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Abstract 

This thesis presents performance improvements of microfluidic fuel cells with flow-

through porous electrodes. The baseline cell is a laminar flow-based, membraneless, 

microfluidic fuel cell employing vanadium redox species (as electrolytes). The main 

objective of the current work is to establish a design guideline for microfluidic fuel cells 

and to propose new design strategies that lead to better performing cells. The 

fundamental physics including fluid flow, electrochemical reactions in porous media, and 

convective/diffusive mass transport is closely investigated. Various loss elements during 

the baseline cell operation such as activation, ohmic, and mass transport losses are 

identified and compared. Some feasible and practical remedies to reduce the overall 

losses are proposed and successfully demonstrated: thin film current collector for the 

overall ohmic loss;  nanofoam material as electrodes to reduce the activation loss; and 

novel concept to overcome mass transport limited performances. Further improvements 

would be anticipated if both ohmic and fluidic resistances of the nanofoam material are 

reduced. Uniform distribution of the pore sizes is also important to maximize the 

utilization of active electrode areas. When combined, the demonstrated technologies 

and design improvements are anticipated to bring this unique membraneless and 

catalyst-free fuel cell closer to commercialization as a low-cost power source.      

Keywords:  microfluidics; laminar flow; fuel cell; vanadium; carbon materials; 
electrochemistry; nanofluidics; 
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1. Introduction 

1.1. Background and Motivation 

 Recent increasing demands on small-scale power sources for portable 

electronics have significantly boosted the interest in miniaturized fuel cells. Even though 

for the most of portable applications, secondary or rechargeable batteries are currently 

prevailing in the market, fuel cells can be an attractive alternative solution due to its fast 

re-chargeability. In addition, it has been reported that miniaturized fuel cells may enable 

higher overall energy densities than conventional batteries [1]. Potential applications of 

miniaturized fuel cells include portable electronic devices, remote sensors, and an 

auxiliary charger for onboard batteries. However, the present small-scale fuel cell 

technologies are generally suitable for low power applications such as wireless sensing 

nodes and require significant research investments to scale up for higher power output 

[1].     

Small fuel cell technologies employing conventional electrocatalysts have been 

dominated by hydrogen-based proton exchange membrane (PEM) fuel cells and direct 

liquid fuel cells [2-6]. The overall architecture is generally similar to the conventional 

macro-scale PEM fuel cells and consequently, a stack of substrates and PEM layers is 

the predominant approach, resulting in a multi-layer configuration. Many system-level 

issues including air movement, fuel delivery, water management, thermal management 

and system integration were addressed and some implemented engineering solutions 

were proposed [2]. A bulk silicon micromachined microbial fuel cell employing cultured 

yeast, S. cerrevisiae, was introduced by Chiao et al. [7]. Although the cell performance 

was relatively low, this was an important technical contribution as a feasible 

miniaturization strategy for microbial fuel cells. 
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Another branch in the context of miniaturized fuel cell technology is microfluidic 

fuel cells or laminar flow-based fuel cells (LFFC) [8-10]. Due to the laminar nature of 

microscale flows to maintain separation between fuel and oxidant streams, such fuel 

cells predominantly operate without a physical membrane. A silicon-based microchannel 

for membraneless LFFC with horizontal flow-over electrodes was proposed by Cohen et 

al. [11]. E-beam evaporated Pt catalyst layers were placed at the top and bottom of the 

channel where two electrolytes were supplied horizontally. An air-breathing laminar flow-

based microfluidic fuel cell was reported by Jayashree et al. [12]. A porous air-breathing 

gas diffusion cathode was integrated and significantly enhanced the oxygen reduction 

reaction rate and consequently the power density of the cell. A three-dimensional 

microfluidic fuel cell with ahexagonal array of graphite rods was introduced by Kjeang et 

al. [13]. Commonly employed as mechanical pencil leads, graphite rods served as both 

electrodes and current collectors for this unique three-dimensional fuel cell architecture. 

A counter flow membraneless microfluidic fuel cell design combined with flow-through 

porous carbon electrodes was invented by Salloum et al. [14] and operated on vanadium 

electrolyte. A sulfuric acid stream was injected at the interface to separate the fuel and 

oxidant streams. More recently, a multi-stack microfluidic fuel cell with porous flow-

through electrodes was introduced [15], which employed vanadium redox electrolyte and 

a new form of porous carbon electrode made by laser ablation and pyrolsis process. 

Membraneless fuel cell configurations also feature typical lab-on-chip designs 

that only require a single layer of microfluidic channels [8, 16]. This allows conventional 

microfabrication or micromachining techniques to be readily applicable, which is a 

preferable fabrication approach for microscale devices due to low cost, high precision, 

and repeatability. Moreover, batch process capability provides an opportunity for further 

cost reductions, if the devices are mass produced [17]. Problematic crossover effects 

are eliminated by strategic cell design, provided that interdiffusion is restricted to a small 

interfacial width at the center channel, from which the electrodes are positioned 

sufficiently far away [16]. 

More recently, a microfluidic fuel cell in flow-through porous electrode 

configuration was introduced by Kjeang et al. [13]. The design was based on cross-flow 

of aqueous vanadium redox species through the porous electrodes into an orthogonally 
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arranged co-laminar exit channel, where the waste solutions provided ionic charge 

transfer in a membraneless configuration. This microfluidic vanadium fuel cell device 

demonstrated the highest power density levels (131 mW cm-2 with 300 µm thick 

electrodes) reported to date in this field [18, 19].  

However, preliminary studies performed by our group indicate that the cell 

performance can be drastically improved, if the design parameters are optimized and 

better electrode materials are selected. To my knowledge, a matrix of optimized design 

and the selection of electrode materials for microfluidic fuel cells has not been developed 

and reported in the literature. In this thesis, a thorough investigation with an emphasis on 

the enhancement of cell performance will be performed to implement new design 

strategies and to identify physical limits of a microfluidic fuel cell employing vanadium 

redox electrolytes. In addition, various carbon-based materials will be examined in favor 

of cell performance.  

1.2. Previous Work 

It was late 1970s when the NASA-Lewis Research Center was involved in the 

development of a complete redox energy storage system based on Fe(III)/(II) and 

Cr(III)/(II) couples [20, 21]. They also conducted an initial screening of a large number of 

redox couple/electrode combinations including V(II)/V(III). Vanadium (symbol: V) is a 

hard, silvery gray, ductile and malleable transition metal. At that time, the cost 

associated with vanadium species was an issue but for some applications, an overall 

efficiency of redox couples is often more important. The electrochemical behavior of 

V(II)/V(III) redox couple at glassy carbon electrodes was led by Dr. Skyllas-Kazacos’ 

research group at University of New South Wales [22]. The oxidation/reduction rates (ko) 

at pH= 4 were experimentally obtained and a general trend in ko with pH was observed.  

A positive half cell with V(V)/V(VI) at glassy carbon and gold electrodes was investigated 

by the same group [23]. More recently, Gattrell et al. [24] examined a kinetic mechanism 

of V(V)/V(VI) redox couple in acidic aqueous solutions. The analytical model was 

compared with experimental data and showed a fair agreement at various pH levels and 

concentrations of vanadium. 
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In 2002, Ferrigno et al. [8] introduced a very unique design feature for microfluidic 

fuel cells using vanadium redox species, which eliminated the membrane and catalyst. 

The design was based on a microfabricated, y-shaped fluidic channels whose height 

was less than 200 μm. Two planar thin film electrodes were located at the bottom of a y-

shaped flow channel in which the fuel and oxidant were supplied in a co-laminar fashion 

(Figure 1). This design exploited the laminar flow that occurred in liquids flowing at low 

Reynolds number, while minimizing convective mixings of fuel/oxidant.  

 
 

Figure 1. Schematic design of a vanadium redox microfluidic fuel cell [8]. 
Copyright ACS (2002). 

Another breakthrough in microfluidic fuel cells was made by adopting a concept 

of flow-through porous electrodes [13]. The main idea is to increase the utilization of 

actual electrode surfaces by employing porous media commonly used as a gas diffusion 

layer in conventional fuel cells. The device demonstrated the highest power density 

levels (131 mW cm-2 with 300 µm thick electrodes) reported to date in this field [18, 19] 

and served as a baseline cell throughout the current thesis. 

The baseline design of the microfluidic fuel cell with flow-through porous electrodes 

considered in this proposal comprises two separate flow inlet ports and one common 

outlet port, as shown in Figure 2. The overall device architecture is consistent with the 

standard flow-through cell design previously developed by our group [13]. The fuel (V(II)) 

and oxidant (V(V)) are fed into the inlet ports and flow through the porous electrodes that 
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are inserted in the microfluidic channel. Two electrical contacts, denoted anode and 

cathode in Figure 2, are located at the end of the electrodes to transfer the electrical 

current generated from the fuel cell to external wires that are attached using conductive 

silver epoxy.  

 
Figure 2. Schematic of the microfluidic fuel cell architecture with flow-through 

porous electrodes used as baseline in this study [13]. Copyright 
ACS (2008). 

The choice of vanadium electrolyte as fuel originated from a rapid and balanced 

electrochemical system in terms of species transport characteristics and reaction rates. 

The rapid vanadium redox reactions on carbon electrodes sufficiently eliminated any 

additional catalyst and associated cost. In addition, the vanadium ions employed have 

four different oxidation states that enable a well-balanced all-vanadium fuel and oxidant 

combination for redox applications with in situ regeneration capabilities. The cell was 

reported to have relatively high ohmic resistance and associated voltage loss [25]. 

External wires were attached to the exposed ends of the porous carbon electrodes using 

conductive silver epoxy, which likely resulted in a sizeable contact resistance owing to 

the highly porous nature of the electrodes.  
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1.3. Objectives of Current Research 

The current research was originally initiated to investigate the baseline cell 

performance, which is a membraneless, microfluidic fuel cell that employs vanadium 

redox species. The main objective is to establish a design guideline for microfluidic fuel 

cells and to propose new design strategies that lead to better performing cells. More 

detailed sub-goals are summarized: 

• Understand fundamental physics that governs the cell operation, including fluid flow, 

electrochemical reactions in porous media, and convective/diffusive mass transport 

(Chapter 3).  

• Explain and distinguish various loss elements during the baseline cell operation, 

such as activation, ohmic, and mass transport losses (Chapter 3). 

• Propose feasible and practical remedies to reduce the losses and therefore improve 

the cell performance (Chapter 4, 6, & 7).   

• Examine and characterize new carbon-based materials for their potential usage as 

porous electrodes in flow-through fuel cell configuration (Chapter 5 & 6). 

• Develop a new fabrication technique for better precision and repeatability in a cost 

effective way (Appendix). 

1.4. Thesis Layout 

In Chapter 2, section 2.1 explains a generic fuel cell and its basic operation along 

with polarization curves. Section 2.2 is dedicated to introduce a vanadium microfluidic 

fuel cell and some fundamental theories: vanadium redox reactions, Nernst equation and 

Butler-Volmer equation.  

A parametric study on microfluidic vanadium fuel cell is presented in Chapter 3. 

Dimensional variations of porous carbon electrodes and microchannels are discussed to 

evaluate their impacts on the fuel cell performance. Both numerical and experimental 

studies are performed to understand fundamentals of the baseline fuel cell design. 
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In Chapter 4, a chip-embedded thin film (Au) current collector is proposed to 

mitigate cell contact resistances, which is the major loss element in cell operation. The 

gain obtained by the proposed design is explained along with some electrochemical 

measurements.  

In Chapter 5, various carbon materials such as graphite rod, regular carbon 

paper, wet-proofed carbon paper, are investigated and analyzed electrochemically. 

Basic kinetic parameters for both V(II) and V(V) discharging reactions are estimated 

from Tafel plot and compared for the different electrodes. 

The electrochemical properties of vanadium redox species on novel carbon 

nanofoam are investigated and presented in Chapter 6. Detailed characteristics of the 

nanofoam are discussed with an emphasis of the device level performance. 

In Chapter 7, a novel cell architecture employing double-pass concept is 

proposed to improve the overall cell performance. The key concept and complete cell 

performance are discussed.  

The summary and conclusions of the current research are presented in Chapter 

8, along with some suggestions for the future development. Finally, the Appendix covers 

detailed information about the microfabrication that is used for building the microfluidic 

devices studied in this thesis. 
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2. Theory 

2.1. Basics of Fuel Cell Operation 

Figure 3 shows a typical layout of PEM (polymer electrolyte membrane, also 

known as proton exchange membrane) fuel cell. The anodic and cathodic compartments 

are physically separated by an ionic conducting electrolyte membrane through which 

protons transfer from the anode to cathode. Electrons flow through an external circuit 

and ultimately a load device for electrical work from the anode to cathode to close the 

circuit. In this particular example, hydrogen is used as fuel, while oxygen, often obtained 

from the ambient air, is oxidant for chemical reactions. In order to overcome slow 

reaction rates of hydrogen/oxygen, noble metal catalysts are generally adopted, which is 

still a substantial portion of the entire fuel cell stack costs [26]. 

 

Figure 3. Typical anode/electrolyte/cathode configuration and electrode 
reactions of fuel cells [26]. 

 

Membrane 
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2.1.1. Polarization Curve of Fuel Cell Operation 

Figure 4 is an illustration of a typical polarization curve for a PEM fuel cell, 

showing five regions of interest labeled I ~ V [27]: 

• Region I: dominated by the activation or kinetic overpotential the electrodes. 

• Region II:  represents the ohmic polarization of the cell. This includes all electrical 

and ionic conduction losses through the electrolyte, catalyst layers, cell 

interconnects, and contacts. 

• Region III: dominated by the concentration polarization of the fuel cell, caused by 

mass transport limitations of the reactants to the electrodes. 

• Region IV & V: indicate the gap between the theories and real life, involving a 

deviation from thermodynamic equilibrium and entropy changes. 

 
Figure 4. Typical polarization curve for fuel cell with significant losses 

attributed by various loss sources [27]. 
Note that ilimiting indicates the maximum current density of the cell.  
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2.2. Vanadium Redox Microfluidic Fuel Cell 

While the basic structure and operation are similar to PEM fuel cells, , the 

membrane can be eliminated in laminar flow based fuel cells (LFFC) or microfluidic fuel 

cells by a fact that microscale flows maintain separation between fuel and oxidant 

streams due to the nature of laminar flows at low Reynolds numbers. Problematic 

crossover effects are avoided by strategic cell design, provided that interdiffusion is 

restricted to a small interfacial width at the center channel, from which the electrodes are 

positioned sufficiently far away (Figure 2). 

The microfluidic fuel cell devices studied in this thesis utilizes vanadium redox 

species which are based on the following anodic (1) and cathodic (2) reactions at 298K 

[28]: 

𝑉3+ + 𝑒−  ⇄  𝑉2+                                               𝐸𝑜 =  −0.496𝑉 𝑣𝑠. 𝑆𝐶𝐸                        (1) 

𝑉𝑂2+ +  2𝐻+ +  𝑒−  ⇄  𝑉𝑂2+ + 𝐻2𝑂                   𝐸𝑜 = 0.750𝑉 𝑣𝑠. 𝑆𝐶𝐸 (2) 

The theoretical standard cell potential is 1.246 V but this can, however, be 

increased to as high as 1.5 V depending on the concentration ratio of the vanadium 

species. 

2.2.1. Nernst Equation and Open Circuit Voltage 

2 M vanadium electrolyte solutions are prepared from stock electrolyte in 4 M 

sulfuric acid base according to a previously reported procedure [13]. Assuming a 

constant proton concentration of 8 M (from 4M sulfuric acid as a supporting electrolyte), 

the Nernst equations for half-cell reactions (3) for anode and (4) for cathode can be 

solved to estimate the initial concentrations of V(II) (fuel) and V(V) (oxidant) in 4 M 

sulfuric acid electrolyte:  

𝐸𝑂𝐶𝑉 = 𝐸0 + 𝑅𝑇
𝐹
𝑙𝑛 ��𝑉

3+�
[𝑉2+]�  (3) 

𝐸𝑂𝐶𝑉 = 𝐸0 + 𝑅𝑇
𝐹
𝑙𝑛 ��𝑉𝑂2

+�[𝐻+]2

[𝑉𝑂2+] � (4) 
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where EOCV is open circuit voltage, which is the potential when no electrical 

currents flow. First, OCVs are measured by using a graphite bar and a saturated calomel 

electrode (Fisher Scientific) and recorded. And then Eo values from the equation (1) & 

(2) are used to calculate the initial concentrations of V(II) /V(V). 

2.2.2. Butler-Volmer Equation 

The Butler Volmer equation has been playing an essential role in 

electrochemistry as a basic tool for modeling simple electron transfer reactions. Fabjan 

et al. [29] reported experimentally that a single electron transfer was the rate determining 

step in the vanadium redox kinetics. Several earlier modeling efforts of vanadium redox 

batteries [30, 31] have shown that performance of a cell based on these reactions is 

adequately captured by the Butler–Volmer equation. Therefore, given the uncertainties 

that exist with regards to the kinetics of the vanadium redox reactions, the Butler–Volmer 

equation [25] is justified simplification for the present work.  The charge transfer current 

densities corresponding to the redox reactions are given by the following general form of 

Butler Volmer equation: 

𝑖1 = 𝑖1𝑜 �
𝑐𝐼𝑉
𝑠

𝑐𝐼𝑉
𝑒𝑥𝑝 �𝛼1,𝑎𝐹𝜂1

𝑅𝑇
� − 𝑐𝑉

𝑠

𝑐𝑉
𝑒𝑥𝑝 �−𝛼1,𝑐𝐹𝜂1

𝑅𝑇
�� (5) 

𝑖2 = 𝑖2𝑜 �
𝑐𝐼𝐼
𝑠

𝑐𝐼𝐼
𝑒𝑥𝑝 �𝛼2,𝑎𝐹𝜂2

𝑅𝑇
� − 𝑐𝐼𝐼𝐼

𝑠

𝑐𝐼𝐼𝐼
𝑒𝑥𝑝 �−𝛼2,𝑐𝐹𝜂2

𝑅𝑇
�� (6) 

Note that subscript 1 refers to the V(V)/V(VI) side, which is the cathode during 

fuel cell operation, and subscript 2 refers to the V(II)/V(III) side, or the anode.  The 

superscript s refers to the surface concentration of the vanadium species. α is the 

charge transfer coefficient, with subscripts a and c referring to oxidation (anodic) and 

reduction (cathodic) reactions, respectively. F is Faraday’s constant, R is the universal 

gas constant, T is the operating temperature and η is the overpotential. The exchange 

current density i° represents the rate of charge transfer when the reaction is at 

equilibrium. For the cathode and anode side it is written as: 

𝑖1𝑜 = 𝐹𝑘1(𝑐𝐼𝑉)𝛼1,𝑐(𝑐𝑉)𝛼1,𝑎   (7) 
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𝑖2𝑜 = 𝐹𝑘2(𝑐𝐼𝐼)𝛼2,𝑐(𝑐𝐼𝐼𝐼)𝛼2,𝑎 (8) 

where k1 and k2 are the standard reaction rate constants. 
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3. A Parametric Study on Microfluidic Fuel Cell 

 A parametric variation of microfluidic vanadium redox fuel cells is studied. The 

present membraneless and catalyst-free fuel cell consists of a microfluidic channel 

network with two porous carbon paper electrodes. An aqueous vanadium redox pair as 

reactants is supplied to the porous electrodes in a flow-through configuration. The 

dimensions of porous carbon electrodes and microchannels are varied from the baseline 

design to investigate their impacts on the fuel cell performance. In addition, a 

dependency on the number of electrical contacts is examined. Numerical simulations are 

performed in parallel with experimental activities to understand the coupled effects of 

mass transport, electrochemistry, electron conduction, and fluid mechanics. The 

simulation results are compared with the measured data from each cell design for 

verification. An optimal cell design is discussed based on the current study and future 

research opportunities are proposed. 

3.1. Methodology 

3.1.1. Baseline Design 

As mentioned, the baseline cell consisted of two separate flow inlet ports and 

one common outlet port. The fuel (V(II)) and oxidant (V(V)) are fed into the inlet ports 

and flow through the porous electrodes that are inserted in the microfluidic channel. Two 

electrical contacts, denoted anode and cathode in Figure 5 (a), are located at the end of 

the electrodes to transfer the electrical current generated from the fuel cell to external 

wires. Note also that the net width and length of the porous electrodes are denoted as W 

and L, respectively. In the center channel, two electrolytes formed a co-laminar flow as 

shown in Figure 5 (b). 
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Figure 5. (a) Schematic of the baseline cell; and (b) photograph of actual cell 

operation. 

 

(a) 

(b) 
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3.1.2. Parametric Study 

The logic behind this parametric study is to investigate how dimensional 

variations of the electrode make impacts on the cell performance. The increments by a 

factor of 2 or 0.5 are applied in the dimensions of electrode length, width, and center 

channel. An interesting question is whether the cell performance is also increased or 

decreased in a proportional way corresponding to these incremental changes. Four 

independent geometrical parameters associated with the microfluidic fuel cell design are 

considered in this parametric study as listed in Table 1. Note that the variations are in 

bold fonts; for instance, Case I refers to “double width” electrode whose width is 2 mm. 

The center channel width (column 3) refers to the gap between two electrodes across 

the center channel of the cell. 

Table 1. Dimensional variations of the fuel cell geometry in the parametric 
study. 

 W [mm] L [mm] Center channel 
width [mm] 

Number of 
contacts 

Electrode 
area [cm2] 

Baseline 1 12 1 1 0.12 
Case I 2 12 1 1 0.24 
Case II 1 6 1 1 0.06 
Case III 1 12 0.5 1 0.12 
Case IV 1 12 1 2 0.12 

 

For the fuel cell with double contacts (Case IV), two contacts are placed at both 

ends of the electrode to investigate the impact on the cell performance. The currents 

generated are collected through two ports in a form of electrically joined wires where an 

external load is connected serially.  

3.1.3. Cell Fabrication 

The cells are built by a well-established soft lithography technique [32]. Masters 

for the replica molding step are fabricated by using SU-8 2100 series photoresist 

purchased from MicroChem. In order to accommodate a Toray carbon paper (TGPH-060) 
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with nominal thickness of approximately 180 μm, the target height of the master is 

chosen accordingly (180 μm). Polydimethylsiloxane (PDMS, DowCorning) is poured and 

cured for over 48 hrs at a room temperature and finally peeled off from the mold. After 

carbon papers are inserted in the microchannel, the PDMS microchannel structure is 

bonded onto a substrate (glass slide, 1” X 3”). The PDMS surface and the substrate are 

functionalized by a Corona Treater (BD-20AC, Electro-Technic Product Inc.) for 40 

seconds before bonding. The electrical contact between the carbon electrodes and 

external wires is made using a silver conductive epoxy (MG Chemicals), which is 

expected to result in a sizeable contact resistance owing to the highly porous nature of 

the electrode surface. More detailed descriptions for the soft lithography fabrication can 

be found in [32] and Appendix (p.104-105). The carbon paper is cut manually by using 

an in-house jig and later inserted in the micro channel manually as well. 

3.1.4. Preparation of Vanadium Solutions 

Vanadium stock electrolyte was donated by a local company and received as 2 

M vanadium redox species (50/50, V(III)/ V(V)) in 4 M sulfuric acid base. The solution is 

recharged by an in-house charger to produce V(II)/ V(V) that are used as anolyte and 

catholyte, respectively [33]. The actual concentration of V(II) achieved from the charger 

is 93.6% (equivalent to 1.87 M), while V(V) reached 93.2% (equivalent to 1.86 M).    

3.1.5. Instrumentation 

Polarization curves are generated by measuring the voltage across external 

resistances directly connected with the electrical contacts of the cells as shown in Figure 

6. The current generated by the cells is monitored until a steady reading is achieved (30 

~ 40 seconds, depending on the flow rate). Two flow rates (10 μL min-1, 300 μL min-1) 

are chosen to investigate a low and a high flow regime, respectively. The current density 

and power density in the model are based on the top surface area of each electrode 

(listed in the last column of Table 1.) to be consistent with the previously reported data 

[13].  
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Figure 6. Experimental set up for the current study. 

The electrolyte flow is driven and controlled by a dual syringe pump (MA1 70-

2209, Harvard Apparatus). The fluidic connections between the device and syringes are 

achieved by forced fitting of Tygon tubing (R-3603). 

The actual dimensions of the carbon electrodes are measured after the cell 

fabrication by an optical microscope (Nikon, LV 100). A surface profilometer (Mitutoyo, 

SJ-400) is used to measure the actual height of the SU-8 masters, which turns out to be 

identical to the channel height of replica PDMS mold. 

Table 2. Measured dimensions of the key features. 

 Electrode width 
[mm] 

Center channel width 
[mm] 

Channel height 
[mm] 

Baseline 0.935 1.081 0.170 
Case I 1.620 1.049 0.162 
Case II 0.941 0.892 0.184 
Case III 0.883 0.456 0.166 
Case IV 0.935 1.081 0.170 

Note that all values are averaged after measured 3 different locations. 
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3.1.6. Numerical Simulation 

A comprehensive numerical model is developed and customized for these cells 

based on conservation of mass, momentum, species, and charge coupled with 

electrochemical kinetics using a commercially available multiphysics software package 

(COMSOL). The domain of 3D modeling comprised the interior fluidic parts of the cell, as 

illustrated in Figure 7(a). Due to high computational costs, the 3D modeling is mainly 

used to capture the fluidic behavior of the cell. The flow field results from the 3D models 

then are averaged across the channel thickness and mapped as a boundary condition at 

the inlet to the electrodes for the 2D model shown in Figure 7 (b). The use of 2D models 

is validated by directly comparing with the result of full 3D models [25]. Note that the 

current parametric study is based on the 2D models to save its computational costs. The 

dimensions for the computational domain are adjusted, based on the geometries listed in 

Table 1.   

The pressure drop across the electrodes is calculated using the Darcy’s law, 

while the incompressible equations for continuity and momentum conservation are used 

for the flow in the non porous regions [34]. The governing equations for species 

conservation and charge conservation in the carbon paper electrode and electrolyte are 

written as [35]: 

𝜈𝛻𝑐𝑗 − 𝐷𝑗
𝑒𝑓𝑓𝛻2𝑐𝑗 = 𝑆𝑗 (9) 

𝛻 ⋅ 𝚤𝑠��⃗ = −𝛻 ⋅ 𝚤𝑙��⃗ = −𝜎𝑠
𝑒𝑓𝑓𝛻2𝜙𝑠 = 𝑘𝑙

𝑒𝑓𝑓𝛻2𝜙𝑙 (10) 

where cj denotes the bulk concentration of the vanadium species j; Dj
eff are the 

effective diffusion coefficients of species j; Sj are the species source terms for the 

species j; 𝜙𝑠, 𝜙𝑙  are the potentials in the electrode and electrolyte, respectively;  𝚤𝑠��⃗ , 𝚤𝑙��⃗  are 

the electrode and electrolyte current densities; and 𝜎𝑠
𝑒𝑓𝑓 and 𝑘𝑙

𝑒𝑓𝑓 are the effective 

conductivities of the electrode and electrolyte, respectively. The electrode and electrolyte 

potentials (𝜙𝑠 ,  𝜙𝑙) are estimated using Ohm’s law and the pre-specified conductivity 

values [25]. 
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A simple electron transfer reaction is assumed and the complete Butler-Volmer 

equation, including surface to bulk concentration ratio terms, is solved to estimate the 

charge transfer current densities corresponding to the redox reactions [26, 27]. The 

overpotentials at the cathode and anode side are written as: 

𝜂1 = 𝜙𝑠 − 𝜙𝑙 − 𝑈1 (11) 

𝜂2 = 𝜙𝑠 − 𝜙𝑙 − 𝑈2 (12) 

And the Nernst equation is solved to estimate the half cell potentials (𝑈1,𝑈2).  

The rate of vanadium species transported to and from the electrode surface through the 

combined effect of convection and diffusion is estimated by: 

𝑆𝑗 = 𝑎𝑘𝑚𝑗�𝑐𝑗𝑠 − 𝑐𝑗� (13) 

where 𝑐𝑗𝑠denotes the surface concentration of the vanadium species j; 𝑎 is the 

internal surface area of the electrode;  𝑘𝑚𝑗 are the mass transfer coefficients for each 

vanadium species that are calculated using an empirical relationship for mass transfer in 

carbon fiber electrodes [36]. More thorough details about the numerical model are 

available in reference [25], which was reported by our group. 

A bridge between this model and a real operating cell is the external resistance in 

which the contact resistances at the electrical on-chip contacts are dominating. Based 

on the total ohmic resistance previously reported by Electrochemical Impedance 

Spectroscopy (EIS) [13] and the internal resistance calculations, a value of 25 Ω is 

added externally to the model in order to compare with the measured polarization curves 

[25]. 
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(a) 

 

(b) 

Figure 7. Schematic of the computational domain: (a) 3D; and (b) 2D [25]. 
Copyright JPS (2011). 
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3.2. Results and Discussions 

Both the numerical simulations and measurements of the five variant cells 

considered in the parametric study are completed and the polarization curves for each 

case are presented in Figure 8 (modeling predictions) and Figure 9 (measured data). 

The current densities are calculated by dividing the total current by the planar 

geometrical surface area of the electrodes given in Table 1 for the modeling 

investigations and Table 2 for the experimental results, in coherence with the previous 

work [13].  

3.2.1. Results from Numerical Model 

The key observations on the simulated polarization curves obtained in the 

numerical model are summarized below: 

• Mass transport limitations: At the low flow rate (10 μL min-1) in Figure 8 (a), the 

polarization curves tail down and the cell potentials tend to have an abrupt drop near 

the limiting currents due to mass transport limitations, while the polarization curves 

maintain initial slopes up to the limiting currents for high flow rate (300 μL min-1) in 

Figure 8 (b), indicative of predominant ohmic losses. The presence of a clear 

performance drop near the limiting current, observed here at the low flow rate, 

indicates that the ohmic losses are effectively managed and demonstrates a suitable 

operating point just before the onset of the mass transport related performance drop. 

This observation is critical for design and operation of microfluidic fuel cells with 

respect to flow rate. The measured data confirm this tendency and show a fair 

agreement.  

• Ohmic cell resistance: Although the total ohmic resistance of the cell is reduced, the 

modeling results indicate that no significant deviations from the baseline are 

expected in Case III (0.5 mm center channel) and Case IV (double contact), 

especially at the low flow rate (10 μL min-1) where the three curves fall into a single 

line. This is a clear indication that the mass transport is the main performance-

limiting factor at low flow rates. For the high flow rate when the impact of ohmic 
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losses increases proportionally to the cell current, slightly improved performance is 

found for Case III (0.5 mm center channel), mainly due to lower ohmic resistances 

 

 
Figure 8. Polarization curves predicted by the model: (a) 10 μL min-1; and (b) 

300 μL min-1. 
Note that Case I, II, III, IV refer to double width, half length, half center channel, and 2 contact, 

respectively. 

(a) 

(b) 
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across the center channel since the gap is reduced by half (from 1 mm to 0.5 mm). 

However, this effect does not make a substantial contribution in the cell performance. 

The baseline, Case III (0.5 mm center channel), and Case IV (double contact) 

have the same electrode inlet area (see the red face in Figure 9) and therefore the 

velocity fields are almost identical at a given flow rate, resulting in the similar mass 

transport characteristics. This is especially true at the low flow rate when the mass 

transport of fuel/oxidant is the main limiting factor and leads to consistent polarization 

curves in all cases. The fuel utilizations for the three cases are also identical, as shown 

in Table 3, in support of this argument. 

 
Figure 9. Two electrodes (anode and cathode) and center channel are shown 

with  the cathode inlet  colored in red. 

Note that the drawing is exaggerated in z-direction for illustration purpose. 

• According to Figure 8 (a), the Case I (double width) is expected to produce only a 53% 

increase in the total current compared to the baseline while its actual area is 

increased by a factor of 2. This corresponds to a 24% reduction in the limiting current 

density at 10 μL min-1. In other words, the doubled active reaction area obtained by 

doubling the electrode width does not correspond to a proportional increase in fuel 

utilization. Indeed, the fuel utilization of Case I is 69.5% at the outlet of the electrode 

while the baseline case is 45.3% at 10 μL min-1 as shown in Table 3. There are two 

competing effects associated with increased electrode width: i) increased total 



 

24 

current and net fuel utilization; and ii) reduced area-specific (normalized) current 

density and performance. 

Table 3. Fuel utilizations calculated from the 2D model.  

 Fuel utilization [%] 

10 μL min-1 300 μL min-1 

Baseline 45.3 7.7 

Case I 69.5 13.8 

Case II 33.1 5.1 

Case III 45.3 7.7 

Case IV 45.3 7.7 

Note that the changes of the initial and final concentration of V(II) are divided by the initial concentration. 

• For the Case II (half length cell), the total current produced is reduced by 

approximately 27% from the baseline at the low flow rate. However, the electrode 

area is also reduced by a factor of 2, resulting in a 46% net increase in the limiting 

current density at 10 μL min-1. Since the electrode inlet area is reduced by half from 

the baseline, the average velocity at the electrode inlet is expected to be 

approximately doubled: 0.31 mm s-1 vs. 0.15 mm s-1
 for the Case II and baseline, 

respectively (at 10 μL min-1). Combined with the net surface area reduction, the 

higher local velocity and therefore the higher rate of convection enhance the mass 

transport limits, resulting in the 46% higher limiting current density. 

• The contour plots of V(II) spatial concentration distribution obtained from the 2D 

model at the low flow rate are shown in Figure 10 for the baseline and Case I (double 

width) cells. Note that the plots are near the limiting current densities for both cases. 

The initial concentration of V(II) is 1.86 M (equivalent to 1860 mol m-3) based on the 

actual measured concentration as discussed previously. Apparently, as the fuel (V(II)) 

flows through the porous electrode (anode, right side), its concentration decreases 

uniformly in the flow direction but does not reach zero. 
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                    (a)                                        (b) 

Figure 10. Contour plots of V(II) concentrations in [mol m-3]: (a) Baseline; and 
(b) Double width cell (Case I) at 10 μL min-1. 

Note that the averaged values along the inlet and the outlet of the anode are used to calculate the 
fuel utilizations listed in Table 3. 

 

 

 

 

 

 

 

 

 

 

1 mm 2 mm 
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• For the high flow rate (300 μL min-1), the trends are similar: a) the baseline, Case III, 

and Case IV have almost identical polarization curves, b) The magnitude of limiting 

current densities are the same order as 10 μL min-1 for Case I and Case II. However, 

the explanation for this is quite different. As one can see in Table 3, the fuel 

utilizations in general are much lower at 300 μL min-1, indicative of predominant 

ohmic losses. Therefore, the velocity fields and convectional effects are less 

important while the ohmic resistances prevail instead. Consequently, the reduction of 

electrode length (Case II) causes a significant increase in the limiting current density: 

the net travel length for electrons in the longitudinal direction is reduced, which 

therefore lowers the overall ohmic resistance of the cell. The increase in width of the 

electrode (Case I) does not make a positive contribution in the cell performance. This 

is due to the increase of the ionic travel length in x-direction. 

• For Case IV (Double Contact), the overall ohmic resistance inside the cell is almost 

the same as the baseline. The averaged travel distances are reduced by half but at 

the same time the currents are divided in a parallel setup, resulting in no noticeable 

benefits. It is concluded that increasing the number of electrical contacts is not 

preferable.  

3.2.2. Measured Polorization Cuves 

The polarization curves obtained from measured data are shown in Figure 11: (a) 

10 μL min-1, and (b) 300 μL min-1. The key observations are: 

• The mass transport losses are clearly observed at 10 μL min-1 while not seen at 300 

μL min-1 as anticipated from the model. 

• The overall performance trends for each parameter under investigation are in a fair 

agreement with the modeling results. However, significant discrepancies are 

observed in terms of the limiting current densities, especially at 300 μL min-1. A 

possible explanation for this discrepancy lies in the treatment of external contact 

resistance. In all cases analyzed, an approximated value of 25 Ω (as the contact 

resistance) is added externally to the model. As demonstrated previously [13], the 

large variability of the contact resistance found experimentally dictates the initial 

slope in the polarization curves and ultimately determine the limiting current densities. 
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Figure 11. Polarization curves from measured data: (a) 10 μL min-1; and (b) 300 

μL min-1. 
Note that Case I, II, III, IV refer to double width, half length, half center channel, and 2 contact, 

respectively. 

(a) 

(b) 
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The uncertainty induced by the approximated value is more significant at 300 μLmin-1 

due to the relatively high impact of overall ohmic resistance on cell performance. 

• Another source of deviation is the actual dimensions of the fabricated cells. Since the 

carbon paper electrodes are cut manually using an in-house jig and aligned manually 

in the microchannel, significant human errors are expected. The actual measured 

dimensions listed in Table 2, such as the electrode width, the center channel gap, 

and the channel height, indicate the level of variability due to the fabrication process. 

3.3. Conclusions 

A parametric variation of microfluidic vanadium fuel cells with flow-through 

porous electrodes is studied both numerically and experimentally to provide guidelines 

for cell design and operation. The main findings of the current study are summarized 

below: 

• Mass transport rates control the performance at low flow rates. The limiting current 

density can be increased at a given flow rate by reducing the electrode inlet area.  

• Ohmic resistance controls the performance at high flow rates. Both current and 

power density can be increased by reducing the overall ohmic resistance in the 

longitudinal direction.  

• Increasing the number of electrical contacts has only minor impact on the mass 

transport limit and ohmic resistance and consequently no major effect on cell 

performance.  

• Narrowing down the center channel contributes a slight improvement at high flow 

rates due to reduced ohmic resistance but has no measureable impact on 

performance at low flow rates.  

• In order to minimize the discrepancies between modeling results and measured data, 

detailed impedance measurements for the current cells are strongly recommended. 
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4. 
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4. Chip-embedded Thin Film Current Collector 
for Microfluidic Fuel Cells 

In this chapter, a chip-embedded thin film current collector is discussed to 

mitigate the high contact resistance associated with the use of porous electrodes in 

microfluidic fuel cells. The proposed micromachining based thin film process is 

compatible with the overall cell fabrication and enables integration without substantial 

modification of the original cell design [13]. The main motivation of this work is to reduce 

the contact resistance of the cell by means of custom-designed, device-integrated 

current collectors that allows an increased number of contact points distributed across 

the length of the electrodes in close proximity to the reaction sites. Two different carbon 

paper materials as porous electrodes are investigated and tested, and cells with and 

without the current collectors are directly compared. In addition to regular performance 

measurements, an electrochemical impedance spectroscopy (EIS) study is conducted to 

analyze the voltage losses, impedance characteristics, and ohmic contributions of the 

cells. The experimental investigations are supported by numerical simulations using a 

three-dimensional computational model of the cells.  

4.1. Methodology 

4.1.1. Baseline Fuel Cell Architecture 

The baseline design of the microfluidic fuel cell with flow-through porous 

electrodes considered in this work comprises two separate flow inlet ports and one 

common outlet port, as shown in Figure 2. The overall device architecture is consistent 

with the standard flow-through cell design previously developed by our group [13]. The 

fuel (V(II)) and oxidant (V(V)) are fed into the inlet ports and flowed through the porous 

electrodes that are inserted in the microfluidic channel. 
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4.1.2. Proposed Current Collector Design 

The new microfluidic fuel cell concept introduced in this study comprises custom-

designed thin film current collectors placed underneath the porous electrodes in order to 

increase the net contact areas and reduce the contact resistance. The cross-sectional 

device layout of the modified cell is compared to the baseline in Figure 12. The 

rectangular shaped current collectors are 23 mm long and 0.7 mm wide and designed to 

extend outward with square shaped pads (5 mm × 5 mm) at the ends on which external 

wires are soldered, as illustrated in Figure 13. The current collector width is intended to 

be narrower than the carbon electrode width (1 mm) in order to provide a one-to-one 

comparison without extending the active area of the electrodes. The porous electrodes 

are carefully aligned to cover the entire shape of the current collectors. Any highly 

conductive materials can be candidates for the current collector, as long as they are 

compatible with micromachining environments and acidic solutions. 

             

                             (a)                                                              (b) 

Figure 12. Cross-sectional illustrations of: (a) baseline fuel cell; and (b) 
proposed fuel cell with thin film current collectors. 
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Figure 13. Schematics of: (a) exploded view of the parts; and (b) assembly of 
the proposed microfluidic fuel cell with thin film current collectors 
(not to scale). 
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4.1.3. Microfabrication 

The fabrication processes for both the baseline and current collector cells are 

based on a previously reported microfabrication procedure for microfluidic fuel cells with 

flow-through porous electrodes [13]. The processes for the two cells are identical except 

for the thin film process added prior to bonding the channel layer (PDMS) and substrate 

(glass slide). The PDMS channel layer is built by a well-established soft lithography 

technique [32]. In order to ensure multiple uses without delamination of the master from 

its substrate (Si wafer), an adhesion layer of SU-8 2100 (MicroChem) is coated, flood 

exposed without a mask, and fully cured. A 150 µm high master for the replica molding 

step is fabricated using the same SU-8. The master itself is formed by single coating and 

single exposure step with a transparency mask printed from a laser printer. A 10:1 

mixture of polydimethylsiloxane (PDMS, Dow Corning) and its curing agent is poured 

and cured for over 48 hours at room temperature and finally peeled off from the mold. A 

hole punch of 0.095" OD (Technical Innovations Inc.) is used to create the fluidic inlet 

holes and 0.145" for the outlet hole. Porous carbon strips (20 mm long and 1 mm wide) 

are cut from sheets of Toray carbon paper (TGP-H-060) using an in-house jig and 

inserted into the microchannel grooves. After carbon paper is fitted in the channel, the 

PDMS microchannel structure is bonded onto a glass slide without sealants. Both the 

PDMS and glass slide bonding surfaces are functionalized by a Corona Treater (BD-

20AC, Electro-Technic Products Inc.) for 45 seconds and followed by a physical contact. 

This corona treatment has been reported to activate chemical bonds for irreversible 

seals on the bonding surface [Haubert]. The sample is left overnight to ensure complete 

bonding.  

4.1.4. Thin Film Process for Current Collector 

A thin film of gold (Au) is chosen as the primary current collector material in this 

study due to its proven compatibility with acidic environments. Gold is highly conductive 

and widely used in the semiconductor industry. More importantly, the micromachining 

based Au thin film process is compatible with the overall cell fabrication and does not 

require a substantial modification of the original baseline design. A 3" × 4" microscope 

glass slide is cleaned with IPA and de-ionized water to remove any unwanted residues 
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or particles. An e-beam evaporator (PVD 75, Kurt J. Lesker Co.) is used to deposit 10 

nm thick chromium (adhesion layer), which is followed by 400 nm thick gold deposition. 

In order to pattern the obtained thin films, a masking photoresist (AZ 703) is coated and 

patterned using standard photolithography equipment, a mask aligner, and a wet bench. 

A transparency mask taped onto a glass plate is inserted into the aligner for UV 

exposure. The gold film is then wet-etched by a gold etchant followed by a chromium 

etching step and the masking photoresist is stripped by acetone. After the glass 

substrate with the patterned gold current collector is bonded to the PDMS microchannel 

layer (as described in Section 2.3), external wires are soldered onto the square pads at 

the end of the current collectors using a generic solder wire (60/40 Sn/Pb). 

4.1.5. Porous Electrode Material 

For the purposes of this work, two different carbon paper based materials are 

investigated and tested. The first one is a commonly employed carbon paper without 

hydrophobic coatings (TGP-H-060, Toray), which allows liquid electrolytes to fully 

saturate and flow through the pores with low capillary resistances. The second material 

is a carbon paper coated with a micro porous layer (MPL). Optically, it is almost identical 

to the Toray carbon paper on one side, while the other side (MPL side) has smoother 

morphological characteristics. The MPL is designed primarily for water management 

purposes in PEM fuel cells, and contains PTFE to obtain its desired hydrophobic 

properties. Note that the cell using standard carbon paper is denoted as “Current 

Collector I” (CC-I), while the MPL electrode cell is denoted as “Current Collector II” (CC-

II). The measured heights of both electrode materials are approximately 180 µm.      

4.1.6. Fuel Cell Testing 

2 M vanadium electrolyte solutions are prepared from stock electrolyte in 4 M 

sulfuric acid base according to a previously described procedure [13]. The electrolyte 

concentrations tested in this work are 92% (equivalent to 1.84 M) or higher and the cells 

are operated at room temperature. The electrolyte flows are driven by a dual syringe 

pump (MA1 70-2209, Harvard Apparatus). The fluidic connections between the test 

device and syringes are achieved by forced fitting of Tygon tubing (R-3603). Polarization 
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curves are created during operation of the cells by measuring the voltage across 

external resistors directly connected with the electrical contacts of the cells, using 8 

resistors ranging from 82 kΩ to 10 Ω [37]. The current generated by the cell is monitored 

until a steady reading is achieved (30 ~ 40 seconds, depending on the flow rate). Two 

flow rates (10 μL min-1 and 300 μL min-1) are chosen to investigate a low and a high flow 

rate regime, respectively. The current density and power density in the polarization 

curves are based on the top surface area of each electrode. For fair comparison with the 

formerly reported fuel cell data, electrode volume specific parameters are also 

considered and discussed in section 4.2.2. Complete cell EIS (Electrochemical 

Impedance Spectroscopy) measurements are performed using an FRA (Frequency 

Response Analyzer) capable potentiostat (Reference 3000, Gamry Instrument). Nyquist 

plots are recorded at the open circuit cell voltage and at a flow rate of 100 µL min-1, by 

applying an AC amplitude of 100 mV rms over the frequency range from 100 kHz to 10 

Hz. 

4.1.7. Numerical Model 

A three-dimensional computational fluid dynamics (CFD) simulation is performed 

to investigate the flow distribution of the 150 µm channel height fuel cell, using a 

commercially available code, Fluent (ANSYS). The incompressible equations for 

continuity and momentum conservation are solved for the flow in the regions outside the 

porous electrodes, while the pressure drop across the porous electrodes is calculated 

using the well-known Darcy’s law [25]. From a fluid dynamics point of view, the baseline 

and the current collector cells are considered identical since the thin film current collector 

is only 400 nm thick, i.e., less than 0.3% of the channel height. The density and viscosity 

of vanadium electrolyte are specified as working fluid properties. For porous media, a 

porosity value under compression (εc) is calculated from [38]:   

𝜀𝑐 =  𝜀𝑜−𝑐
1−𝑐

 (14) 

where εo is the uncompressed porosity and c is the linear compression ratio 

given by: 



 

36 

𝑐 = 1 − 𝑡𝑐
𝑡𝑜

 (15) 

Assuming a constant electrode thickness (to = 180 μm, measured) and a uniform 

channel height (tc = 148.3 μm, measured), the linear compression ratio is 0.176 and the 

porosity value under compression is approximately 0.73. The parameters and material 

properties specified in the simulation are listed in Table 4. A mesh independence study 

is performed and a mesh size of 333,500 elements is selected. 

Table 4. Parameters and material properties used in the numerical simulation. 

Quantity Symbol Value Unit Source 

Volumetric flow rate Q 10 and 300 µL min-1 Measured 
Electrode length L 12 mm Designed 
Electrode width W 1 mm Designed 

Center channel width wc 1 mm Designed 
Electrolyte density ρ 1,200 kg m-3 [25] 

Electrolyte viscosity μ 0.008 Pa s [25] 
Electrode thickness to 180 µm Measured 

Channel height tc 148.3 µm Measured 
Porosity εo 0.78  [39] 

Compressed porosity εc 0.73  Calculated 
Permeability K 1.28 × 10-11 m2 [40] 

Viscous resistance K-1 7.8 × 1010 m-2 [41] 
Inertial resistance Rinertial 1.08 × 105 m-1 [41]  

 

4.2. Results and Discussions 

In this work, a chip-embedded thin film current collector is proposed to mitigate 

the relatively large contact resistances previously reported for microfluidic fuel cells with 

porous electrodes [13, 25]. To demonstrate this novel concept, vanadium fueled flow-

through microfluidic fuel cell prototypes with three different electrode structures are 

fabricated and tested: a carbon paper cell without current collector (baseline), a carbon 
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paper cell with current collector (CC-I), and a micro porous layer coated carbon paper 

cell with current collector (CC-II). The two cells with current collectors are both expected 

to enhance the electrical contact with the porous electrodes, while the MPL coated 

carbon paper (CC-II) had a smoother surface intended to further promote the physical 

contact area. The SU-8 master and the obtained microchannel height are carefully 

monitored during fabrication to minimize any uncertainty associated with height 

variations. A slight compression of the electrode is intended for ensuring a solid and 

uniform contact between the electrode and the current collector to compensate channel 

height variations, if any. In addition, non-uniform flow distributions from unwanted flow 

short-cuts over or under the porous electrodes are eliminated. The measured 

dimensions of the master and the three cells are listed in Table 5. The volume specific 

current/power densities are calculated using the measured height data combined with 

the actual electrode widths. It is noteworthy that all three cells discussed in this paper 

are fabricated from the same master and therefore had identical channel heights.  

Table 5. Measured master height and electrode widths of the three fuel cell 
prototypes. 

 Master height 
[μm] 

Electrode width (anode/cathode) [mm] 
Baseline CC-I CC-II 

Position 1 144.5 1.048/1.023 1.027/1.072 1.020/0.980 

Position 2 148 1.048/1.000 1.029/1.047 1.038/0.980 

Position 3 152.5 1.038/0.990 1.042/1.010 N/A 

Average 148.3 1.024 1.038 1.004 

 

4.2.1. Flow Distribution 

To assist in the evaluation of the new current collector cells, the flow distribution 

of the proposed microfluidic fuel cell architecture is first simulated using the three-

dimensional numerical framework detailed in section 4.1.7. The cell geometry used in 

the simulations is ideal in the sense that the channel height and compressed electrode 

thickness are uniform (150 µm), as desired. The pressure distribution in the mid-plane of 

the cell at 10 µL min-1 flow rate is shown in Figure 14. The pressure contours within the 
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porous electrode are almost parallel with the long edges of the electrodes and relatively 

dense, implying that the major pressure drops occurred across the electrodes, which 

contributed 43.7% of the total pressure drop from inlet to outlet. The pressure drop 

across the porous electrodes is validated by Darcy’s law with a fairly good agreement 

(less than 10% deviation). The pumping power required to maintain the flow rates is 

calculated by [25]: 

𝑃𝑝𝑜𝑤𝑒𝑟 = 2 𝛥𝑃 × 𝑄 (16) 

where ΔP is the simulated pressure drop across the cell and Q is the volumetric 

flow rate. The calculated pumping power for 300 μL min-1 is 2.02 × 10-2 mW, merely 0.4% 

of the expected power output of the fuel cell. For 10 μL min-1 operation, the required 

pumping power is even less. 

 

Figure 14. Pressure contours at the mid-plane of the fuel cell obtained by 
numerical simulations at 10 μL min-1 flow rate (unit: [Pa]). 
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Figure 15. Pathlines colored by velocity magnitudes in the mid-plane of the fuel 
cell obtained by numerical simulations at 10 μL min-1 (Unit: [m s-1]). 

Note that the dashed ovals indicate stagnation zones. 

Figure 15 shows a pathline plot colored by velocity magnitudes in the cell at 10 

µL min-1 flow rate. The velocity magnitudes in the center channel increased gradually 

towards the outlet, indicating that the mixing width between the fuel and oxidant streams 

actually decreased along the center channel due to the convectional effects [25]. 

Another important observation is that the electrolytes entered the porous electrodes 

orthogonally, where the velocity magnitude is only about 5% of the maximum velocity in 

the center channel due to the relatively large cross-sectional area in the orthogonal 

direction compared to that of the center channel. Thus, the flow in the porous electrodes 

is expected to be uniform while mixing in the center channel is minimized. The 

calculated maximum Reynolds numbers near the cell outlet are 0.0145 and 0.437 for 10 

μL min-1 and 300 μL min-1, respectively. In addition, the dashed ovals in Figure 15 

indicate stagnation regions where the electrolyte streams become stagnant at near zero 
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velocities. The overall findings of the flow simulations are consistent with our visual 

observations during operation of the cells, which indicates that the actual flow 

distribution in the cells is indeed uniform, as anticipated.  

4.2.2. Polarization and Power Density 

4.2.2.1. Effect of Current Collector 

This section presents a direct comparison of the measured polarization curves 

for the baseline microfluidic fuel cell and the equivalent cell with chip-embedded thin film 

current collector (denoted as CC-I). As mentioned, the baseline and CC-I cells have 

identical channel dimensions (approximately 148 μm high) since they are built from the 

same master mold and identical porous electrodes originating from the same sheet of 

carbon paper material; thus, the only notable difference between these two cells is the 

presence of the thin film current collector in CC-I. The comparison of polarization curves 

for both cells is shown in Figure 16. At the low flow rate (10 μL min-1) in Figure 16 (a), 

the tail of the polarization curves gradually dropped, which is indicative of a mass 

transport limited performance. Since the fuel cell operation is dominated by fuel/oxidant 

supply rates, the gain from reducing contact resistances is marginal: the peak power 

density is increased by 25% from 37.6 to 47.1 mW cm-2. For 300 μL min-1, as shown in 

Figure 16 (b), the performance improvements attributed to the embedded current 

collectors are much greater, since the polarization is primarily controlled by the 

combined ohmic cell resistance at high flow rates [27]. It is noteworthy that the voltage 

loss associated with ohmic resistance is proportional to the current density, and 

therefore becomes more significant during operation at high flow rates where higher 

currents are obtained. 
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Figure 16. A comparison of polarization curves for the current collector I (CC-I), 

baseline, and current collector II (CC-II) cells: (a) 10 μL min-1; and (b) 
300 μL min-1. 

 

Figure 17 shows the power density comparison for 300 μL min-1. The peak power 

density is improved from 52 to 93 mW cm-2 by adding current collectors, corresponding 

to a 79% net increase. For fair comparison with the formerly reported fuel cell data, 

(a) 

(b) 
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electrode volume specific parameters are also considered, as presented in Figure 17 (b). 

The measured channel height and electrode widths from Table 5 are multiplied by the 

length (12 mm) to calculate the total electrode volumes for each cell used for volumetric 

normalization of current and power. The CC-I cell achieves a volume specific peak 

power density of 6.2 W cm-3, which is to the authors’ knowledge the highest microfluidic 

fuel cell performance published to date. It compares favorably to the baseline cell of this 

study (3.5 W cm-3) and the previously reported record of 4.37 W cm-3 with 300 µm thick 

electrodes, normalized from 131 mW cm-2 [13]. Three CC-I cells are built and tested on 

different days and the maximum deviation in the polarization curves is less than 3.5%. 

The improvements in cell polarization attributed to the current collectors are 

mainly featured by a net reduction in the overall slope of the curve. While the slope of a 

polarization curve represents the combined effect of activation overpotentials, mass 

transport, and overall cell resistances, the slope in the central, linear portion is 

commonly dominated by ohmic voltage losses that are proportional to the current density 

[27]. In our case, since the electrolytes, their supply rates, and electrode dimensions are 

considered identical for both cells, we assumed that the activation overpotentials and 

mass transport losses are the same and that the only contribution toward the net slope 

changes is attributed to a contact resistance decoupled from the combined loss. 
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Figure 17. Power density of the baseline and current collector I (CC-I) cells at 

300 μL min-1 flow rate: (a) area specific power density curves [mW 
cm-2]; and (b) volume specific power density curves [W cm-3]. 

 

 

 

 

(a) 

(b) 
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Figure 18 presents the slopes of the two polarization curves at 300 µL min-1, 

calculated by a linear fitting method. The baseline slope is 0.0071 (absolute value), while 

the CC-I curve had a slope of 0.0047, which indicated a 34% reduction in slopes. It is 

worthwhile to mention that this 34% slope decrement had a positive effect on both the 

overall cell currents by means of reduced ohmic resistance and the overall cell potential 

by means of reduced ohmic voltage loss, resulting in a 79% combined improvement in 

peak power density.  

 
Figure 18. Linear fits to the central part of the polarization curves of the 

baseline and first current collector cells measured at 300 µL min-1. 

4.2.2.2. Effect of Micro Porous Layer 

The second current collector cell built and analyzed in this study (denoted as CC-

II) has the same channel dimensions as the baseline and first current collector cell (CC-

I). The unique aspect of CC-II is that its electrodes are made of micro porous layer (MPL) 

coated carbon paper. Since the MPL side has much smoother surface, more surface 

area for contacts could be available and therefore less contact resistances to the thin 

film current collectors are expected. However, the measured performance of the CC-II 

cell is even lower than that of the baseline, as demonstrated by the orange polarization 

curves in Figure 16. We believe that the hydrophobic nature of the 

polytetrafluoroethylene (PTFE) coating included in this electrode material caused 
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incomplete saturation of the porous medium, resulting in non-uniform flow distribution 

and reduced utilization of active reaction area. In addition, it is suspected that the PTFE 

coating had a negative impact on the through-plane conductivity and contact resistance 

and thereby hindered electron transfers to the current collector. Our EIS measurements 

(to be discussed in the following section) support this argument. 

4.2.2.3. Overall Cell Resistance Measurements 

In order to measure the overall ohmic cell resistances including contact 

resistances, a well-known technique in electrochemistry, Electrochemical Impedance 

Spectroscopy (EIS), is adopted. Figure 19 shows an equivalent circuit representation of 

the complete microfluidic fuel cell system. The superscripts A and C denote anode and 

cathode, respectively.  

 
Figure 19. EIS-based equivalent circuit representation of the microfluidic fuel 

cell [42]. 

Double layer capacitances are labeled as Cdl, while Rct represents a charge 

transfer or Faradaic resistance. The contact resistances between the electrodes and 

external wires are Rcontact, while Rs stands for a combined ionic resistance from solution 

and electronic resistance from electrodes. Warburg impedance is denoted as W, which 

represents diffusion and mass transport resistances. At high frequency excitations, the 

double layer impedance is very low and short circuits the charge transfer branch. This 

implies that the first real-axis intercept point in the Nyquist plot from EIS measurements 

indicates the sum of Rs and Rcontact. On the other hand, at low frequencies, the double 

layer impedance is large and the current flows mostly through the charge transfer branch, 
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resulting in a more complex combination of all the resistances: Rcontact, Rs, Rct, and W 

[42]. For the purpose of the current study, the high frequency impedances (Rs and Rcontact) 

are compared to quantify the changes in contact resistances between cells.  

 
Figure 20. Nyquist plots measured by EIS of the baseline and first current 

collector (CC-I) cells. 

Note that the arrows point to the high frequency real-axis intercepts used to determine the overall 
ohmic cell resistance. 

Figure 20 shows a comparison of Nyquist plots from EIS measurements obtained 

for the baseline and CC-I cells. For the baseline cell, the sum of Rs and Rcontact value is 

24.5 Ω, while the corresponding value for the CC-I cell is 16.6 Ω, i.e., 7.9 Ω lower than 

the baseline cell. The net decrement of 7.9 Ω can be interpreted as the net reduction of 

contact resistances by the current collector, since the only difference between the two 

cells is the addition of the current collectors in CC-I. The electrolytes and carbon paper 

electrodes are identical and the geometrical dimensions are the same for both cells, 

except for a minor variation in electrode widths of 2%. Therefore, the net contact 

resistance decrement of 7.9 Ω indicates a 32% (out of 24.5 Ω) decrease in overall ohmic 

cell resistance. This result is in good agreement with the net polarization curve slope 

reduction of 34%, as described in section 4.2.2.1, and effectively results in a 79% 

increment in power density. The measured value for CC-II is approximately 30 Ω, which 
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verifies that the PTFE component has a negative impact on the through-plane 

conductivity and contact resistance, and consequently the overall performance of the cell.  

4.3. Conclusions 

In this work, a chip-embedded thin film current collector for vanadium fueled 

microfluidic fuel cells with porous electrodes is proposed, fabricated, and tested. Two 

porous electrode materials are investigated: i) carbon paper for the baseline and first 

current collector (CC-I) cells; and ii) micro porous layer (MPL) coated carbon paper for 

the second current collector (CC-II) cell. Compared to the baseline, the current collectors 

incorporated in the CC-I cell results in a peak power density improvement from 52 to 93 

mW cm-2, corresponding to a 79% net increase. This drastic performance boost is 

attributed to a net decrement of 7.9 Ω in contact resistances, quantified by a negative 

shift in the high frequency impedance measured by EIS. The reduction in overall ohmic 

cell resistance associated with the current collectors is comparable to the net reduction 

in polarization curve slope in the central, linear portion of the curve. The CC-I cell 

achieved a volume specific peak power density of 6.2 W cm-3, which compares favorably 

to all previously reported microfluidic fuel cell devices. 

A carbon paper coated with an MPL is also evaluated as a potential strategy to 

enhance the contact area and uniformity of the porous carbon / current collector 

interface in the CC-II cell. The overall performance of CC-II is however found to be 

substantially lower than that of the baseline. Provided that the MPL-coated carbon paper 

contained a significant amount of PTFE as a structural binder and hydrophobicity agent, 

we expect that the electrode does not wet completely, resulting in reduced utilization of 

active reaction area and non-uniform flow distribution inside the electrodes. The PTFE 

coating is also verified to have a negative impact on the through-plane electrical 

conductivity of the bulk paper as well as the electrical contact resistance at the porous 

carbon / current collector interface. We anticipate that non-PTFE treated porous media 

with smoother surfaces would be a more suitable choice in this context.  
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5. Electrochemical Characteristics of Vanadium 
Redox Reactions on Porous Carbon 
Electrodes 

In this chapter, the electrochemical characteristics of the vanadium redox 

reactions are investigated on commonly used porous carbon paper electrodes and 

compared to a standard solid graphite electrode as baseline. Half-cell electrochemical 

impedance spectroscopy is applied to measure the overall ohmic resistance and 

resistivity of the electrodes. Kinetic parameters for both V(II) and V(V) discharging 

reactions are extracted from Tafel plots and compared for the different electrodes. Cyclic 

voltammetry techniques reveal that the redox reactions are irreversible and that the 

magnitudes of peak current density vary significantly for each electrode. The obtained 

kinetic parameters for the carbon paper are implemented into a numerical simulation and 

the results show a good agreement with measured polarization curves from operation of 

a microfluidic vanadium redox fuel cell employing the same material as flow-through 

porous electrodes. Recommendations for microfluidic fuel cell design and operation are 

provided based on the measured trends. 

5.1. Introduction 

An in-depth fundamental understanding of the electrochemical characteristics of 

the vanadium redox reactions is essential for further development of such microfluidic 

fuel cell devices. There is extensive literature available for large-scale vanadium redox 

batteries employing the same set of reactants [43, 44]. It was late 1970s when the 

NASA-Lewis Research Center was involved in the development of a complete redox 

energy storage system based on Fe(III)/(II) and Cr(III)/(II) couples [20, 21]. They also 

conducted an initial screening of a large number of redox couple/electrode combinations 

including V(II)/V(III). Vanadium (symbol is V and atomic number is 23) is a hard, silvery 
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gray, ductile and malleable transition metal. A significant swell of research activities in 

this area was spurred by the discovery of an unusually high cycle efficiency obtained 

with this redox couple [22, 23]. The electrochemical behavior of the V(II)/V(III) redox 

couple on glassy carbon electrodes was first investigated by Dr. Skyllas-Kazacos’ 

research group at University of New South Wales [22]. The oxidation/reduction rates (ko) 

at pH 4 were experimentally obtained and a general trend in ko with pH was observed. A 

positive half-cell with V(IV)/V(V) at glassy carbon and gold electrodes was investigated 

by the same group [23]. It was claimed that the electrochemical behavior was strongly 

dependent on the surface preparation of the glassy carbon electrode. Later, the 

vanadium electrolyte stability in sulfuric acid solution was studied at various 

temperatures and at different compositions [45]. A H2SO4 concentration of 3 ~ 4 M was 

found to be more stable and suitable due to higher electrolyte conductivity. The diffusion 

coefficient of V(IV) with graphite electrodes was experimentally estimated by Zhong et al. 

[46]. For V(IV) oxidation, the exchange current density (io) and transfer coefficient (α) 

were also obtained. More recently, Gattrell et al. [24] examined a detailed kinetic 

mechanism of the V(V)/V(VI) redox couple in acidic aqueous solutions. A multistep of 

electrochemical-chemical-chemical reactions was analytically modeled with varying pH 

and vanadium concentrations. The analytical model was compared with experiments in 

which a rotating disk graphite electrode was used and showed a good agreement at 

various pH levels and concentrations of vanadium. The standard rate constants for 

vanadium redox species at a pyrolytic graphite and a plastic formed carbon (PFC) were 

experimentally determined by Yamamura et al. [47]. 

As mentioned, while some kinetic and diffusion parameters are available in the 

literature for conventional scale vanadium redox batteries, no studies have been 

performed to date on the specific electrode materials employed for vanadium redox 

based microfluidic fuel cells. Moreover, most previous investigations were focused on 

planar electrodes such as rotating disk electrodes and did not consider porous carbon 

electrodes. The objective of the current work is to investigate the electrochemical 

characteristics of the vanadium redox reactions on carbon based electrodes commonly 

employed in microfluidic fuel cells. The following three materials are considered: (i) 

graphite rod; (ii) carbon paper; and (iii) wet-proofed carbon paper. The emphasis is on 

the porous carbon paper electrodes and their performance advantages in relation to the 
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solid graphite rod electrode. The carbon paper (ii) is physically employed in a vanadium 

redox fueled microfluidic fuel cell configuration and the cell performance is compared 

with a numerical simulation in which newly obtained kinetic parameters are specified.   

5.2. Methodology 

5.2.1. Electrode Materials 

A graphite rod, which is used here as a solid baseline electrode, and two porous 

carbon based materials are investigated and characterized experimentally. The graphite 

rod is a cylindrical mechanical pencil lead with 0.58 mm diameter (Pentel, C505). The 

first porous carbon material is a commonly employed carbon paper without hydrophobic 

components (TGPH-060, Toray), which allows liquid electrolytes to fully saturate and 

flow through the pores with low capillary resistances. The second porous material is a 

carbon paper immersed in 19% wt. of polytetrafluoroethylene (PTFE, also known as 

Teflon) that attributes hydrophobic properties and is primarily used for water 

management purposes in polymer electrolyte fuel cells. This wet-proofed carbon paper 

is intended to examine the influence of wettability on its electrochemical behavior. As 

indicated by the SEM images of the two porous carbon materials shown in Figure 21, 

their structures are almost identical, exhibiting a compactly fused electrically conductive 

fibrous matrix with a range of microscale pores open to the flow of electrolyte. Moreover, 

a conformal layer of PTFE is observed in the wet-proofed carbon paper in Figure 21 (b). 
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Figure 21. Scanning electron micrographs of the two porous carbon papers 
studied in this work: (a) regular carbon paper; and (b) wet-proofed 
carbon paper with 19% wt. PTFE. 

(a) 

(b) 
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5.2.2. Vanadium Redox Electrolytes 

Microfluidic vanadium redox fuel cell operation is based on the following anodic 

and cathodic reactions at 298 K [28]: 

𝑉3+  + 𝑒−  ⇄  𝑉2+                                  𝐸𝑜 =  −0.496 𝑉 𝑣𝑠. 𝑆𝐶𝐸 (17) 

𝑉𝑂2+ + 2𝐻+ +  𝑒−  ⇄ 𝑉𝑂2+ +  𝐻2𝑂         𝐸𝑜 = 0.750 𝑉 𝑣𝑠. 𝑆𝐶𝐸 (18) 

2 M vanadium redox electrolyte solutions are prepared from stock electrolyte in 4 

M sulfuric acid base according to a previously described procedure [13]. The solution 

(50/50, V(III)/V(IV)) is recharged by an in-house charger [33] to produce V(II) and V(V) 

that are used as anolyte and catholyte, respectively. In the present study, oxidation of 

V(II) to V(III) is of interest at anode side, while reduction of V(V) to V(IV) is examined at 

cathode side. The electrolyte concentrations tested in this work are 92% (equivalent to 

1.84 M) or higher and the measurements are taken at room temperature. 

5.2.3. Electrochemical Cell Experiments 

For the main electrochemical study in this work, a simple, low-cost, standard 

three-electrode electrochemical cell configuration is assembled. The three carbon based 

electrodes in this experiment are prepared as the stationary working electrode: (i) 18mm 

long, 0.58 mm diameter graphite rod; (ii) and (iii) 18 mm long, 1 mm wide, and 0.18 mm 

thick carbon paper and wet-proofed carbon paper, respectively. The carbon paper 

dimensions are intended to be identical to the size of the porous electrodes used in the 

microfluidic fuel cell previously developed in our group [48]. Toothless alligator clips are 

used to connect these carbon electrodes with electrical leads for data acquisition and 

control. As the counter electrode, a graphite plate (10 × 20 × 3 mm) is cut to ensure a 

much larger surface area than the working electrode. All the electrode potentials 

including the open circuit potential (OCP) are measured against a saturated calomel 

electrode (SCE, Fisher Scientific). The electrolytes are agitated by a magnetic stirrer 

(Corning, PC-220) which is located 3 cm away from the working electrode at the bottom 

of the container to minimize mass transport limiting effects. The rotational speed 

dependence is evaluated prior to the main experiments. As shown in Figure 22, a 
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significant jump in electrical currents is observed from stirring speed 0 to 380 rpm, 

indicative of mass transport limited case. At 380 rpm or higher, the current response is 

almost saturated without a noticeable change in output, and therefore, an optimal speed 

of 380 rpm is finally chosen. In order to minimize unwanted oxidation of V(II) in ambient 

air, the container is sealed (PARAFILM) and nitrogen is continuously purged during 

experiments. For V(V) measurements, the sealing and nitrogen purge are not required, 

as V(V) does not oxidize with oxygen in the air. 

 
Figure 22. Raw data of stirrer rotational speed dependence for V(V) reduction 

on regular carbon paper at no rotation, 185 rpm, and 380 rpm.  

A frequency response analyzer (FRA) capable potentiostat (Reference 3000, 

Gamry Instruments) is utilized to control and operate the electrochemical cell 

measurements, including half-cell EIS, Tafel, and CV measurements as detailed in the 

following subsections. For EIS and CV experiments, the agitation is removed to impose 

a pure diffusion condition. The current densities reported in the Tafel and CV analyses 

are calculated based on the submerged geometrical surface area of the electrodes. All 

measurements are repeated at least three times to ensure that the results are 

repeatable and consistent. 
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5.2.3.1. Half-cell Electrochemical Impedance Spectroscopy 

The overall ohmic resistance of each electrode material is determined by half-cell 

electrochemical impedance spectroscopy (EIS). In the EIS measurements, a small 

sinusoidal perturbation potential is applied to the electrode-electrolyte interface, and the 

resulting amperometric response is recorded [Schmickler]. For the purpose of this study, 

the first real-axis intercept points, denoted as Rs, at the highest frequency for each 

carbon electrode are measured in V(V) solution with AC amplitude of 10 mV rms over 

the frequency range from 100 kHz to 10 Hz (at OCP ≈ 0.956 V vs. SCE). The resistivity 

value of the carbon paper is calculated from the obtained Rs values using Ohm’s law and 

its dimensions (18 × 1 × 0.18 mm). 

5.2.3.2. Tafel Analysis 

Tafel curves serve as a primary tool in analyzing and quantifying the 

electrochemical kinetics of the vanadium redox reactions on the three selected carbon 

electrode materials. Fabjan et al. [29] reported experimentally that a single electron 

transfer was the rate determining step in the vanadium redox kinetics. Several earlier 

modeling efforts [30, 31] of vanadium redox batteries also confirmed that the cell 

performance was adequately captured by the Butler-Volmer equation. The two main 

assumptions made for this experimental study are listed below: 

• The vanadium redox reactions are assumed to be outer-sphere reactions. All 

solvation  shells in the reactant species are intact and only electron transfer 

reactions are of interest. 

• Uniform distributions of reactants and well-stirred solutions are assumed. Therefore, 

mass transport limitations are neglected, i.e., the rate of convection and diffusion 

from bulk to surface is much faster than the reaction rates, and bulk and surface 

concentrations are equal. 

For large overpotentials (η > 80 mV), the Tafel curve, where logarithm of current 

densities are plotted against η, yields a straight line [42]. If η is positive (oxidation of 

V(II)), the simplified Butler-Volmer equation can be written as:  

𝑙𝑜𝑔10(𝑗) =  𝑙𝑜𝑔10(𝑗𝑜)  +  𝛼𝐹
2.3𝑅𝑇

𝜂 (19) 
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When η is negative (reduction of V(V)), the alternate exponential term in the 

Butler-Volmer equation is negligible and this leads to: 

𝑙𝑜𝑔10�│𝑗│� =  𝑙𝑜𝑔10�│𝑗𝑜│�  −  (1−𝛼)𝐹
2.3𝑅𝑇

𝜂 (20) 

In the present study, a linear sweep voltammetry at a slow, constant scan rate of 

0.1 mV s-1 is employed to create the Tafel plots. The overpotential range of 0 ~ 200 mV 

is chosen to ensure that the linear region can be adequately observed in the Tafel plots. 

Using these Tafel plots and Equations (19-20), the charge transfer coefficient α can be 

extracted from the slope of the linear regression line and the exchange current density jo 

from the y-intercept point with the ordinate of the linear fit.   

5.2.3.3. Cyclic Voltammetry 

Cyclic voltammetry (CV) is used in this study to investigate the reversibility of the 

vanadium redox kinetics and the diffusion characteristics of vanadium redox species in 

solution. The peak current density jp and scan rate ν is related by [49]: 

𝑗𝑝 = (2.99 × 105)𝛼0.5𝑐𝑜𝑏𝑢𝑙𝑘 𝐷𝑜0.5 𝜈0.5 (21) 

where co
bulk is the bulk concentration of reactant species and Do is the diffusion 

coefficient. With measured jp, co
bulk, and v, Equation (5) is used in this study to estimate 

the diffusion coefficients of V(II) and V(V). 

For V(V)/V(IV) in this study, sweep rates of 10, 50, and 100 mV s-1 are selected 

within a potential range of 0.4 ~ 1.5 V; and for V(II)/V(III), 5, 10, and 50 mV s-1 with a 

potential range of  -1.1 ~ -0.02 V are used. Prior to the CV measurements, the open 

circuit potential is measured to identify the equilibrium point for the two electrolytes: 0.96 

V for V(V)/V(IV) and -0.57 V for V(II)/V(III). As mentioned, the V(II)/V(III) cell is properly 

sealed during the test to minimize its unwanted oxidation in the air.  

5.2.4. Microfluidic Vandium Redox Fuel Cell 

A microfluidic fuel cell with flow-through porous electrodes [13], incorporating 

regular carbon paper as electrodes, is fabricated and operated using vanadium redox 
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electrolyte to evaluate the electrochemical characteristics of the vanadium redox 

reactions in situ during fuel cell operation and compare to the electrochemical cell 

measurements. As reported previously by our group [13, 16, 48], the microfluidic 

vanadium redox fuel cell with flow-through porous electrodes consists of two separate 

flow inlet ports and one common outlet port as illustrated schematically in Figure 2 

(Chapter 1). The fuel, V(II), and oxidant, V(V), solutions are fed into the inlet ports and 

directed through the porous electrodes embedded in the microfluidic channel. Carbon 

paper is cut and inserted as porous electrodes with active dimensions of 12 × 1 × 0.18 

mm. Fuel cell polarization curves are measured as described previously [48] at a flow 

rate of 10 μL min-1. 

5.2.5. Numerical Simulation 

A numerical simulation of microfluidic fuel cell operation is conducted to link the 

fuel cell performance measurements to the parameters extracted from the 

electrochemical cell measurements. This simulation is based on a comprehensive 

numerical model previously developed and customized by our group for the flow-through 

porous electrode architecture [25]. The numerical model for the fuel cell in this study is 

based on conservation of mass, momentum, species, and charge coupled with 

electrochemical kinetics using a commercially available multiphysics software package 

(COMSOL Multiphysics 4.0a). In short, the pressure drop across the electrodes is 

calculated using Darcy’s law, while the incompressible equations for continuity and 

momentum conservation are used for the flow in the non-porous regions [34]. The 

governing equations for species conservation and charge conservation in the carbon 

paper electrode and electrolyte are solved simultaneously. A simple electron transfer 

reaction is assumed and the complete Butler-Volmer equation, including surface to bulk 

concentration ratio terms, is solved to estimate the charge transfer current densities 

corresponding to the redox reactions [26, 27]. The rate of vanadium species transported 

to and from the electrode surface through the combined effect of convection and 

diffusion is estimated by an empirical relationship for mass transfer in carbon fiber 

electrodes [36]. Further details about the numerical model are available in reference [25], 

which was recently published by our group.  
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5.3. Results and Discussions 

Electrochemical cell measurements are conducted in V(II) and V(V) vanadium 

redox electrolyte using three different carbon materials as working electrode: (i) graphite 

rod; (ii) regular carbon paper; and (iii) wet-proofed carbon paper. The emphasis is on the 

two porous carbon paper electrodes and their performance compared to the solid 

graphite rod electrode. Experimental results from impedance testing, Tafel analysis, and 

cyclic voltammetry are reported and key observations and trends are discussed. 

Measured performance data are also provided for a vanadium redox fueled microfluidic 

fuel cell device, which employs (ii) regular carbon paper as electrodes, and compared 

with a numerical simulation in which newly obtained kinetic parameters are specified.   

5.3.1. Half-cell Impedance Analysis 

The ohmic resistance of each electrode material is estimated by half-cell 

electrochemical impedance spectroscopy (EIS) in V(V) solution. The first real-axis 

intercept point (Rs) in the obtained Nyquist plot is recorded as the combined ohmic 

resistance, which includes contact, solution, and electrode resistances. In order for fair 

comparison between the three carbon electrodes, all conditions are carefully controlled 

during the measurements, including electrolyte concentration, electrode dimension, and 

electrical connection. Therefore, the contact and solution resistances are constant, and 

the net differential values between the different electrodes can be used to compare their 

resistive properties. If assumed the sum of contact and solution resistances to be 

approximately 1 Ω and subtracted from the measured Rs, then the net electrode 

resistances (Rnet) are: 1.7 Ω, 6.1 Ω, and 12.2 Ω for graphite rod, regular carbon paper, 

and wet-proofed carbon paper, respectively. Regular carbon paper, comprising a highly 

porous, low-density network of carbon fibers through which electrons are conducted, is 

found to have 4.4 Ω higher ohmic resistance than the graphite rod and thus significantly 

lower electrical conductivity. The resistivity of the regular carbon paper calculated using 

the net electrode resistance and its dimensions is 6.1 × 10-3 Ω cm, which is in good 

agreement with the manufacturer’s specification of 5.8 × 10-3 Ω cm [39]. The resistivity 

values of the graphite rod and the wet-proofed carbon paper are estimated to 2.5 × 10-3 

Ω cm and 12.2 × 10-3 Ω cm, respectively (Figure 23). 
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Figure 23. Net resistivity values of the three carbon electrodes estimated from 

half-cell EIS. 

Furthermore, the wet-proofed carbon paper is found to have almost five-fold 

higher resistivity than the graphite rod, and double the resistivity of the bare carbon 

paper. It is anticipated that the non-conductive Teflon component introduces a negative 

impact on the through-plane conductivity and contact resistance present in these 

measurements as well as in actual fuel cells, which is consistent with a complete fuel cell 

EIS measurement reported previously by our group [48]: the total resistance of a cell 

with wet-proofed electrodes was 81% higher than the baseline cell which employed 

regular carbon paper. On the device level, these results indicate that regular carbon 

paper is preferred to wet-proofed media and support the application of embedded 

current collectors to mitigate the reduced conductivity of the porous media and 

overcome their intrinsic ohmic overpotentials [48]. 

5.3.2. Kinetic Parameters from Tafel nalysis 

A comprehensive Tafel analysis is conducted in both V(II) and V(V) solutions to 

determine the electrochemical kinetic parameters of the vanadium redox reactions with 

respect to the three carbon electrodes. The results are provided in Figure 24 for (a) V(V)  
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Figure 24. IR compensated Tafel plots for the three electrodes materials: (a) 
V(V) reduction; and (b) V(II) oxidation. 

Note that the linear regression lines for the graphite rod are shown by dashed lines with 
corresponding equations. 

(a) 

(b) 
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reduction and (b) V(II) oxidation. The kinetic and ohmic overpotentials are decoupled in 

the Tafel plots by IR compensation of the overall ohmic resistances, Rs, measured in the 

previous section. The actual impact of the IR compensation is negligible for the graphite 

rod and the regular carbon paper electrodes due to the relatively low ohmic resistances; 

however, for the wet-proofed carbon paper having the highest ohmic resistance, IR 

compensation is essential in order to obtain accurate kinetic parameters. The main 

observations from the IR compensated Tafel plots in Figure 24 are summarized below: 

• In general, V(V) reduction kinetics are faster than V(II) oxidation on all three carbon 

electrodes under study: the y-intercept points of V(V) in Figure 24 (a) are one order 

of magnitude higher than those of V(II) in Figure 24 (b). This trend is consistent with 

literature data obtained for solid glassy carbon electrodes in similar electrolytes [22, 

23, 50]. 

• For V(V) reduction in Figure 24 (a), the graphite rod and two porous carbon 

electrodes produce very similar Tafel curves, while for V(II) oxidation the graphite rod 

electrode shows notably lower current densities and therefore slower kinetics than 

the two porous carbon electrodes. This trend is confirmed by repetitive tests on three 

different days. Overall, porous carbon paper provides faster V(II) and V(V) kinetics 

than solid graphite electrodes, which is advantageous for microfluidic fuel cell 

integration. 

• The influence of PTFE treatment on the electrochemical kinetics is negligible for both 

V(V) and V(II) reactions. Therefore, depending on whether hydrophilic or 

hydrophobic electrode is required, either regular non-treated or PTFE-treated paper, 

respectively, can be chosen accordingly without compromising the vanadium redox 

kinetics. For microfluidic fuel cells with flow through configuration, the regular non-

treated carbon paper is generally beneficial since it allows liquid electrolytes to fully 

saturate and flow through the pores with low fluidic resistances. 

The exchange current density jo and charge transfer coefficient α are determined 

by the y-intercept and slope of the Tafel curves in Equations (19-20), followed by rate 

constant (ko) calculation [42]. The charge transfer coefficients α for each electrode 

material are shown in Figure 25, where the average and standard deviation of three 

repeated measurements are reported. 
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Figure 25. Charge transfer coefficients (α) determined from Tafel plots for the 

three electrode materials: (a) V(V) reduction; and (b) V(II) oxidation. 

 

For V(V), the α values for all three electrodes are close to 0.9 with relatively high 

degree of variability while for V(II) the values are ranging from 0.1 (wet-proofed paper) to 

0.3 (graphite rod), thus indicating that both V(V) reduction and V(II) oxidation under 

(a) 

(b) 
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present conditions are highly asymmetric reactions. The notably low α value for V(II) 

oxidation on the wet-proofed electrode can also be seen in Figure 24 (b) where the 

linear region slope of the wet-proofed electrode is lower than the others.  

The estimated rate constants ko from the Tafel curves are shown in Figure 26 for 

(a) V(V) reduction and (b) V(II) oxidation. As already observed in Figure 24, the general 

trend is that the exchange current densities and therefore the values of ko are higher for 

V(V) than those for V(II). More quantitatively, the ko values in Figure 26 (a) for V(V) are 

approximately one order of magnitude higher than in Figure 26 for V(II). Therefore, the 

rate determining half-cell reaction for vanadium redox fuel cell operation is V(II) oxidation, 

which is used as anode for the microfluidic fuel cells developed in our group. This is 

contrary to conventional PEM fuel cells where cathodic oxygen reduction is the rate 

determining half-cell, which is generally much slower than the rapid hydrogen oxidation 

at the anode. It is also noteworthy that the two porous electrodes offer a 3-4x 

improvement in V(II) oxidation rate constant compared to the graphite rod. 
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Figure 26. Estimated values of rate constants (ko) extracted from Tafel plots: (a) 

V(V) reduction; (b) V(II) oxidation. 

 

 

(a) 

(b) 
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5.3.3.  Cyclic Voltammetry Analysis 

Cyclic voltammetry (CV) is conducted to investigate the reversibility of the 

V(V)/V(IV) and V(II)/V(III) redox reactions on the three carbon electrodes. The obtained 

IR compensated voltammograms are presented in Figures. 27-29 for graphite rod, 

regular carbon paper, and wet-proofed carbon paper, respectively. The key observations 

are:  

• While the Tafel curves are very similar for all three electrodes especially for V(V) 

reduction, the CV curves for each electrode show significant variations, in terms of 

the magnitude and location of peak current densities. 

• In general, the peak potentials for all three electrodes are found to depend on the 

natural logarithm of scan rate and the peak separations, i.e., the potential difference 

between anodic and cathodic peaks, are much greater than 57 mV, which are two 

consistent indications of irreversible redox reactions. Furthermore, the peak 

separations of V(V)/V(IV) are narrower than those of V(II)/V(III). For example, the 

peak separation of V(V)/V(IV) with the graphite rod in Figure 27 (a) is 200-300 mV, 

while for V(II)/V(III) in Figure 27 (b) is around 800 mV. This tendency indicates that 

V(II)/V(III) redox chemistry is more irreversible than for the V(V)/V(IV) couple, and 

therefore has slower kinetic rates, which is consistent with the observations in the 

Tafel analysis in the previous section. 

• While the V(V)/V(IV) reactions produce distinctive peaks in all cases, it is notable that 

no significant peaks are observed for V(II)/V(III) reactions on the two porous carbon 

electrodes in the present potential range. It is anticipated that the V(V)/V(IV) 

reactions in Figures 28 (a) and 29 (a) are mass transport limited, resulting from the 

relatively high kinetic rates found in the Tafel analysis. On the other hand, the 

V(II)/V(III) reactions in Figures 28 (b) and 29 (b) are expected to be mainly limited by 

slow kinetics.   

 

 

 



 

65 

 

 

 
Figure 27. IR compensated cyclic voltammograms at the graphite rod in: (a) 

V(V)/V(IV); and (b) V(II)/(VIII). 

 

(a) 

(b) 
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Figure 28. IR compensated cyclic voltammograms at the regular carbon paper 

in: (a) V(V)/V(IV); and (b)V(II)/V(III). 

 

(a) 

(b) 
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Figure 29. IR compensated cyclic voltammograms at the wet-proofed carbon 

paper in: (a) V(V)/V(IV); and (b)V(II)/V(III). 

 

 

Given the peak current densities and peak potentials of V(II) oxidation on the 

graphite rod in Figure 27 (b), the diffusion coefficient of V(II) species is estimated using 

(a) 

(b) 
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Equation (21) and a linear fit with α = 0.29 (from Tafel analysis in Figure 25 (b)) and co
bulk 

= 1.89 M (corresponding to the initial bulk concentration of 94.5% V(II)). For V(V), the 

cathodic side of the CV curves in Figure 27 (a) is used with α = 0.89 (from Tafel analysis 

in Figure 25 (a)) and co
bulk = 1.84 M (corresponding to the initial bulk concentration of 92% 

V(V)). The calculated diffusion coefficients for V(V) and V(II) are Do
V

 = 1.30 × 10-6 and 

Do
II
 = 2.05 × 10-6 cm2 s-1, respectively. These results are consistent with previously 

reported data in the literature: Do
V

 = 1.1 ~ 1.41 × 10-6 [46, 50, 51]  and Do
II
 = 1.0 ~ 2.14  × 

10-6 cm2 s-1 [22, 50]. It is notable that the diffusion coefficient of V(II) in our case is 60% 

higher than that of V(V). On the microfluidic fuel cell device level, this characteristic may 

potentially contribute to rebalancing the two half-cells with respect to the favorable 

kinetics of V(V) reduction. 

5.3.4. Application of Measured Parameters for Fuel Cell Operation 
and Simulation 

The usefulness of the measured parameters is demonstrated by incorporation 

into a numerical model of the microfluidic vanadium redox fuel cell with flow-through 

porous electrodes [25]. The previously developed numerical model is based on 

conservation of mass, momentum, species, and charge coupled with electrochemical 

kinetics that governs the fuel cell operation. One major uncertainty associated with this 

model, expected to be responsible for previously noted discrepancies between simulated 

and measured performance data [25], is that the kinetic parameters were adopted from 

literature data for alternate carbon materials such as solid glassy carbon [22] or pyrolytic 

graphite [47] and electrolyte compositions different to those used in microfluidic fuel cells. 

The newly obtained parameters for porous carbon paper materials are expected to 

reduce the uncertainties in this context. The kinetic parameters specified in the previous 

model and the revised parameters obtained from our present study are compared in 

Table 6. 
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Table 6. Kinetic parameters specified in the numerical microfluidic fuel cell 
models. 

  Previous parameters Revised parameters 

V(V) 
ko [cm s-1] 6.80 × 10-5 [47]  6.36 × 10-5 

α 0.50 0.92 

V(II) 
ko [cm s-1] 1.70 × 10-5 [22] 5.54 × 10-6 

α 0.50 0.24 

 

The rate constants of regular carbon paper for V(V) and V(II) are reduced by 

6.5% and 67%, respectively, by incorporation of the newly measured parameters. In 

addition, the charge transfer coefficients for both V(V) and V(II) are changed significantly 

due to the non-symmetric characteristics observed in this study: 0.92 and 0.24, 

respectively. Note that the symmetry coefficients for V(V)/V(IV) reported in earlier 

literature are in a range of 0.7 ~ 0.73 [46], while for V(II)/V(III) they are 0.43 ~ 0.67 

according to reference [22]. We believe that the kinetic parameters are strongly 

dependent upon the surface condition of the electrodes and the redox electrolyte 

concentrations. The actual concentration of V(V) in the present study was 92% 

(equivalent to 1.84 M) or higher, implying that less than 8% of V(IV) existed in the 

solution, while a 50:50 mixture of V(V)/V(IV) and a glassy graphite electrode were used 

in reference [46]. Nevertheless, we carefully repeated our experiments on three different 

days with different electrolyte batches and electrode strips, and found the results to be 

highly consistent and repeatable. 

The simulated polarization curves obtained from the previous and revised 

numerical models are compared to measured data at a typical flow rate of 10 μL min -1 in 

Figure 30. The low current density regime is shown here to effectively highlight the 

activation (kinetic) overpotential region and the effect of the revised kinetic parameters. 

The revised model shows a significantly improved agreement with the experimental 

data. In contrast to the previous model, the revised model is able to accurately resolve 

the initial drop in cell potential normally associated with activation losses at the onset of 

current generation. The obtained parameters and general observations of this study can 
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thus be effectively employed for accurate device-level simulations, design, and 

optimization of new microfluidic fuel cell architectures.  

 
Figure 30. Polarization curves at 10 μL min-1 obtained from numerical 

simulations and measured performance of a microfluidic vanadium 
redox fuel cell with flow-through porous carbon paper electrodes 
[47].  

5.4. Conclusions 

The electrochemical characteristics of the vanadium redox reactions are 

investigated experimentally on three carbon based electrodes of relevance for 

microfluidic fuel cells: (i) graphite rod; (ii) carbon paper; and (iii) wet-proofed carbon 

paper (19% wt. PTFE content). The resistivity of the carbon paper, estimated based on 

half-cell impedance measurements, is found to be 2.4x higher than that of the graphite 

rod due to its highly porous structure, and increased further with PTFE content. Kinetic 

parameters, including exchange current density, charge transfer coefficient, and rate 

constant are determined for each electrode material. Tafel analysis reveals that V(V) 

reduction kinetics are faster than V(II) oxidation reactions on all three carbon electrodes. 

For V(V) reduction, the graphite rod and two porous carbon electrodes produce similar 

Tafel curves, while for V(II) oxidation the two porous carbon electrodes show notably 

higher current densities and therefore faster kinetics than the graphite rod electrode. The 
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influence of PTFE layer on electrochemical kinetics is however negligible for both V(V) 

and V(II) reactions. The estimated rate constants of V(V) reduction and V(II) oxidation on 

regular carbon paper are somewhat lower than for other carbonaceous materials 

reported in the literature. In addition, the charge transfer coefficients for both V(V) and 

V(II) reactions are more non-symmetric than in other studies. We believe that the kinetic 

parameters are strongly dependent upon the surface condition of the electrodes, the 

concentration of the vanadium redox species, and the supporting electrolyte (sulfuric 

acid) concentration. 

From the cyclic voltammograms, both half-cell redox reactions are determined to 

be irreversible. More specifically, the peak to peak separations for the V(V)/V(IV) couple 

are narrower than those of V(II)/V(III), indicating that the V(II)/V(III) redox reactions are 

more irreversible and therefore have slower kinetic rates. This trend is consistent with 

the Tafel analysis where the rate constants for the V(V) half-cell are found to be 

approximately one order of magnitude higher than for V(II). Finally, when applied in our 

previously established numerical microfluidic fuel cell model, the kinetic parameters of 

the carbon paper electrode produce a significantly improved agreement with 

experimentally measured fuel cell polarization curves. 

Several recommendations for microfluidic vanadium redox fuel cell design and 

operation can be made based on the results of this study. Porous carbon paper 

electrodes generally provide higher kinetic rates than the graphite rod electrodes. 

Porous carbon electrodes are thus advantageous in terms of both kinetic and mass 

transport rates when operated in the flow-through porous electrode configuration. 

However, the V(II) anode is still expected to be the performance-limiting half-cell and 

more advanced electrode materials would be required to reach the performance level of 

the V(V) cathode. It is also noteworthy that the resistivity of carbon paper is higher than 

for graphite rods and ohmic losses ought to be mitigated on the device-level by 

integration of current collectors. Although PTFE treatment of the electrodes did not 

negatively influence the kinetics, it is not recommended for liquid-based fuel cells due to 

compromised electrode saturation and increased ohmic losses. Reliable and accurate 

numerical models incorporating relevant empirical parameters such as those reported 

here are essential for further development of microfluidic fuel cell technologies. 
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6. Carbon Nanofoam as Electrodes for 
Microfluidic Fuel Cells 

Carbon nanofoam is a carbon-based, synthetic material that has cross-linked 

networks of nano-scale pores, enabling a significantly higher surface area than 

conventional carbon papers. In this chapter, the electrochemical properties of vanadium 

redox couples on the carbon nanofoam are investigated for its potential usage as flow-

through porous electrodes in microfluidic fuel cell devices. Kinetic parameters for both 

V(II) and V(V) discharging reactions are extracted from IR compensated Tafel plots and 

compared: the nanofoam shows superior kinetic characteristics to previously used 

carbon paper electrodes, offering a 9x rate constant improvement for V(II) oxidation, 

which is the performance limiting half-cell on the device level. The resistivity of the 

nanofoam is however 4x higher than for carbon paper, which contributes a negative 

impact during fuel cell operation. In addition, convective mass transport through the 

nano-scale pores is limited, thus preventing the net surface area from being fully utilized. 

Polarization curves obtained from microfluidic fuel cell operation with nanofoam 

electrodes are compared and discussed in conjunction with the key observations in the 

electrochemical measurements. Overall, carbon nanofoam electrodes are recommended 

for microfluidic fuel cell operation in the high cell voltage regime where the performance 

and efficiency are greatly enhanced. 

6.1. Introduction 

In the previous chapter, a comprehensive electrochemical study of the vanadium 

redox reactions on commonly used porous carbon paper (TGPH-060, Toray) electrodes 

was presented. Tafel analysis revealed that V(V) reduction kinetics were faster than V(II) 

oxidation reactions. In addition, for V(V) reduction, the carbon paper and solid graphite 

rod electrode produced similar Tafel curves, while for V(II) oxidation the carbon paper 
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showed notably higher current densities and therefore faster kinetics than the graphite 

rod electrode. The ohmic resistivity of the carbon paper, estimated based on impedance 

measurements, was found to be 3x higher than that of the graphite rod due to its highly 

porous structure. 

Developed at Lawrence Livermore National Laboratory [52], carbon aerogels are 

synthesized by the sol-gel polycondensation of resorcinol and formaldehyde, followed by 

supercritical drying and pyrolysis in an inert atmosphere. This innovative fabrication 

process yields unique carbon foams that are characterized by high porosity, high surface 

area, and ultrafine pore sizes (less than 50 nm) [53, 54]. The key advantage of carbon 

nanofoam as potential electrodes of electrochemical devices over conventional carbon 

papers is its extremely high surface area of 400-800 m2 g-1 [55], which is approximately 

2000x higher than the carbon paper having a mass specific area of 190 × 10-3 m2 g-1 

[25]. Snyder et al. evaluated commercialized carbon materials including the nanofoams 

for their potential use in multifunction energy storage applications [56]. It was claimed 

that the nanofoam demonstrated the best overall electrochemical performance, with 

capacities consistently achieving 135 mAh g-1 after 50 cycles and capacitances of 5–7 F 

g-1. Lytle et al.  [57] fabricated carbon nanofoam by infiltrating commercially available 

carbon paper (Toray) with phenolic resin. The polymer-filled paper was then dried and 

followed by pyrolysis to create electrically conductive sheets of ultraporous carbon 

structure.  

While reports on the electrochemical applications of carbon nanofoam material 

are available [54, 56, 57], no previous studies have considered the use of nanofoams in 

microfluidic fuel cells. The objective of the present study is to evaluate commercially 

available carbon nanofoam (from MarkeTech International) for its potential usage as 

electrodes in microfluidic vanadium redox fuel cells with flow-through porous electrode 

architecture. Electrochemical ex situ measurements of vanadium redox reactions on 

nanofoam electrodes, including impedance spectroscopy and Tafel analysis, are 

employed to investigate the ohmic and electrochemical properties of nanofoam in the 

context of the present application. Prototype microfluidic fuel cells featuring carbon 

nanofoams as electrodes are fabricated, tested, and evaluated relative to cells with 

conventional carbon paper electrodes. The obtained polarization curves are reviewed 
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and discussed with respect to the key observations in the electrochemical ex situ 

measurements.  

6.2. Methodology 

6.2.1. Electrode and Electrolyte Preparation 

Carbon nanofoam materials with and without heat treatment are examined and 

compared to the regular carbon paper that was reported previously [58]. The carbon 

nanofoam sheet (Type I, measured thickness ~ 180 μm) is supplied by MarkeTech 

International and was originally developed as an alternative electrode material to woven 

carbon cloth [59]. The heat-treated nanofoam is prepared by 1 second exposure of the 

nanofoam in a propane flame. Based on our preliminary observations, the heat-treated 

nanofoam shows significantly improved wettability and our intention is to investigate its 

impact on the electrochemical properties and fuel cell performance. Figure 31 shows 

scanning electron microscope (SEM) images of the nanofoam, featuring (a) top-down 

view and (b) cross-sectional view. Randomly distributed as back-bones, carbon fibers 

are interspersed with macro pores (10-30 μm in diameter) that have a crack-like 

appearance in the SEM images. It is noteworthy that the macro pores penetrate deeply 

in the through-plane direction (Figure 31(b)). Note also that no distinguishable 

differences are observed between non-treated and heat-treated nanofoams in the SEM 

analysis. Figure 32 shows a highly magnified SEM image of the region that is indicated 

by the red box in Figure 31(b). The nano-scale pores are randomly distributed in size 

and the average pore sizes are less than 100 nm. Therefore, compared to the macro 

pores, the nano pores are anticipated to have significantly higher flow resistances. 

As described in the Chapter 5, 2 M vanadium redox electrolyte solutions in 4 M 

sulfuric acid are prepared from stock electrolyte. V(II) and V(V) solutions are produced 

by an in-house charger by applying approximately 1.6 V across the anode and cathode. 

The main focus of the present study is the discharging branch of the vanadium redox 

reactions, comprising oxidation of V(II) to V(III) and reduction of  V(V) to V(IV). The 

active species concentrations used in this work are 92% (equivalent to 1.84 M) or higher 

and all measurements are recorded at room temperature. 
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Figure 31. Scanning electron microscope (SEM) images of the carbon 

nanofoam used in this study: (a) top view; and (b) cross section. 
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Figure 32. Highly magnified SEM image of the nanofoam region indicated by 

the red box in Figure 31(b). 

 

6.3. Ex Situ Measurements 

A standard three-electrode electrochemical cell controlled and operated by a 

frequency response analyzer (FRA) capable potentiostat (Reference 3000, Gamry 

Instruments) is employed for the ex situ measurements, as previously described in the 

section 5.2.3. The stationary working electrodes used in this case are (i) non-treated 

nanofoam and (ii) heat-treated nanofoam, which have the identical dimensions to the 

actual electrode prepared for microfluidic fuel cell integration: 18 mm long, 1 mm wide, 

and 0.18 mm thick [48]. Full details about the experimental setup and procedure can be 

found in [58].  

The overall ohmic resistance and resistivity of the nanofoam material are 

determined ex situ by electrochemical impedance spectroscopy (EIS). At high frequency 
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excitations, the double layer impedance is very low and short circuits the charge transfer 

branch. This implies that the first real-axis intercept point in the Nyquist plot, denoted as 

Rs, indicates that the overall impedance is determined by the combined ohmic cell 

resistance [42]. The Rs values for the carbon nanofoams are measured in V(V) solution 

with AC amplitude of 10 mV rms over the frequency range from 150 kHz to 10 Hz (at 

OCP ≈ 0.956 V vs. SCE). For these experiments, the electrolyte solutions are kept still 

without agitation to impose a pure diffusion condition. The resistivity values are finally 

calculated from the obtained data using Ohm’s law and the electrode dimensions (18 × 1 

× 0.18 mm). 

A linear potential sweep polarization technique is employed to obtain Tafel 

curves and investigate the electrochemical kinetics of the vanadium redox reactions on 

the carbon nanofoam materials. For these measurements, the electrolytes in the three-

electrode electrochemical cell are stirred by a magnetic spinner (Corning, PC-220) which 

is located 3 cm away from the working electrode at the bottom of the container to 

decouple mass transport limit effects as much as possible. 

6.4. In Situ Fuel Cell experiments 

A schematic of the membraneless microfluidic fuel cell studied in this chapter is 

shown in Figure 33. The prototype fuel cells employing (i) non-treated nanofoams and 

(ii) heat-treated nanofoam as electrodes are fabricated by a master (mold) with 

measured height of approximately 150 μm. Further details about the fabrication process 

and cell design can be found in Appendix (p.104-105). Fuel cell polarization curves are 

measured as described in the previous reports at a flow rate of 10 μL min-1 [48]. The 

current densities and power densities reported here are normalized based on the top 

surface area of each electrode (approximately 12 × 1 mm). 
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Figure 33. Schematic of the microfluidic fuel cell architecture employing 

nanofoam electrodes. 

6.5. Results and Discussions 

The carbon nanofoam electrodes are first analyzed by electrochemical ex situ 

measurements performed in vanadium redox electrolytes, employing the non-treated 

and heat-treated carbon nanofoam materials as working electrode in a three-electrode 

electrochemical cell. The overall ohmic resistance and resistivity of the nanofoam are 

measured by electrochemical impedance spectroscopy. The kinetic parameters for the 

vanadium redox reactions on the nanofoam electrodes are estimated by linear sweep 

polarization and key observations are presented. In addition, complete fuel cell 

polarization curves are measured in situ for microfluidic vanadium redox fuel cell devices 

with embedded nanofoam electrodes. The overall fuel cell performance is compared to 
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existing literature data and the potential use of the nanofoam as electrodes in 

microfluidic fuel cells is discussed. 

6.5.1. Electrochemical Ex Situ Measurements 

Electrochemical impedance spectroscopy (EIS) in V(V) solution is first performed 

to quantify the ohmic properties of the nanofoam electrodes. The net electrode 

resistance is estimated by subtracting 1 Ω from the first real-axis intercept point (Rs) in 

the obtained Nyquist plots, assuming the sum of contact and solution resistances to be 

approximately 1 Ω. Note that electrolyte conditions, electrode positions, and electrical 

connections are carefully monitored and controlled as constant as possible for each 

measurement. The corresponding resistivity values determined by Ohm’s law and the 

submerged electrode dimensions are displayed and compared to the regular carbon 

paper [58] in Figure 34. 

 
Figure 34. Resistivity values measured ex situ by EIS. 
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The key observations are summarized below: 

• The measured resistance of the nanofoam electrode is almost 4x higher than that of 

regular carbon paper of the same size. The corresponding resistivity of nanofoam is 

24.2 × 10-3 Ω cm, which is in good agreement with the manufacturer’s specification 

of 10-40 × 10-3 Ω cm [59].  

• The heat-treated nanofoam shows a slightly lower resistivity than the non-treated, 

as-received material. However, considering the variability of these measurements as 

indicated by the error bars, it is concluded that there is no significant impact of the 

heat treatment on the resistivity of nanofoam. 

In order to determine the electrochemical kinetic parameters of the vanadium 

redox reactions with respect to the nanofoam electrodes, a comprehensive Tafel 

analysis is conducted. With increased ohmic potential drops due to the high resistivity of 

nanofoam, IR compensation is essential in the Tafel analysis to decouple the kinetic and 

ohmic overpotentials. Figure 35 shows the effect of IR compensation in V(V) reduction 

resulting from the overall ohmic resistance of carbon nanofoam. The compensation is 

found to contribute up to 400 mA cm-2, which causes a significant upward shift in the 

Tafel plots, and is therefore important for unbiased and accurate estimation of kinetic 

parameters. The IR compensated Tafel plots for the two nanofoam materials 

investigated in this study are provided in Figure 36 for (a) V(V) reduction and (b) V(II) 

oxidation. Note that IR compensation was performed using the overall ohmic resistances 

measured in the previous page for each electrode.  
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Figure 35. Effect of IR compensation in the Tafel plot for V(V) reduction on the 

nanofoam electrode.  
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Figure 36. IR compensated Tafel plots measured ex situ for (a) V(V) reduction 
and (b) V(II) oxidation. 

Note that the linear regression lines for the nanofoam are shown by the dashed lines with 
corresponding equations. 

 

(a) 

(b) 
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The main observations from the Tafel plots are summarized below: 

• Compared to the regular carbon paper [58], the nanofoam electrodes show 

significantly improved kinetic rates for both V(V) reduction and V(II) oxidation, and 

the relative degree of enhancement is greater in V(II) oxidation.  

• In general, V(V) reduction kinetics are faster than V(II) oxidation on the nanofoam 

electrodes. These findings are consistent with data obtained for solid glassy carbon 

electrodes [22, 23, 50]. However, the difference in y-intercept values between the 

V(V) and V(II) curves is significantly reduced compared to the carbon paper, which 

indicates that the kinetic rate of slower reaction, V(II) half-cell, is enhanced more. 

• As anticipated, the Tafel plots for the non-treated and heat-treated nanofoam are 

almost identical, indicating that the effect of heat treatment on kinetics is negligible. 

Note that our intention is to investigate the effect of heat treatment in fuel cell 

operation which involves electrode saturation and mass transport characteristics of 

the reactant streams.    

The kinetic parameters such as exchange current density and charge transfer 

coefficient are determined from the Tafel plots, followed by rate constant calculation. The 

values of the charge transfer coefficients (α) for V(V) reduction and V(II) oxidation are 

illustrated in Figure 37 where the average and standard deviation of three repeated 

measurements are reported. The α values for both V(V) reduction and V(II) oxidation 

indicate that the vanadium redox reactions on the nanofoam under present conditions 

are highly asymmetric, which is consistent with our previous study of solid graphite 

electrodes in the same electrolytes [58]. Note that the symmetry coefficients for 

V(V)/V(IV) reported in earlier literature are in a range of 0.7 ~ 0.73 [46],  while for 

V(II)/V(III) they are 0.43 ~ 0.67 according to reference [22, 23]. Nevertheless, the charge 

transfer coefficients obtained for the nanofoam electrodes are very similar to those of 

regular carbon paper electrodes under the same conditions. 
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Figure 37. Charge transfer coefficients (α) determined ex situ from Tafel plots 
for (a) V(V) reduction and (b) V(II) oxidation. 

Figure 38 shows the rate constants (ko) estimated from the Tafel curves for both 

V(V) reduction and V(II) oxidation reactions. As mentioned, the kinetic rates obtained on 

carbon nanofoam electrodes are significantly faster than those of the carbon paper: for 

(a) 

(b) 
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V(II) oxidation, the nanofoam shows 9.2x higher rate constant, while 5.2x higher for V(V) 

reduction. 

 

 
Figure 38. Estimated values of rate constants (ko) calculated by Tafel plots and 

Equation (4): (a) V(V) reduction; and (b) V(II) oxidation. 

Consequently, it is anticipated that the activation overpotential for fuel cell 

operation employing the nanofoam electrodes would be much smaller, which is analyzed 

in the following section. Another interesting observation is that since the enhancement in 

the kinetic rate of V(II) is greater than V(V), the kinetic rate differences between V(II) and 

(a) 

(b) 
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V(V) half-cells become smaller. More quantitatively, the V(V) kinetic rate of the 

nanofoam is 6.5x higher than for V(II), while the V(V) rate of the carbon paper is 11x 

faster than for V(II). As mentioned in the previous section, the heat treatment does not 

make a noticeable impact on the kinetics of vanadium redox reactions on nanofoam 

electrodes. 

6.5.2. In Situ Fuel Cell Measurements 

Prototype microfluidic vanadium redox fuel cells are fabricated and tested 

employing the nanofoam materials investigated in this work and compared to the regular 

carbon paper cell [48]. Since the electrolytes, supply rate, and microchannel dimensions 

are considered identical for the three fuel cell devices, it is assumed that the only 

difference between these cells is attributed by the electrode materials. Polarization and 

power density curves, provided in Figures 39-40, are measured with each cell and 

compared to examine the fuel cell performance at 10 μL min-1. The key observations in 

terms of performance are: 

• As anticipated from the Tafel analysis in the previous section, the nanofoam cells, 

regardless of the heat treatment, show significantly lower kinetic or activation 

overpotentials compared to the carbon paper cell and perform exceptionally well at 

high cell voltages. More specifically, the first three data points of the nanofoam cells 

do not have a noticeable drop in cell potential (less than 5 mV), while the initial cell 

potential drop of the baseline cell is clearly seen in Figure 39(b). It is estimated that 

the activation losses are reduced by up to 200 mV, although it may be masked by 

other types of voltage losses (as discussed below). 

In the linear regime where the ohmic overpotentials are dominating, the slopes of the 

nanofoam cells are steeper than that of the baseline. This trend is consistent with the 

impedance measurements: the overall ohmic resistance of the nanofoam is 4x higher 

than the carbon paper, which contributes a negative impact during fuel cell operation. 
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Figure 39. Measured polarization curves for microfluidic vanadium redox fuel 

cell operation at 10 μL min-1: (a) full polarization curve; and (b) 
zoomed-in plot of the low current density regime. 

 

• Both the non-treated and heat-treated nanofoam cells have more curvature than the 

baseline in the linear portion of the polarization curves (Figure 39(a)), indicative of 

gradually increasing mass transport losses. Our preliminary investigation reveals that 

(a) 

(b) 
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convective mass transport by flow through the nano-scale pores is considerably 

constrained, preventing the net surface area of the nanofoam from being fully utilized. 

More specifically, it is expected that the main stream of liquid electrolytes flows 

through the macro pores that have cleavages in the size of 10-30 μm (Figure 31(b)), 

since the flow resistances of the nano pores are substantially higher. Combined with 

the higher ohmic resistivity, the limited mass transport properties are expected to 

reduce the effectiveness of nanofoam as electrodes in microfluidic fuel cells when 

operated in the high current density regime.  

• Our visual inspection indicated that the wetting of electrolyte in the nanofoam is 

significantly improved after heat treatment (as described in section 6.2.1). The 

impact of heat treatment on fuel cell performance (Figure 39) is however negligible, 

implying that the wetting characteristic is not a decisive factor in fuel cell operation.  

• The corresponding power density curves in Figure 40 indicate that the nanofoam 

cells achieve approximately 6% higher peak power density than the carbon paper 

cell. Although the nanofoam has superior kinetic characteristics to the carbon paper, 

offering 9x and 5.2x higher kinetic rate constants for V(II) oxidation and V(V) 

reduction, respectively, the combined effect of increased ohmic and mass transport 

losses results in a limited net improvement of the peak power density. 
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Figure 40. Corresponding power density curves for the fuel cell devices 

operated at 10 μL min-1. 

 

In summary, the microfluidic vanadium redox fuel cells employing the nanofoam 

electrode are advantageous over the carbon paper cells for high cell voltage applications 

due to the high surface area and superior kinetic characteristics. However, at moderate 

and high current density regimes (low cell voltages), the gain accomplished by the rapid 

kinetics is compromised by the combined effect of increased ohmic losses and reduced 

mass transport rates when compared to the carbon paper material. 

6.6. Conclusions 

In this work, the electrochemical characteristics of vanadium redox couples on 

carbon nanofoam are investigated experimentally for its potential usage as electrodes of 

microfluidic fuel cells in the flow-through configuration. Non-treated and heat-treated 

carbon nanofoam electrodes are investigated and compared to the regular carbon paper 

reported previously [58]. Electrochemical impedance spectroscopy reveals that the 

ohmic resistivity of the nanofoam is 4x higher than the carbon paper and the estimated 

resistivity (24.2 × 10-3 Ω cm) is in good agreement with the manufacturer’s specification. 



 

90 

Kinetic parameters for both V(II) and V(V) discharging reactions are extracted from IR 

compensated Tafel plots and compared: the nanofoam shows superior kinetic 

characteristics to the carbon paper, offering 9x higher rate constant for V(II) oxidation 

and 5.2x higher for V(V) reduction. The effect of heat treatment on kinetics is found to be 

negligible.  

The microfluidic fuel cell devices employing carbon nanofoam as electrodes, 

regardless of the heat treatment, demonstrate significantly reduced activation 

overpotentials due to the high active surface area and rapid kinetics, which is a major 

advantage for overall fuel cell performance. However, in the linear regime of the 

polarization curves, the slopes of the nanofoam cells are steeper than that of the 

baseline, indicative of higher ohmic losses during cell operation. In addition, convective 

mass transport of liquid electrolytes through the nano-scale pores is limited, preventing 

the net surface area from being fully utilized. Consequently, the nanofoam cells offer 

only a moderate improvement in peak power density (6% higher at 10 μL min-1) 

compared to the baseline cell, provided that the gain of fast kinetic rates is compromised 

by the combined effect of increased ohmic losses and reduced mass transport rates of 

the nanofoam material. 

To conclude the present study, several recommendations can be made for 

microfluidic vanadium redox fuel cell device-level integration. Carbon nanofoam 

materials provide higher surface area and faster kinetics the carbon paper. Hence, 

nanofoam electrodes are suitable for fuel cell devices operating in the high cell voltage 

regime. However, as the current density is increased, higher ohmic overpotentials and 

mass transport limitations will gradually offset the gain from its faster kinetics. Therefore, 

nanofoam is less suitable as electrodes for devices that require operation at high current 

densities. The future material development will be focused on electrode materials with 

high surface area, low resistivity, and low permeability. 
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7. Double-pass Fuel Cell Architecture 

As a part of continuing efforts on developing a microfluidic redox flow battery, a 

novel cell architecture is proposed adapting a double-pass concept: at a given electrode 

length and flow rate, this innovative design allows approximately double the flow velocity 

and therefore boosts cell performance significantly. The proposed cell achieves almost 

78% net increase in the peak power density over the baseline cell at 300 μL/min, while 

57% increase at 10 μL/min. The peak power density demonstrated by this new cell at 

300 μL/min is almost as good as the current collector cell, which is a state-of-the-art 

performance in the microfluidic fuel cells. The key concept and preliminary fuel cell 

performance are discussed in this chapter. 

7.1. Design Concept 

Schematic of the proposed design is shown in Figure 41. There are two key 

aspects of this novel cell design: 

•  Firstly, the new cell is geometrically symmetric, having 2 inlet and 2 outlet ports, so 

that the cell can be operated in both forward and backward directions. In other words, 

the fuel and oxidant are discharged in one direction and, if necessary, the waste 

reactants are fed back in the other direction for charging mode operation.  

• Double-pass concept: the fuel and oxidant streams flow through the first half of the 

electrodes and meet in the center channel, flowing in a co-laminar pattern. Before 

exiting, the two streams flow through the second half of the electrodes and finally 

flow toward the outlets. The main motivation is originated from a fact that for the 

baseline cell the overall fuel utilization is substantially low especially at high flow 

rates (7.7% at 300 μL min-1) as shown in Table 3 (p. 23, Chapter 3). In the proposed 

cell design, unutilized fuel/oxidants can be consumed at the second half of the 

electrode. In addition, since the flow inlet area is reduced by half, this innovative 
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design allows approximately double the convectional mass transport at a given 

electrode length and flow rate. 

        

 

 

 

Figure 41. Schematic of the double-pass fuel cell design: (a) assembly view; 
and (b) exploded view (not to scale). 

 

(a) 

(b) 



 

93 

The electric contacts are located at the end of the electrodes, which are glued to 

external wires with conductive epoxy as explained previously. Figure 42 shows (a) top 

view with some key dimensions; and (b) actual cell photo: the first and second half of the 

electrode are 5 mm each and the land is 4 mm long, which is intended to minimize 

unwanted flow bypass. 

  

 
Figure 42. (a) Top view of the cell with some key dimensions labeled (not to 

scale); and (b) actual cell photo. 

 

(a) 

(b) 
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7.2. Methodology 

7.3. Numerical Simulation 

A three-dimensional computational fluid dynamics (CFD) simulation is intensively 

used to investigate the flow characteristics of the double-pass cell. Details about the 

parameters and specifications of this 3-D model can be found in section 4.1.7 (p. 33-34). 

7.4. Fuel Cell Characterization 

The prototype fuel cell employing regular carbon paper as electrodes is 

fabricated by a master (mold) with measured height of approximately 150 μm. The 

overall fabrication steps are identical to the previous cells discussed in the previous 

chapters. In addition, fuel cell polarization curves are measured as described in the 

previous chapters at flow rates of 10 and 300 μL min-1. For fair comparison, the current 

densities and power densities reported in this chapter are normalized differently, which is 

based on the net flow area normal to the main flow direction: the net flow area is 0.015 

cm2 (1 cm × 0.15 cm) for the double-pass cell, while it is 0.018 cm2 (1.2 cm × 0.015 cm) 

for the baseline and current collector cells discussed in Chapter 4. 

7.5. Results and Discussions 

7.5.1. Flow Characteristics 

Figure 43 shows pathlines of the double-pass cell colored by velocity magnitude 

at 10 μL min-1 (unit: [m s-1]). As explained in section 7.1, the main streams of V(II) and 

V(V) flow through the first half of the electrodes and meet in the center channel. At the 

middle of the center channel where the net channel area is the minimum, the streams 

are accelerated reaching the highest local velocity at around 3.54 mm s-1. After passing 

by the neck, the velocity field is then decelerated like a diffuser and the streams flow 

through the second half of the electrodes.        
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Figure 43. Pathlines colored by velocity magnitude at 10 μL min-1. 

The average velocity along the red dashed line in Figure 43 is calculated: 0.29 

mm s-1, while it is 0.13 mm s-1 for the baseline cell of the same channel height (from 

section 4.2.1.), indicating that the convectional mass transport rate increased by a factor 

of 2.2 at a given flow rate of 10 μL min-1. On the other hand, the pumping loss of the 

double-pass cell is approximately doubled compared to the baseline. However, the 

pumping loss and the total pressure drop across the porous electrodes are still negligible 

(less than 0.4% of the total power output).    
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7.5.2. Polarization Curves 

The polarization curves are measured as explained previously: 10 and 300 μL 

min-1.  It is noteworthy that the current densities and power densities reported here are 

based on the net flow area normal to the main flow direction: the net flow area is 0.015 

cm2 (1 cm × 0.15 cm) for the double-pass cell, while the baseline is 0.018 cm2 (1.2 cm 

×0.15 cm). The measured polarization curves of the double-pass cell are displayed and 

compared to the baseline and current collector cells [48] in Figure 44. 

 

 
Figure 44. Comparison of polarization curves for the three cells studied: (a) 10 

μL min-1 ; and (b) 300 μL min-1. 

 

(b) 

(a) 
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Compared to the baseline cell, the proposed cell shows significantly improved 

power densities at both flow rates: the peak power density gains are 54% (from 0.26 to 

0.40 A cm-2) and 78% (0.36 to 0.64 A cm-2) at 10 and 300 μL min-1, respectively. Figure 

45 shows the corresponding power density curves. The pick power density of the 

proposed design is 0.40 W cm-2, which is a 20% increase over the current collector (0.33 

W cm-2) at 10 μL min-1. 

 

 
Figure 45. Corresponding power density curves of the three cells: (a) 10 μL 

min-1 ; and (b) 300 μL min-1. 

 

(b) 
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7.6. Conclusions 

A new cell architecture adapting double-pass concept is proposed and 

demonstrated. In the proposed cell design, unutilized fuel/oxidants can be consumed at 

the second half of the electrode. In addition, since the flow inlet area is reduced by half, 

this innovative design allows approximately double the convectional mass transport at a 

given electrode length and flow rate. Along with numerical studies, prototype cells are 

fabricated, tested and compared to the baseline and current collector cells. This proof of 

concept cell shows significantly improved performance: the power density at 300 μL/min 

is almost as good as the current collector cell, which is the highest in this field; a 54% 

increase in the peak power density is achieved at 10 μL/min, compared to the baseline 

cell.  

In parallel with the discharging study on the proposed cell discussed in this 

chapter, the charging mode operation is being investigated by our group, which is not 

covered in this thesis. This proposed cell is anticipated to open up new research 

opportunities in a membraneless, microfluidic redox flow battery, which has not been 

actively researched yet. 
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8. Summary and Future Works 

Chapter 8 presents a summary and conclusions of the current research, followed 

by some recommendations for the future development of microfluidic fuel cells. 

8.1. Summary and Conclusions 

A performance investigation on microfluidic vanadium fuel cell with flow through 

porous electrodes has been conducted with five individual (but closely related) activities 

completed. Figure 46 shows typical fuel cell losses (or overpotentials) labeled with 

corresponding chapters of the current thesis.   

 
Figure 46. Fuel cell losses labeled with corresponding chapters. 
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• Parametric study (Chapter 3) 

• Chip-embedded thin film current collector (Chapter 4) 

• Electrochemical study on Porous Carbon Electrodes (Chapter 5) 

• Carbon nanofoam as electrodes (Chapter 6) 

• Double-pass fuel cell architecture (Chapter 7) 

8.1.1. Parametric Study 

The dimensions of porous carbon electrodes and microchannels are varied from 

the baseline design to investigate their impacts on the fuel cell performance. In addition, 

a dependency on the number of electrical contacts is examined. Numerical simulations 

are performed in parallel with experimental activities to understand the coupled effects of 

mass transport, electrochemistry, electron conduction, and fluid mechanics: 

• Mass transport rates control the performance at low flow rates. The limiting current 

density can be increased at a given flow rate by reducing the electrode inlet area.  

• Ohmic resistance controls the performance at high flow rates. Both current and 

power density can be increased by reducing the overall ohmic resistance in the 

longitudinal direction.  

• Increasing the number of electrical contacts has only minor impact on the mass 

transport limit and ohmic resistance and consequently no major effect on cell 

performance.  

• Narrowing down the center channel contributes a slight improvement at high flow 

rates due to reduced ohmic resistance but has no measureable impact on 

performance at low flow rates.  

• In order to minimize the discrepancies between modeling results and measured data, 

detailed impedance measurements for the current cells are strongly recommended. 

8.1.2. Chip-embedded Thin Film Current Collector 

A chip-embedded thin film current collector is discussed to mitigate the high 

contact resistance associated with the use of porous electrodes in microfluidic fuel cells. 

The main motivation of this work is to reduce the contact resistance of the cell by means 
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of custom-designed, device-integrated current collectors that allows an increased 

number of contact points distributed across the length of the electrodes in close 

proximity to the reaction sites. In addition to regular performance measurements, an 

electrochemical impedance spectroscopy (EIS) study is conducted to analyze the 

voltage losses, impedance characteristics, and ohmic contributions of the cells:  

• Compared to the baseline, the current collectors incorporated in the CC-I cell 

(regular carbon paper) results in a peak power density improvement from 52 to 93 

mW cm-2, corresponding to a 79% net increase. This drastic performance boost is 

attributed to a net decrement of 7.9 Ω in contact resistances, quantified by a negative 

shift in the high frequency impedance measured by EIS. The reduction in overall 

ohmic cell resistance associated with the current collectors is comparable to the net 

reduction in polarization curve slope in the central, linear portion of the curve. The 

CC-I cell achieved a volume specific peak power density of 6.2 W cm-3, which 

compares favorably to all previously reported microfluidic fuel cell devices. 

• A carbon paper coated with an MPL is also evaluated as a potential strategy to 

enhance the contact area and uniformity of the porous carbon / current collector 

interface in the CC-II cell. The overall performance of CC-II is however found to be 

substantially lower than that of the baseline. Provided that the MPL-coated carbon 

paper contained a significant amount of PTFE as a structural binder and 

hydrophobicity agent, we expect that the electrode does not wet completely, resulting 

in reduced utilization of active reaction area and non-uniform flow distribution inside 

the electrodes. 

8.1.3. Electrochemical study on Porous Carbon Electrodes 

The electrochemical characteristics of the vanadium redox reactions are 

investigated experimentally on three carbon based electrodes of relevance for 

microfluidic fuel cells: (i) graphite rod; (ii) carbon paper; and (iii) wet-proofed carbon 

paper (19% wt. PTFE content). Half-cell electrochemical impedance spectroscopy is 

applied to measure the overall ohmic resistance and resistivity of the electrodes. Kinetic 

parameters for both V(II) and V(V) discharging reactions are extracted from Tafel plots 

and compared for the different electrodes: 
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• The resistivity of the carbon paper, estimated based on half-cell impedance 

measurements, is found to be 2.4x higher than that of the graphite rod due to its 

highly porous structure, and increased further with PTFE content.  

• Tafel analysis reveals that V(V) reduction kinetics are faster than V(II) oxidation 

reactions on all three carbon electrodes. For V(V) reduction, the graphite rod and two 

porous carbon electrodes produce similar Tafel curves, while for V(II) oxidation the 

two porous carbon electrodes show notably higher current densities and therefore 

faster kinetics than the graphite rod electrode. The influence of PTFE layer on 

electrochemical kinetics is however negligible for both V(V) and V(II) reactions. The 

estimated rate constants of V(V) reduction and V(II) oxidation on regular carbon 

paper are somewhat lower than for other carbonaceous materials reported in the 

literature. In addition, the charge transfer coefficients for both V(V) and V(II) 

reactions are more non-symmetric than in other studies.  

• From the cyclic voltammograms, both half-cell redox reactions are determined to be 

irreversible. More specifically, the peak to peak separations for the V(V)/V(IV) couple 

are narrower than those of V(II)/V(III), indicating that the V(II)/V(III) redox reactions 

are more irreversible and therefore have slower kinetic rates. This trend is consistent 

with the Tafel analysis where the rate constants for the V(V) half-cell are found to be 

approximately one order of magnitude higher than for V(II). Finally, when applied in 

our previously established numerical microfluidic fuel cell model, the kinetic 

parameters of the carbon paper electrode produce a significantly improved 

agreement with experimentally measured fuel cell polarization curves. 

8.1.4. Carbon nanofoam as electrodes 

Carbon nanofoam is a carbon-based, synthetic material that has cross-linked 

networks of nano-scale pores, enabling a significantly higher surface area than 

conventional carbon papers. In Chapter 6, the electrochemical characteristics of 

vanadium redox couples on carbon nanofoam are investigated experimentally for its 

potential usage as electrodes of microfluidic fuel cells in the flow-through configuration. 

Non-treated and heat-treated carbon nanofoam electrodes are investigated and 

compared to the regular carbon paper reported previously: 
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• Electrochemical impedance spectroscopy reveals that the ohmic resistivity of the 

nanofoam is 4x higher than the carbon paper and the estimated resistivity (24.2 × 10-

3 Ω cm) is in good agreement with the manufacturer’s specification. Kinetic 

parameters for both V(II) and V(V) discharging reactions are extracted from IR 

compensated Tafel plots and compared: the nanofoam shows superior kinetic 

characteristics to the carbon paper, offering 9x higher rate constant for V(II) oxidation 

and 5.2x higher for V(V) reduction. The effect of heat treatment on kinetics is found 

to be negligible.  

• The microfluidic fuel cell devices employing carbon nanofoam as electrodes, 

regardless of the heat treatment, demonstrate significantly reduced activation 

overpotentials due to the high active surface area and rapid kinetics, which is a major 

advantage for overall fuel cell performance. However, in the linear regime of the 

polarization curves, the slopes of the nanofoam cells are steeper than that of the 

baseline, indicative of higher ohmic losses during cell operation. In addition, 

convective mass transport of liquid electrolytes through the nano-scale pores is 

limited, preventing the net surface area from being fully utilized. Consequently, the 

nanofoam cells offer only a moderate improvement in peak power density (6% higher 

at 10 μL min-1) compared to the baseline cell, provided that the gain of fast kinetic 

rates is compromised by the combined effect of increased ohmic losses and reduced 

mass transport rates of the nanofoam material. 

8.1.5. Double-pass Fuel Cell Architecture  

A new cell architecture is proposed adapting a double-pass concept. In the 

proposed cell design, unutilized fuel/oxidants can be consumed at the second half of the 

electrode. In addition, since the flow inlet area is reduced by half, this innovative design 

allows approximately double the convectional mass transport at a given electrode length 

and flow rate. Along with numerical studies, prototype cells are fabricated, tested and 

compared to the baseline and current collector cells: 

 The proposed cell shows significantly improved performance: the power density 

at 300 μL/min is almost as good as the current collector cell, which is the highest in this 
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field; a 54% increase in the peak power density is achieved at 10 μL/min, compared to 

the baseline cell.  

In parallel with the discharging study on the proposed cell discussed in this 

chapter, the charging mode operation is being investigated by our group. This proposed 

cell is anticipated to open up new research opportunities in a membraneless, microfluidic 

redox flow battery, which has not been actively researched yet. 

8.2. Future Works 

Based on the results and observations from the current studies, several 

recommendations can be made for the future development of microfluidic fuel cells: 

• Activation overpotential: carbon nanofoam materials provide higher surface area and 

faster kinetics than the carbon paper. Hence, nanofoam electrodes are suitable for 

fuel cell devices operating in the high cell voltage regime. However, as the current 

density is increased, higher ohmic overpotentials and mass transport limitations will 

gradually offset the gain from its faster kinetics. Therefore, future works in the 

material development would be focused on lowering both ohmic and fluidic 

resistances. Uniform distribution of the pore sizes is also important to maximize the 

utilization of active electrode areas without any unwanted bypasses of the electrolyte 

streams.   

• Ohmic overpotential: a thin film current collector effectively reduces the overall cell 

resistance and therefore improves the cell performance. Further enhancement in cell 

performance is expected, provided that the contact between the porous electrode 

and current collector is improved: a uni-body design will be preferable in this context. 

We anticipate that non-PTFE treated porous media with smoother surfaces would be 

a more suitable choice in this context. 

• Mass transport overpotential: the mass transport limits are greatly improved by the 

double-pass design. However, this proposed cell is profoundly susceptible to the fuel 

/oxidant crossover since the unutilized fuel/oxidant are supposed to be consumed at 

the second half of the electrode. Hence, a new strategy of reducing the crossover is 

essential for further enhancements of the proposed cell. 
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 To make a major commercial break-through in the miniaturized fuel cells, much 

further research efforts are required. The main challenge lies in developing a microfluidic 

fuel cell system integrated with auxiliary components such as micro pumps, fluid 

reservoirs, and control units. In addition, the power output should be at least in the 1-20 

W range for portable electronic devices, with high overall energy density. The research 

opportunities in this field are numerous, including unit cell improvements, scale-up 

solutions, and system integration,  
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Appendix A.  
 
Microfabrication 
The microfluidic fuel cells introduced in this thesis are fabricated by a series of microfabrication 
sequence described here: 

1. Mater (mold) fabrication 

 
 

Step  Description 
[1]1st layer Spin coating at 1030 rpm, curing at 65 oC(10 min), 95 oC(45 min) 

[2] 1st layer Flood exposure for 18 sec 
Post exposure bake at 65 oC(5 min), 95 oC(15 min) 

[3] 2nd layer Spin coating at 1030 rpm, curing at 65 oC(10 min), 95 oC(45 min) 

[4] 2nd layer 
Exposure with mask for 18 sec 
Post exposure bake at 65 oC(5 min), 95 oC(15 min) 
Develop for approximately 20 min 
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Note that the first layer is intended to serve as an adhesion layer for the second layer (mold 
structure) in order to use the master multiple times without delamination issues. 

 

2. PDMS & bonding 

 

 
 

 

Step Description 
[5] PDMS Dispening PDMS manually, curing for 48 hours at room temperature 
[6] PDMS Peeling off from the master 
[7] Electrode Inserting electrode manually 
[8] Bonding Applying corona discharger for 1 min to both glass slide and PDMS 
 

Note that the average fabrication time for the current process is approximately 1 week. 
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