Chapter 2
Theory

2.1 Electrochemical Principles

Electrochemical cells are based on two half-cells, each having an electrode in con-
tact with an electrolyte, joined electronically by external wires and ionically in the
electrolyte phase in order to close the circuit. Fuel cells [1] and batteries [2] are two
common types of electrochemical cells that are designed to convert chemical energy
into electrical energy through electrochemical reactions at their two electrodes. In a
fuel cell, which is a thermodynamically open process, a flow of externally stored
fuel and oxidant is continuously supplied to the electrochemical cell to generate
electrical power, in contrast to batteries where reactants and products are stored
internally in a closed system without mass flux across its boundaries. A redox flow
battery (RFB) [3] is an interesting device in this context, as it can be considered
either a battery or a fuel cell depending on where the system boundaries are drawn.
RFBs have independent energy conversion and energy storage subsystems similar
to fuel cells but are generally categorized as batteries due to storage of charge within
a closed liquid electrolyte system.

Both fuel cells and batteries principally comprise an anode and a cathode
separated by an electrolyte, as shown schematically in Fig. 2.1 in the case of a fuel
cell. The power generation function of electrochemical cells is conceptually straight-
forward. The fuel (or anodic reactant) is oxidized at the anode, releasing reaction
products including ions and electrons. The ions travel through the electrolyte phase,
which can be either a liquid or a polymer that promotes ionic conduction while
insulating for electronic transport, and recombine with the oxidant (or cathodic
reactant) at the cathode. The electrons required for the reduction reaction at the
cathode are conducted from the anode through external wiring, thereby generating
an electrical current used to drive a load. Fuel cell electrodes require contact between
three separate phases at the active sites to facilitate heterogeneous electrochemical
reactions that produce a useful current: the solid phase that conducts electrons to or
from the electrode; the liquid or gaseous fuel or oxidant phase; and the liquid or
solid polymeric electrolyte phase. In the case of a RFB, each reactant is in the liquid
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Fig. 2.1 Conceptual fuel cell layout showing the core components of the membrane electrode
assembly (MEA): anode and cathode separated by a polymeric ion-conducting electrolyte and con-
nected to an external load

phase in three-phase contact with a solid electrode and an ion-conducting liquid or
polymeric electrolyte; however, the liquid reactant phase may contain supporting
electrolyte to assist with ionic transport and thereby reduce the electrochemical
interface to a pure solid-liquid interface. Although the electrochemical reactions
are typically exothermic and therefore release energy, the reaction rates are often
constrained by large activation energy that needs to be supplied for the reactions to
proceed. There are three prevalent strategies to accelerate electrochemical reaction
rates: (1) adding catalysts; (2) elevating the operating temperature; and (3) increas-
ing the effective electrode area by incorporating micro- or nanostructured materials.
The first two can be applied to any chemical reactions, while the third strategy is
especially important in electrochemical cells due to the surface-based reactions that
benefit from a high surface-to-volume ratio. Carbon-supported platinum (Pt/C) is
widely utilized as electrocatalyst in low-temperature fuel cells, in particular for
hydrogen and oxygen, due to its high activity. For other fuels such as formic acid
and methanol, palladium, ruthenium, or various platinum alloys provide good cata-
lytic properties. In contrast, most redox flow batteries benefit from rapid electro-
chemical kinetics on common carbon or graphite electrodes without any specific
catalyst requirements.

The performance of electrochemical cells is normally measured in terms of cell
voltage (AE..;) and current (/). The cell voltage represents the difference in electro-
chemical potential between the two half-cells (cathode and anode), with a maxi-
mum at the reversible open-circuit voltage (E.ynoge — Eanode)- The reversible potential
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of each electrode is determined from the Gibbs’ free energy of the reactants and
products at their standard states via the Nernst equation:
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where E is the reversible potential at standard state, R is the universal gas constant,
T is the temperature, F' is Faraday’s constant, and a is the activity of each species
(a=1 at standard state), which for gaseous and aqueous species can be approxi-
mated by the partial pressure and concentration, respectively. The actual cell volt-
age obtained during operation is significantly lower than the reversible cell potential
due to various losses (also referred to as overpotentials). The operational cell volt-
age is determined by [1]:
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where the subtracted terms correspond to voltage losses caused by activation over-
potentials due to irreversibilities at the electrodes (7), ohmic resistance of the cell
(R.a1), and concentration overpotentials from mass transport limitations (#.ns). The
current density (i) is the cell current divided by the geometrical surface area of the
electrode. Power density (mW cm™2), which is an overall measure of the device level
performance, is obtained by multiplying cell voltage and current density. The elec-
trochemical reactions and electrode materials employed in microfluidic cells are
generally consistent with those of conventional electrochemical cells, and the large
body of literature available on electrochemistry can be adopted for detailed descrip-
tions of applicable reaction mechanisms, kinetics, and overpotentials [4].

2.2 Fluid Dynamics

Microfluidics is the principal subject of fluid flow on the microscale and has been
described as both a science and a technology [5, 6]. It is formally defined as the
study and application of fluid flow and transport phenomena in microstructures with
at least one characteristic dimension in the range of 1-1,000 pm [5, 6]. The subject
of microfluidics regularly involves engineering, chemistry, and biology disciplines
and serves a wide range of applications including lab-on-chip technologies, bio-
medical diagnostics, drug discovery, proteomics, and energy conversion. Squires
and Quake [7] and Gad-El-Hak [8] provide comprehensive reviews of the physics of
microfluidics. Fluid flow in microscale conduits is laminar under most conditions.
Flow in this regime is characterized by low Reynolds’ numbers Re =pUD,/j1, where
p is the fluid density, U is the average velocity, Dy, is the hydraulic diameter, and p
is the dynamic viscosity. Microfluidic laminar flow is dominated by viscous effects
over inertial effects, and surface forces play a dominant role over body forces.
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Microfluidic electrochemical cells exploit the properties of laminar flow in
microchannels to delay convective mixing of two stratified streams carrying the
respective anodic and cathodic reactants. At low Re, the two streams will flow in
parallel down a single microfluidic channel, as shown schematically in Fig. 1.1.
This type of flow is referred to as co-laminar flow and is functional in the laminar
internal flow regime for Re up to approximately 1,000. Internal flows exceeding this
threshold will transition to turbulence and destabilize the co-laminar flow interface,
leading to excessive mixing and loss of cell voltage.

Due to the laminar nature of microfluidics, the velocity field # for incompress-
ible Newtonian fluids is governed by the Navier—Stokes equations for momentum
conservation in 3-D:

p(%’m.w) =—Vp+uViu+f, (2.3)

where p represents pressure and f summarizes the body forces per unit volume. The
use of the Navier—Stokes equations assumes that the fluid may be treated as a con-
tinuum; however, this assumption is generally valid in microscale liquid flows [6-8]
and may be applied with reasonable accuracy into the nanofluidic range. At very
low Re, the nonlinear convective terms in the Navier—Stokes equations may be
safely neglected, resulting in linear and predictable Stokes flow:

P = Vp+ Vi + f. (2.4)
Furthermore, mass conservation for fluid flow obeys the continuity equation:

6—p+V-(pﬁ):O. (2.5)
ot

For fluids with constant density, this equation is reduced to the incompressibility
condition, V -u# = 0. In classical fluid dynamics problems, e.g., flow between parallel
plates and flow in a cylindrical tube, Egs. (2.4) and (2.5) lead to the familiar parabolic
pressure-driven velocity profile, which serves as a useful baseline for microfluidics.

The surface-area-to-volume ratio, which is inversely proportional to the charac-
teristic length, is comparatively high in microfluidic devices and increases with
decreasing channel dimensions. A high surface-to-volume ratio is favorable for
surface-based (i.e., heterogeneous) chemical reactions such as the electrochemical
reactions occurring in fuel cells and batteries. However, reducing the size of the
channel leads to increasing frictional losses and parasitic load required to drive the
flow. It is hence important to consider the role of pressure drop due to friction when
designing microfluidic electrochemical cells. The pressure drop required to gener-
ate a pressure-driven laminar flow with mean velocity U in a straight channel of
length L and hydraulic diameter Dy, is conveniently expressed as [9]
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The corresponding pumping power W required to drive the flow is obtained by
multiplying the pressure drop with the flow rate Q:
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This relationship is valid for fully developed flow in a straight channel and does
not include the contributions from inlet and outlet feed tubes and minor losses due
to ports, bends, expansions/contractions, steps, corners, etc. In most microfluidic
fuel cell designs, however, relatively long thin channels are applied where friction
losses of the type described by Eq. (2.6) are known to dominate.

2.3 Transport Phenomena

Microfluidic laminar flows enable a great deal of control over fluid—fluid interfaces
[10] and provide unique functionality. Most important for microfluidic electro-
chemical cells is co-laminar streaming. Specifically, when two liquid streams of
similar fluids in terms of viscosity and density are joined in a single microfluidic
channel, a parallel co-laminar flow is established. The resulting fluid—fluid interface
may be applied to observe chemical reactions in real time, serve as a lens, or sepa-
rate reactants as required for microfluidic electrochemical cells. Species transport
within microscale flows can occur through convection, diffusion, and electromigra-
tion. In the absence of electromigration, mixing between two co-laminar streams
occurs by crosswise diffusion alone. Microscale devices generally experience high
Péclet numbers Pe=UD,/D, where D is the diffusion coefficient. High Péclet num-
bers indicate that the rate of mass transfer via crosswise diffusion is much lower
than the streamwise convective velocity. In the case of microfluidic electrochemical
cells, diffusive mixing is therefore restricted to a thin interfacial width at the center
of the channel. This interfacial mixing width has an hourglass shape with maximum
width (3,) at the channel walls as described by the following scaling law [11] for
pressure-driven laminar flow of two aqueous solutions:

1/3
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where z is the downstream position and H is the channel height. Eq. (2.8) is limited,
however, to liquids of similar density. With disparate densities, a gravity-induced
reorientation of the co-laminar liquid—liquid interface can occur [12]. The physics
of co-laminar flow is the key-enabling mechanism of several microfluidic devices
such as the T-sensor [13], Y-mixer [14], and H-filters [15] with applications in lab-
on-chip diagnostic technologies and can also be applied to selectively pattern
microfluidic systems [16].

Microfluidic electrochemical cells, as shown in Fig. 1.1, employ one laminar
stream that contains the fuel (or first reactant) and a second laminar stream that
contains the oxidant (or second reactant). As the fuel and oxidant streams flow in a
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co-laminar format, the liquid—liquid interface serves as a virtual separator without
the need for a membrane. The positions of the electrodes on the channel walls are
however constrained by the width of the co-laminar interdiffusion zone. To prevent
mixed potentials due to fuel and oxidant crossover, the electrodes must have suffi-
cient separation from the liquid-liquid interface throughout the channel. The posi-
tion and orientation of the electrodes also influence fuel utilization and overall
performance of the cell. Notably however, the degree of mixing in microfluidic elec-
trochemical cells can be effectively controlled by tuning the flow rate in the channel,
vis-a-vis Eq. (2.8). Specifically, the residence time t, in the electrochemical cham-
ber must be shorter than the diffusion time 7 for crossover of a reactant species to
the opposite electrode in order to avoid a mixed electrode potential. This necessary
criterion can be estimated using Einstein’s relation for one-dimensional Brownian
diffusion [17], which provides a lower bound on the average diffusion time:
2
t = L < v =1y 2.9
U 2D
This equation includes two channel size parameters, namely the channel length
L and width W (the mean diffusion distance). The mean velocity is determined by
dividing the flow rate Q by the channel height H and width W. These additional
constraints can be included to obtain a useful dimensionless relation for the ratio of
solute (reactant) advection to cross-stream diffusion in co-laminar flow cells:

o >1. (2.10)
2DHL

A similar design rule can also be derived for this geometry from the Péclet num-
ber [18], which is the ratio between advective flux and diffusive flux. From this point
of view, Eq. (2.10) is satisfied when the rate of downstream advective transport
exceeds the rate of reactant crossover towards the opposite electrode. As the relation
is derived for an average diffusion time, it is recommended for the ratio to exceed 1
by an appreciable margin. For instance, to accommodate a suggested minimum ratio
of 10 for a species with a ~107'" m? s™! diffusion coefficient in a 0.5 mm high, 0.5 mm
wide, and 10 mm long channel, the required flow rate is on the order of ~1 pL min~'.
Both co-laminar streams must have relatively high ionic conductivity to facilitate
good ionic charge transport between the electrodes and to close the electrical circuit.
High conductivity is normally provided by the addition of a supporting electrolyte
that contains ions with high mobility, e.g., hydronium or hydroxide ions. The sup-
porting electrolyte also stabilizes the co-laminar flow with respect to electromigra-
tion of fuel and oxidant species, since it is these highly mobile constituents that
redistribute and shield the effects of the electric field and electric double layers in the
channel. The ohmic resistance for ionic transport in the channel can be expressed in
terms of the average charge-transfer distance between the electrodes (d,,), the cross-

sectional area for charge transfer (A.), and the ionic conductivity (o) as follows:

R, =—%. @2.11)
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Equation (2.11) indicates that a strong supporting electrolyte with high ionic
conductivity and a high aspect ratio rectangular microchannel with closely spaced
electrodes are therefore desired. This design strategy is partially in conflict with that
required for efficient separation of fuel and oxidant. Principally, the interdiffusion
width according to Eq. (2.8) indicates a lower limit on the electrode spacing.
Striking an adequate balance between the competing requirements for species trans-
port and ionic conductivity is essential in microfluidic electrochemical cells. Ohmic
resistance in these cells is generally higher than in MEA-based fuel cells due to the
additional constraints for cell design. Increasing the concentration of the supporting
electrolyte is a convenient mitigation approach to achieve higher conductivity than
for ionomer membranes. Ultimately, however, the choice of supporting electrolyte
should be made with consideration of optimum reaction kinetics. The co-laminar
configuration uniquely permits the composition of the two streams to be chosen
independently, thus providing an opportunity to improve reaction rates and cell volt-
age. Similarly, the cell potential can be increased through adjusting the reversible
half-cell potentials by pH modification of the individual streams.

Reactant transport from the bulk flow to the electrode surface takes place primar-
ily by convection and diffusion in the absence of significant electromigration, pro-
vided a strong supporting electrolyte is used. In this case, species conservation takes
the general form:

V(Cit)=-V-J,+R, (2.12)

where C; is the local concentration of species i and R; is a source term that describes
the net rate of generation or consumption of species i via homogeneous chemical
reactions. Under the infinite dilution assumption, the diffusive flux of species i is
calculated by Fick’s law:

J,=-DVC, (2.13)
where D, is the diffusion coefficient of the species i in the appropriate medium.
Heterogeneous electrochemical reactions at the electrode surfaces are the boundary
conditions of Eq. (2.13). The ratio of reaction rate and mass transport rate is defined
by the Damkd&hler number (Da). When a current is drawn, a concentration boundary
layer develops over the electrode starting at the leading edge. Assuming the electro-
chemical reactions are rapid (high Da), the maximum current density of a microflu-
idic electrochemical cell is determined by the rate of the convective/diffusive mass
transport from the bulk to the surface of the electrode. In this transport limited case,
the reactant concentration is zero at the entire surface of the electrode. Kjeang et al.
[19] provided scaling laws for microfluidic fuel cell operation in the transport-
controlled regime based on pseudo-3D flow over a flat plate, using previously devel-
oped theory for electrochemical flow sensors [20] originating from the classical
Graetz problem of heat transfer [21]. The analysis is based on dimensionless formu-
lations of mean velocity and current:

o2 U
ID

, (2.14)
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Ir= ; (2.15)
nFdilc,D/ D,

There are two distinct regimes: (1) the high U* regime, which covers most practi-
cal flow rates experienced in microfluidic fuel cells and (2) the low U* regime for
low flow rates in channels with small hydraulic diameter. In the high U* regime, the
transport limited current is proportional to the cubic root of the mean velocity [20]:

[ =—1.849U""". (2.16)

In the low U* regime, the flux of reactant entering the channel is equal to the rate
of the electrochemical reactions, such that all reactant molecules are converted into
product species and useful current. In this case, the maximum current is directly
proportional to inlet concentration and flow rate [20]:

I =-nFc,Q. 2.17)

Again, we can use the dimensionless quantities I* and U* to derive a relationship that
is valid for high aspect ratio channels under any conditions within the low U* regime:

F:—%Uﬁ (2.18)

The transition point between the high U* regime and the low U* regime occurs at
U*'?=1.9 [20]. The coulombic single-pass fuel utilization can also be defined in
this context as the rate of reactant consumption by the electrochemical reactions
divided by the flux of reactant supplied by the flow:

e = 1
4 nFcOQ.

(2.19)

More generally, there is no single dominating limiting factor, and the current
density of a microfluidic cell is controlled by a combination of mass transport, elec-
trochemical kinetics, and ohmic resistance. This trio of potential limiting factors
must be considered when designing a new device. The overall single-pass energy
conversion efficiency of microfluidic electrochemical cells is defined by the product
of the coulombic efficiency (fuel utilization) and voltage efficiency. In the case of
galvanic cells, the energy conversion efficiency for discharging is written as
L= ! -@, (2.20)

nfec,Q E

cell

8=8f'8

where E,.;, represents the theoretical, reversible cell potential. This potential is some-

times replaced by the thermodynamic cell potential, Ey, to calculate the thermody-

namic efficiency of a fuel cell. In the case of electrolytic cells, the voltage efficiency

term is reversed, and the energy conversion efficiency for charging is given by

L= d h (2.21)
nfe,Q E

cell

8=8f'8
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This equation assumes that all applied current contributes to the desired
electrolytic cell reaction; if parasitic side reactions are present that consume a por-
tion of the applied current, such additional coulombic losses must also be accounted
for in the coulombic efficiency.

In addition, the parasitic pumping power requirements to drive the flow (Eq. (2.7))
must be kept substantially below the power produced by the cell. In principle, any
power consumption required for cell operation ought to be accounted for in the
overall system efficiency of the device. Microchannels with ~puL to ~mL per minute
flow rates generally provide an optimum balance with respect to the above-
mentioned constraints.
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