100 

kΩ. After inoculation, a switching valve admitted a sterile stream of acetate anolyte, and a 

typical G. sulfurreducens growth curve was obtained (Figure 6). A 10 h lag phase was observed 

during which G. sulfurreducens were switching to a sessile phenotype in order to switch to an 

anode respiration mode in the absences of dissolved fumarate. After that, G. sulfurreducens 

began to grow exponentially with changing growth rates of kI=0.09 h-1, kII=0.04 h-1, kIII=0.02 

h-1 during the first 40 hours. The corresponding doubling times (calculated as 1/kI, 1/kII and 

1/kIII) are longer than optimal observed values of approximately 6 hours. This is likely due to 

sub-optional grow temperature at 21 ℃. After around 60 hours of growth, the voltage became 

steady. The time reach to maturity is short compared to larger static MFCs, and demonstrates 

another advantage of microfluidic MFCs. 

 

Figure 6. Microfluidic MFC start-up. Growth curve of G. sulfurreducens across an external 

resistor (100 kΩ) with [Ac]=10 mM in the anode compartment and [Fe]=30 mM in the cathode 

compartment. The total flow rate was QT=0.1 mL h-1. Data are plotted in log-scale in y-axis to 
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identify five growth stages: (I) lag phase, (II)-(IV) three exponential growth phases with 

respective exponential growth constants with kI=0.09 h-1, kII=0.04 h-1, kIII=0.02 h-1 and (V) 

stationary phase. 

 

To ensure the outputs were stable in the long term, we waited one week, then we conducted 

polarization tests under a constant flow rate of QT=0.1 mL h-1. The polarization test was 

conducted by a switched resistor technique where different external resistors were applied after 

the voltage was settled under OCV conditions (Figure S9). This approach prevents any 

acclimation to the decreasing external resistor values during the polarization test. Therefore the 

results are expected to produce conservative values, compared o the long-term operation at any 

single Rext.
15 We note that the voltages always achieved stable values before voltage readings 

were obtained which indicates low internal resistance.15 From these results, power density (P̅) 

and current density (I)̅ for each Rext were calculated, and power density and polarization curves 

were generated (Figure 7). The maximum power density of P̅max=546 mW m-2 was obtained 

with an external resistor of Rext=10 k applied, whereas, in separate measurements on a 

membraneless MFC with 6 mm electrode spacing, the maximum power density was only 

P̅max=376 mW m-2 with Rext=25 k. The maximum current density of Im̅ax=3.54 A m-2 was 

obtained at QT=0.1 mL h-1 with an external resistor Rext=4 kΩ for membrane MFCs which is 

higher than 0.91 A m-2 obtained from membraneless microfluidic MFCs at QT=1.0 mL h-1 with 

Rext=10 kΩ. As a measure of the internal resistance, 10 kΩ is indeed low compared to the other 

microfluidic MFC used in this study (25 kΩ). 
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Figure 7. The power density curve (red) and polarization curve (black) for membrane (solid 

square) and membraneless (hollow square). The membrane MFCs is at a total flow rate of 

QT=0.1 mL h-1 with external resistors switched from OCV to 100, 70, 50, 40, 30, 15, 10, 7, 4 

kΩ. The membraneless MFC is at a total flow rate of QT =1 mL h-1 with external resistors 

switched from OCV to 70, 40, 25, 16, 10 kΩ. Current density at maximum power and maximum 

current density for the membrane MFC are marked Ip̅eak,  and Im̅ax, respectively. 

 

We transformed maximum current densities from Figure 7 into maximum currents based on 

electrode areas and combined them with the corresponding flow rates. Then using Eqn. 6, we 

calculated the acetate conversion efficiency for the two microfluidic MFCs used in this work. 

For the membrane microfluidic MFC, the acetate conversion efficiency was calculated to be 

19.81% at the maximum current density of Im̅ax=3.54 A m-2, QT=0.1 mL h-1, and initial acetate 

concentration of 10 mM. For the membraneless microfluidic MFC, the acetate conversion 

efficiency was only 2.5% at the maximum current density of Im̅ax=0.91 A m-2, QT=1 mL h-1 

and initial acetate concentration of 10 mM. Despite having much lower contact time of tc=37.8 



22 

 

s (Eqn. 10) for the membrane MFC, its acetate conversion efficiency of 19.8% was 8 times 

higher compared the membraneless MFC which had a tc=60 s and a conversion efficiency of 

only 2.5% for the membraneless MFC. 

 tc = 0.06
𝑙

v
  (eqn. 10) 

where tc (s) is the contact time, 𝑙 (mm) is the electrode length exposed to the solution.  

 This is an improvement of 8 times which we credit to two benefits of closely spaced electrodes, 

being (i) higher current density and (ii) less opportunity for the liquid cross-over between the 

electrode compartments.  

To test the effect of flow on membrane MFC performance, different total flow rate (and 

corresponding flow velocity) between 0.1 mL h-1 (0.01 m min-1) to 20 mL h-1 (0.95 m min-1) 

were tested while voltage measurements were made across an external resistor of Rext=10 kΩ. 

Here we discuss the percentage power increase, ΔP (%), as a function of flow rate over the 

minimum flow rate (QT=0.1 mL h-1). This is shown in Figure 8a with flow rate transformed to 

flow velocity. A maximum percentage power increase was obtained from QT=10 mL h-1 but 

did not significantly increase above 10 mL h-1. This supports a previous conclusion that 

previously observed reduction in power density at high flow rates may be the result of electrode 

contamination due to flow-based instabilities that cause solution cross-over.14 While power did 

not significantly increase with flow over 10 mL h-1, the membrane did not fail at any attempted 

flow rates (up to 140 mL h-1). It should also be noted that the membrane enabled very slow 

flow rates, while membraneless MFCs were not stable due to pump instability at these flow 

rates (data not shown). The power increases versus flow velocity for membrane MFCs and 

membraneless MFCs were compared in Figure 8b. The results from membrane MFCs showed 

that at smaller QT values, ranging from 0.2 mL h-1 to 0.5 mL h-1, percentage power increase 

improved from 20.5% to 24.4%. After that, percentage power increase grew slow slowly, from 

QT=1 mL h-1 to QT=5 mL h-1. When the flow rate reached 10 mL h-1, the percentage power 
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increase became stable at 29.4%. Further increasing QT to 20 mL h-1 did not affect the 

percentage power increase. To facilitate a comparison with a membraneless MFC, which has 

different channel dimensions, we calculate the flow velocity, ranging from 0.02 to 1.22 m min-

1. Compared with the membraneless MFC, the percentage power increase for the membrane 

MFC increased faster at lower flow rate and resulted in a maximum ΔP of 5% higher than for 

the membraneless MFC. 

 

 

Figure 8. (a) Results the corresponding percentage power increase, ΔP (%), with time by 

applying flow rates ranging from QT=0.2 mL h-1 to QT=20 mL h-1 on microfluidic membrane 

MFCs under 10 kΩ resistors when exposure to a baseline flow rate of QT=0.1 mL h-1. (b) 

Average percentage power increase in (a) with flow velocities corresponding to the volumetric 

flow rates in (a) for the membrane (black) and membraneless (red) MFCs with 6 mm electrode 

spacing.  

 

Conclusion 

In this work, we demonstrate microfluidic MFCs as a new application for microscale chitosan 

membranes. The successful fabricating of a microfluidic MFC with a chitosan separation 

membrane supported a reduction in inter-electrode spacing down to 0.8 mm. From the 
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experimental results, it showed that reduced electrode spacing resulted in an increase in power 

output of 546 mW m-2 at a flow rate of QT=0.1 mL h-1 which increased by almost 30% at QT=10 

mL h-1. This compares favorably for a lower membraneless MFC with an inter electrode 

separation of 6 mm which produced a maximum power density of 376 mW m-2 flowing at a 

comparable flow velocity (resulting from volumetric flow rate of QT=1 mL h-1). That is, the 

membrane MFC showed an improved power density of 45% compared to the membraneless 

device. Perhaps most important was the maximum current value of 3.54 A m-2, which, to our 

knowledge is the highest reported value for any microfluidic MFC. As a result of the high 

current and reduced ability for acetate solution to by-pass the anode in the membrane set-up, 

the unoptimized acetate conversion efficiencies were nearly 20%, which was 7 times higher 

than for the 6 mm membraneless MFC, despite the very small anode size, and corresponding 

contact time with the acetate solution. Further studies should be conducted to optimize ion 

transfer, perhaps by controlling membrane porosity 29 or by implementing nano hybrid 

membranes,20 or by direct modification of the chitosan amide groups.30,31 Further power, 

elongated electrodes for better contact time and improved acetate conversion efficiency. 
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