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Abstract

Alkaline direct ethanol fuel cells (DEFC), which convert the chemical energy stored

in ethanol directly into electricity, are one of the most promising energy-conversion

devices for portable, mobile and stationary power applications, primarily because this

type of fuel cell runs on a carbon-neutral, sustainable fuel and the electrocatalytic and

membrane materials that constitute the cell are relatively inexpensive. As a result, the

alkaline DEFC technology has undergone a rapid progress over the last decade. This

article provides a comprehensive review of transport phenomena of various species in
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this fuel cell system. The past investigations into how the design and structural

parameters of membrane electrode assemblies and the operating parameters affect the

fuel cell performance are discussed. In addition, future perspectives and challenges

with regard to transport phenomena in this fuel cell system are also highlighted.
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1. Introduction

Direct ethanol fuel cells (DEFC), which promise to be a clean and efficient energy

production technology, have recently attracted worldwide attention, primarily because

ethanol is a carbon-neutral, sustainable fuel and possesses many unique

physicochemical properties including high energy density and ease of transportation,

storage as well as handling [1-6]. However, conventional DEFCs that use acid proton

exchange membranes (PEM) and precious metal catalysts result in rather low

performance [7], primarily because it is difficult to oxidize ethanol in acid media. It

has been recently demonstrated that when the acid electrolyte was changed to alkaline

one, i.e.: hydroxide exchange membrane (HEM) and hydroxide exchange ionomer

(HEI), the cell performance could be substantially improved mainly due to the faster

kinetics of both the ethanol oxidation reaction (EOR) and oxygen reduction reaction

(ORR) in alkaline media, even with cheaper materials including alkaline membranes

and non-precious-metal electrocatalysts [8]. Therefore, alkaline DEFCs have attracted

ever-increasing attention in recent years [9-16].

The conventional architecture design of alkaline DEFCs that purely relies on an

HEM and HEIs to conduct ions exhibited extremely low performance [17], which is

primarily attributed to the low conductivity of state-of-the-art HEMs and

corresponding HEIs. As such, the past efforts with regard to the research and



development of alkaline DEFCs are mainly made to developing high-conductivity

HEMs and HEIls, as well as highly electrocatalytic materials for both the EOR and

ORR [18, 19]. However, it has been demonstrated that, even using existing HEM and

HEI, as well as electrocatalysts (for EOR and ORR), an introduction of an alkali

(NaOH/KOH) to fuel solution enables alkaline DEFCs to yield extremely high

performance [20, 21]. Such an improvement in the cell performance is basically

attributed to the added alkali, which not only allows a drastic increase in the ionic

transport rate through the membrane electrode assembly (MEA) [22, 23], but also

further enables the kinetics of the electrochemical reactions to be speeded up [24].

The absence of alkali in the fuel solution has demonstrated extremely low

performance [19]. Past review articles regarding alkaline DEFCs are mainly focused

on the development of electrocatalysts and electrocatalytic mechanisms [25-31],

HEMs and HEIs [27, 30, 32, 33], as well as single cell design and performance

comparison [21, 27, 28, 30, 31]. This article provides a comprehensive review of the

past research on transport phenomena of various species through the MEA in this fuel

cell system. The remaining parts of this review are organized as follows: Section 2

presents a general description of transport processes; Sections 3 - 5 review the

transport of various species through the MEA; and Section 6 gives a summary and

perspective.



Fig. 1 A typical alkaline direct ethanol fuel cell (DEFC).
2. General description
Fig. 1 shows a typical alkaline DEFC structure, in which the MEA consists of an
anode and a cathode separated by an HEM. On the anode, the fuel solution containing
ethanol and alkali flows into the anode flow channel and transports through the anode
diffusion layer (DL) to the anode catalyst layer (CL), where theoretically ethanol will
be oxidized to produce electrons, water, and carbon dioxide according to [21]:
CH,CH,OH +120H" — 2CO, +9H,0 +12¢ E, =-0.74V (1)
Although ethanol can be completely oxidized into carbon dioxide on some
electrocatalysts in alkaline media [19], the main product of the EOR on Pd-based

electrocatalysts is acetate and thus the anodic reaction becomes [2]



CH,CH,OH +50H" — CH,COO" +4e" +4H,0 E, =-0.74V (2)
The water in the anode will transport through the membrane and arrive the cathode,
while the produced electrons transport through the external circuit to the cathode.
On the cathode, the oxygen transports through the cathode DL to the cathode CL,
where oxygen will react with electrons and water to produce hydroxide ions:
0, +2H,0+4e — 40H" E° =0.40V (3)
The hydroxide ions in the cathode migrate through the HEM to the anode for the EOR.
The combination of the EOR given by Eqg. (2) and the ORR given by Eq. (3) results in
an overall reaction:
CH,CH,0OH+0, +0H — CH,COO" +2H,0 E° =114V (4)
It should be noted that although the overall reaction of the present alkaline DEFC
(with an added alkali) is the same with that of the conventional one (alkali-free), the
presence of both M™ ions and OH" ions due to the introduction of the alkali (MOH) in
the fuel solution creates an anion-cation co-existing system, thereby showing more
complicated transport phenomena [34]. In the following sections, we discuss the
transport characteristics of various species and review the past investigations on the
transport phenomena in alkaline DEFCs.
3. Transport phenomena in the anode

As mentioned earlier, ethanol in the fuel solution flows into the anode flow channel



and transports through the anode DL to the anode CL. Hence, the operating

parameters and anode structural design parameters will affect the transport process of

ethanol in the cathode. A low ethanol concentration will cause the transport loss of

ethanol and thus lower the anode performance. A high ethanol concentration will

cause two issues: 1) the majority of the reaction sites will be occupied by ethanol,

which leads to a decrease in the reaction sites occupied by hydroxide ions and thus

increases the anode activation loss [19]; and 2) an increase in the ethanol crossover

rate still reduces the fuel utilization efficiency, although there would be no

mixed-potential problem if the ethanol-tolerant electrocatalysts will be employed at

the cathode. Therefore, it is critically important to achieve an appropriate ethanol

concentration in the anode CL.
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Fig. 2 Effect of the ethanol concentration on the cell performance: (a) 1.0 M KOH; (b)

5.0 M KOH [24]. (c) The fabricated micro-DEFC via using micro-technologies: (1)

Si-based current collector; (2) micro-fabricated channels; (3) methacrylate case holder;

and (4) MEA [37] (Reproduced with permission from IOP Publishing).
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3.1. Effect of the ethanol concentration

The ethanol concentration in the fuel solution is an important parameter that can be
varied to maintain an appropriate ethanol concentration in the anode CL. Hence, the
effect of the ethanol concentration on the cell performance has been extensively
studied [24, 35, 36, 37, 38]. Li et al. [24] investigated the effect of the ethanol
concentration on the cell performance, as shown in Figs. 2a and 2b. It was found that
the cell resulted in the highest performance with an ethanol concentration of 5.0 M (in
1.0 M KOH). It was also found that the high-concentration ethanol created a barrier
for the transfer of hydroxide ions, increasing the internal resistance and thus lowering
the performance. The similar phenomenon was also found when experiments were
performed with a KOH concentration of 5.0 M. Verjulio et al. [37] developed a
micro-DEFC via using micro-technologies to fabricate the current collectors, as
shown in Fig. 2c. The fuel cell was operated by using ethanol and KOH mixed
solution as fuel and the ambient air as oxidant. They tested the fuel cell with various
ethanol concentrations ranging from 1.0 M to 4.0 M (containing 4.0 M KOH in the
fuel solution) at room temperature and found that the highest power density (100 uW
cm2 at 0.47 V) was obtained when operated with an ethanol concentration of 4.0 M.

In summary, increasing the ethanol concentration leads to an increase in the

transport rate of ethanol in the anode, thereby improving the cell performance.



However, when the ethanol concentration is too high, the majority of reaction sites are
occupied by ethanol, blocking the adsorption of hydroxides ions on the reaction sites
and thus lowering the EOR Kkinetics and, in turn, decreasing the cell performance. For
a given fuel cell design, therefore, there exists an optimal ethanol concentration, at
which the cell yields the highest power density.
3.2. Effect of the anolyte flow rate

The flow rate of the anolyte can also influence the transfer of ethanol in the anode.
Increasing the anolyte flow rate can enhance the transport of ethanol, as a result of the
fact that a decrease in the difference of the ethanol concentration between the inlet
and the outlet results in a more uniform distribution of ethanol over the electrode [86].
Hence, the effect of the anolyte flow rate has been studied [2, 24]. For example, Li et
al. [24] investigated the effect of the anolyte flow rate ranging from 0.3 mL min™ to
3.0 mL min? at a fixed operating temperature of 40°C. It was found that the cell
performance was improved with increasing anolyte flow rate due to the enhanced
transport of ethanol. They also suggested that the effect became insignificant when the
ethanol concentration was higher than 1.0 M.
3.3. Effect of the anode diffusion layer
In addition, the transport process of ethanol is also affected by the anode structural

design parameters. It should be mentioned that the DL is not only to facilitate the
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transport from the flow channel to the CL (in the through-plane direction), but also to

enhance the transport in the in-plane direction to make the reactants more uniformly

distribute over the electrode [86]. An et al. [38] studied the effect of the structural

design parameters, including the thickness and porosity of the anode DL, on the cell

performance, as shown in Figs. 3a and 3b. It was found that with increasing the anode

DL thickness, the cell performance was gradually decreased. From the transport point

of view, therefore, the thinner anode DL is preferred due to the higher reactant

delivery rate and product removal rate. It was also found that with increasing the DL

porosity from 73% to 98%, the transport of ethanol was gradually enhanced. As such,

the nickel foam with a porosity of 95% is generally employed in this fuel cell system.

It should be noted that the DL functions as not only a reactant distributor, but also an

electron collector and a CL supporter. A higher porosity means a larger electron

transport resistance and a worse mechanical property. Therefore, there exists an

optimal porosity.
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Fig. 3 Effect of structural parameters on the performance: (a) thickness; (b) porosity
[38]. Anode structures: (c) the conventional one; and (d) the integrated one [36].
3.4. Effect of the anode catalyst layer

The transport of ethanol in the anode is also affected by the ionomer/binder [2, 17].
Li et al. [17] compared a hydroxide-conducting ionomer (A3) and a neutral polymer
binder, polytetrafluoroethylene (PTFE), and demonstrated that the use of the PTFE in
preparing the anode CL yielded better performance than the A3 ionomer. It was found
that the use of the A3 ionomer resulted in a film-like CL; while the use of the PTFE
binder formed a porous CL. The porous microstructure formed by using PTFE binder
enables reaction sites more accessible to the reactants, thereby upgrading the cell

performance. Due to the unique microstructure and good durability, the PTFE binder
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is widely used in preparing the CLs in this fuel cell system.
3.5. Effect of the anode structure design

Li et al. [36] proposed an anode structure consisting of a nickel foam layer
(functioning as DL) with thin catalyst films (functioning as CL) deposited onto the
skeleton of the nickel foam, as shown in Figs. 3c and 3d. It was found that compared
to the conventional electrode (that has separated CL and DL), the use of the integrated
one significantly improved the cell performance, exhibiting a peak power density of
130 mW cm™. Chetty et al. [39] prepared an integrated electrode via the thermal
decomposition of platinum-based binary and ternary catalysts on titanium mesh. The
performance test showed that the use of the mesh-based electrode as the anode of
alkaline DEFCs resulted in a comparable performance with the conventional one.
Wang et al. [40] fabricated a three-dimensional Pd electrode via electrodepositing Pd
nanoparticles on the nickel foam, as shown in Fig. 4. The electrochemical properties
toward the EOR of the as-prepared electrode were studied by cyclic voltammetry
(CV). It was showed that the peak current density of the Pd/nickel foam electrode was
107.7 mA cm2 which was about 8 times higher than that of Pd-film electrode. The
improved activity and stability of the Pd/nickel foam electrode makes it a suitable
electrode for the anode of alkaline DEFCs. In summary, it is suggested that the anode
structure that integrates a DL and a CL is more suitable for this fuel cell system.
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Fig. 4 A three-dimensional Pd electrode [40].

4. Transport phenomena through the membrane

In fuel cells, a membrane has to be used to separate the anode and the cathode,

physically preventing the short circuit, and to conduct ions functionally forming ionic

current. In addition, the membranes are also permeable to the species in the anolyte,

including ethanol, alkali and water, so that they can transport through the membrane

to the cathode. It should be noted that in principle, the ionic current in alkaline fuel

cells is created by conducting hydroxide ions from the cathode to the anode, which is

opposite to that (protons) in acid fuel cells. Hence, the direction of the electro osmotic

drag (EOD) in this fuel cell system is from the cathode to the anode, thereby reducing

the permeation rate of species to the cathode. It indicates that the species crossover in

alkaline fuel cells is not serious as that in acid fuel cells. The following subsections
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will discuss the transport mechanisms of various species through the membrane.

4.1. Ethanol transport through the membrane (ethanol crossover)

As mentioned earlier, ethanol transporting through the membrane (ethanol

crossover) may cause two technical problems. First, ethanol may be oxidized to form

the parasitic current, leading to a mixed potential on the cathode, although the

electrocatalysts on the cathode are almost inactive to ethanol so that the

mixed-potential problem is insignificant in this fuel cell system. Second, the ethanol

crossover definitely results in a waste of fuel, decreasing the utilization efficiency.

Therefore, the rate of ethanol crossover should be reduced to increase the fuel

utilization efficiency. Generally, there are three mechanisms for ethanol transport

through the membrane.

(i) Diffusion by the ethanol concentration gradient:

Cac m_Ccc m
JD — Deym ( 1/ 5 1/ ) (5)

m

where De,m represents the effective diffusivity of ethanol; O, is the membrane

thickness; C and C stand for ethanol concentrations at two interfaces.

acl/m ccl/m

(ii) Electro-osmotic drag (EOD) by the hydroxide-ion migration:

'JEOD:X n

(6)

i
ccl/m''d E
where N, represents the EOD coefficient of water; and X, is the ethanol molar

fraction at the interface.
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(iii) Convection by the liquid pressure gradient:

J Cacl/m mAp (7)
c
O M
Therefore, the total flux of ethanol through the membrane can be expressed as:
(Cac m CC m) Cac mK Ap I
‘]ec = ‘]D + ‘]C - ‘]EOD = De,m 2 §m 2 I/é»mlu chl/m E (8)

Based on Eq. (8), it can be seen that ethanol crossover is strongly dependent of
diffusion across the membrane. First, the ethanol crossover rate could be decreased by
reducing the ethanol permeability of the membrane. For this reason, the ethanol
permeabilities of various alkaline membranes have been extensively measured
[41-45]. Varcoe et al. [41] investigated the ex-situ ethanol permeabilities of two
alkaline membranes and found that the ethanol permeabilites were lower than the
methanol permeabilities. Hou et al. [42] prepared an HEM for alkaline DEFCs via
doping KOH in polybenzimidazole (PBI) membrane, i.e.: alkali-doped PBI membrane
(APM). The ethanol permeability through this membrane was 6.5 x 1077 cm? s1,
which was smaller than the Nafion membrane. They explained that there were
hydrophilic groups (-SOsH) in the Nafion membrane so that the membrane was
swollen more significantly than the present membrane when immersed in the ethanol
solution. As such, the less expanded space among PBI backbones probably resulted in
a lower value in the ethanol permeability. Leykin et al. [43] proposed a method to
measure the ethanol permeability of polymeric membranes in alkaline media. The rate
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of the ethanol crossover through KOH-doped
poly[2,2-(4,4-diphenylether)-5,5-bibenzimidazole] was investigated at various alkali
concentrations. It was shown that the ethanol permeability was 8.6 x 108 cm? st in
3.0 M KOH, which would be further decreased with the alkali concentration. Also,
they claimed that the proposed method could be expanded to measuring the alcohol
permeabilities of the polymeric membrane in various aqueous solutions under the acid
condition. Jung et al. [44] developed an anion exchange pore-filling membrane that
offered low liquid fuel permeation rate while maintaining hydroxide-ion conduction
rate. The striking feature of this membrane was that the exterior porous substrate
suppressed swelling of the interior polyelectrolyte and controlled the inner water to be
wholly bound water, even under fully humidified condition. It was proved that
hydroxide ions could be conducted through bound water. They also clarified that this
bound water effectively reduced permeation rate of liquid fuels. Recently, An et al.
[45] investigated the ethanol permeabilities for three types of commercial membrane,
i.e.. HEM (Tokuyama A201), APM (PBI membrane provided by Yick-Vic) and cation
exchange membrane: CEM (Nafion 211), all of which were generally used in alkaline
DEFCs. It was found that the ethanol permeabilities of the three membranes were in
the similar range (1 x 10”7 cm? s1) at room temperature. It should be pointed out that
the permeability measurement conducted in alkaline aqueous solution will provide
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more reliable data than those done in pure water, because the alkali doping process is

encountered when immersed in alkaline solution, which definitely affects alcohol

permeability [43]. Second, the ethanol crossover rate can also be reduced by

increasing the membrane thickness according to Eq. (8). However, an increase in the

membrane thickness will increase the ohmic loss and thus lower the cell performance.

4.2. Alkali transport through the membrane (alkali crossover)

As mentioned earlier, an alkali has to be introduced into the fuel solution because

the ionic conductivity of ion exchange membranes is rather low. In addition to ethanol,

the membranes used in alkaline DEFCs are also permeable to alkali so that alkali can

transport through the membrane to the cathode (alkali crossover). The presence of

alkali will cause two serious issues. First, alkali will react with carbon dioxide from

the ambient air to cause carbonation precipitation that potentially blocks the porous

structure, hindering transport of various species and reducing the reaction sites [2].

Second, the presence of alkali will change the wettability of the cathode DL, thereby

breaking the balance of transport between water and oxygen [21]. As such, the rate of

alkali crossover should be decreased to alleviate its negative impact on transport

process and cell performance. Like the strategies used to lower the ethanol crossover

rate, the rate of the alkali crossover can also be decreased by using the membranes

that offer the lower alkali permeability. An et al. [45] measured and compared the
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NaOH permeabilities of the three commercial membranes, i.e.. HEM (Tokuyama
A201), APM (PBI membrane provided by Yick-Vic) and CEM (Nafion 211). They
found that at room temperature, the NaOH permeability of the APM was 1.983 x 10~
cm? s, but the values for the both HEM and CEM were relatively lower, i.e.: 2.541 x
10® cm? st and 3.778 x 108 cm? s, respectively. It was explained that the HEM and
CEM had functional groups, hindering the ionic transport due to the charge repulsion.
Hence, the ion exchange membranes are still preferred from the alkali permeability
point of view in this fuel cell system.

4.3. Water transport through the membrane (water crossover)

In addition to ethanol and alkali, water can also transport through the membrane
(water crossover). Practically, a diluted fuel will be fed to the anode flow field and as
shown by Eq. (1), water is also produced in the anode. It should be noted that as
shown by Eq. (3), water is a reactant in the cathode. As such, water crossover is
essential in the present fuel cell system, while too much water penetrating to the
cathode may lead to the water flooding problem [48]. Hence, how to maintain an
appropriate rate of water transport through the membrane is a key transport issue.

Similar to the ethanol crossover, water transport through the membrane is also due
to the following three mechanisms.

(i) Diffusion by the water concentration gradient:

20



C C

— acl/m —
J D _DW, m

ccl/m (9)

m

where D, ., is the effective diffusivity of water in the membrane.

(if) EOD by the hydroxide-ion migration:

i
Jeop =Ny E (10)

(iii) Convection by the liquid pressure gradient:

J. = Kp( pacl/m B pccl/m)
< M., .6
HWV G 0O

(11)

Hence, the total water flux due to the three mechanisms can be expressed

Cacl/m _Cch/m + Kp( Pacim — pccl/m) -n L

Jyo=Jdp+Jdo—Jeop =D
we D C EOD w, m §m /JM Hzoam d F

(12)

Anode AEM Cathode

“ Diffusion
e

EOD

\
Water is produced Water is consumed

(a)
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Fig. 5 (a) The typical water distribution through the fuel cell structure in an alkaline
DEFC [48]. (b) Variations in the OH" flux through three membranes [65].

The water distribution profile through the MEA in an alkaline DEFC is illustrated
in Fig. 5a [48]. Recently, Li et al. [48] demonstrated that the cathode flooding also
occurred in an alkaline DEFC, because the water flux due to diffusion from the anode
to the cathode outweighed the water flux due to both the ORR and EOD. It was also
found that unlike in acid fuel cells, the cathode flooding occurred at high current
densities, while the cathode flooding occurred at intermediate current densities in
alkaline fuel cells. Therefore, a high water crossover rate results in water flooding,
increasing transport resistance of oxygen. Hence, how to maintain an appropriate
water transport rate through the membrane is a key transport issue. Li et al. [49]
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designed an in-situ method to determine the water crossover rate. They termed a net
water flux through the membrane as the water-crossover flux. As part of the
water-crossover flux, Jwe, was consumed by the ORR:

i

J =— 13
oRR T S5F (13)

while the remaining was removed from the cathode:

Ny o0
JeoL = % (14)

Hence, the water-crossover flux was determined:
Jue =Jorr T o (15)
Li et al. [49] investigated the effect of the cathode MPL design on the water crossover
rate. It was demonstrated that the presence of a hydrophobic MPL at the cathode
improved the cell performance. In addition, they also investigated the effect of the
carbon nanotube (CNT) loading ranging from 1.0 mg cm? to 3.0 mg cm™ in the
cathode MPL on the cell performance when the PTFE loading was kept to be 20 wt.
%. It turned out that the best cell performance was achieved at a CNT loading of 2.0
mg cm2. Similarly, there also existed an optimal PTFE loading in the cathode MPL to
exhibit the highest power density.
In addition, the water crossover rate is also dependent of the water transport
properties of the membranes employed, as illustrated in Eqg. (12). Li et al. [51]
measured water transport properties of a commercial HEM (Tokuyama A201), such as
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the water diffusivity and the EOD coefficient. It was shown that the Schroeder’s

paradox phenomenon was also found to exist in this HEM, and the water diffusivity

of the HEM showed the same order of 10°° m? s as the Nafion membrane did. In

addition, the EOD coefficients measured at 30°C and 40°C were, respectively, 2.3 and

3.6. Wang et al. [52] investigated the EOD coefficient of a water-vapor equilibrated

HEM (Tokuyama A201), which were determined from the steady-state voltage of a

water concentration cell. They found that the EOD coefficient of the membrane at

room temperature was 0.61 (= 0.12), which was relatively independent of water

content over the relative humidity range of 14% - 96%. Recently, Duan et al. [53]

investigated the water uptake, ionic conductivity and dimensional change of the HEM

(Tokuyama A201) at different temperatures and water activities. They found that the

water uptake increased with the water content and the temperature. In addition, the

water sorption data showed Schroeder’s paradox for the HEM.

It should be noted that the above-mentioned transport properties of the membrane

were obtained from the HEM, which was only contacted with liquid water/water

vapor. However, the actual fuel cell operation involves the alkali in the fuel solution,

meaning that the HEM is always immerged in the alkaline solution, rather than the

pure water/water vapor. For this reason, An et al. [45] measured various properties of

the membrane in the alkaline solution, including the ionic conductivity, the liquid
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uptake, the species permeability, as well as the thermal and mechanical properties. It

was demonstrated that the membrane properties in the alkaline solution were

tremendously different from those in the pure water. Huang et al. [54, 55] compared

the performance of alkaline DEFCs using different membranes (HEM and

non-permselective porous separators). It was found that with a low-cost porous

separator, the fuel cell could obtain similar power output as those using expensive

HEMs did. Hence, it was concluded that it was feasible to replace the HEM with

non-permselective separators.

In summary, the previous investigations suggest that the HEM is still the most

promising membrane for the present fuel cell system, although the thermal stability

has to be further enhanced.

4.4. lon transport through the membrane (charge carrier)

In alkaline DEFCs, as an alkali (NaOH/KOH) is mixed with ethanol, both anions

(OH") and cations (Na*/K") are presented in the fuel cell system [56, 57, 58, 59].

Despite of the fact that there co-existed anions and cations in alkaline DEFCs, most of

the previous works [60] employed HEMs or APMs in alkaline DEFCs by assuming

that OH" ions were the charge carriers in HEM-DEFCs and APM-DEFCs. Recently,

some investigators proposed to use CEMs as the electrolyte, forming a so-called

CEM-DEFC [61]. As intended, it was conventionally thought that charge carriers in
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both HEM-DEFCs and APM-DEFCs were OH" ions [62, 63], whereas the charge

carriers in CEM-DEFCs were M* ions [64]. An et al. [65] designed an experimental

setup to determine the charge carriers of alkaline DEFCs with the three types of

membrane. It was found that regardless of membranes used, the main charge carrier in

three alkaline DEFCs was hydroxide ion, particularly including the CEM-DEFC (see

Fig. 5b). It was further suggested that the HEM was still the most promising

membrane for the present fuel cell system.

5. Transport phenomena in the cathode

5.1. Oxygen transport in the cathode

Oxygen is fed to the cathode flow channel and transported to the cathode CL,

where oxygen will be consumed by the ORR. As a result of the fact that the transport

resistance of oxygen is rather low [86, 87], the decrease in the oxygen concentration

from the flow channel to the CL is relatively small even at high current densities. An

et al. [38] investigated the effect of the oxygen concentration. They compared the

polarization curves and cathode overpotentials as operated with the pure oxygen and

the air, respectively. It was found that the cell voltage with the pure oxygen was

higher than that operated with the air over the whole current density region. It was

indicated that the higher oxygen concentration resulted in faster kinetics, lowering the

cathode activation loss. It was also found that by using the air, the oxygen
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concentration in the cathode CL was almost the same with that in the inlet, indicating
the transport rate of oxygen was high enough to match the reaction rate. Modestov et
al. [66] fabricated an MEA using non-platinum electrocatalysts and an APM for
alkaline DEFCs. The peak power density reached 100 mW cm 2 when the cell was
operated with the air at ambient pressure. They also found that operating the cell with
pure oxygen resulted in about 10% increment of current density. When the fuel cell
was passively operated with the ambient air, the so-called air-breathing operation,
oxygen was delivered by diffusion and natural convection. In this case, the oxygen
transport rate was closely related to the water removal rate, which will be discussed in
the following section.
5.2. Water transport in the cathode

On the cathode, the liquid water transport is toward the opposite direction of
oxygen transport. As such, two transport processes are intrinsically related to each
other. When the liquid water can be effectively removed, oxygen will be sufficiently
supplied to reaction sites [86, 87]. Water coming from the anode is consumed in the
cathode CL, and then the remaining will be removed from the cathode. As mentioned
earlier, the previous studies have shown that the water flooding still occurs in alkaline
DEFCs, particularly in the moderate current density region [48]. The water transport
through the cathode is primarily driven by the capillary pressure gradient [86]:
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Based on Egq. (16), the liquid water transport in the cathode can be affected by a
number of influence factors, such as the wettability, porosity, as well as permeability

of the cathode DL.
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(a) 20 sccm (b) 200 scem

(f)

Fig. 6 (a) Schematic illustration of an air-breathing alkaline DEFC [35]. (b) The water

accumulation on the cathode of the air-breathing alkaline DEFC [35]. Effect of the

gas flow rate on the transient cell voltage: (c) oxygen; and (d) air [48]. Liquid water

flow behaviors: (e) oxygen; and (f) air [48].

5.2.1. Effect of the oxygen delivery mode

Typically, there are two operation modes for the oxygen delivery to the reaction

sites: active mode and passive mode (air-breathing). In air-breathing alkaline DEFCs,

the removal of water relies on passive forces, such as capillary forces. As such,

passively facilitating water and oxygen transport is the key to improve the

performance of air-breathing alkaline DEFCs. Li et al. [35] developed and tested an

air-breathing alkaline DEFC with Pt-free electrodes, as shown in Fig. 6a. It was

revealed that the cathode water flooding behavior occurred in an air-breathing alkaline
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DEFC, as shown in Fig. 6b. Radically different from the air-breathing one, the water

removal rate was regulated by the gas flow rate in an alkaline DEFC with an active

oxygen delivery mode.

5.2.2. Effect of the gas flow rate

Li et al. [24] investigated the effect of oxygen flow rate and found that although not

substantial, the cell performance was increased when the oxygen flow rate was

increased from 10 sccm to 400 sccm. Also, they measured the transient cell voltage

with the oxygen flow rate ranging from 10 sccm to 100 sccm and the air flow rate

from 20 sccm to 200 sccm, respectively, as presented in Figs. 6¢ and 6d [48]. At 10

sccm, the cell voltage underwent significant fluctuations. At 100 sccm, however, the

cell voltage became much more stable, as shown in Figs. 6e and 6f. In summary,

increasing the gas flow rate is an effective approach to remove the liquid water and

thus enhance the transport of oxygen.

5.2.3. Effect of the presence of carbon dioxide

The most challenging issue on the cathode results from the presence of CO2 when

the cell is operated with the ambient air. On one hand, the reaction between CO»

(extracted from the ambient air) and hydroxide ions (generated by the ORR and

penetrated from the anode) produces carbonate, which may replace hydroxide ions as

the charge carriers [21]. On the other hand, cations (typically Na*/K*) from the anode
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will combine with the carbonate to form the carbonation precipitation on the cathode,

physically blocking the pores, thus increasing the transport resistance of oxygen [2].

Hence, the problem associated with CO, has to be addressed before the alkaline

DEFC technology becomes possible. Hou et al. [67] investigated the stability and

durability of APM-DEFC operated in the ambient air. It was shown that a 256-h

discharging curve with large voltage fluctuations (> 100 mV) during the whole

process. They explained that the voltage fluctuation was attributed to the use of the 45

wt. % PtRu/C on the anode, as the large voltage fluctuation phenomenon disappeared

when the PtRu/C catalyst was replaced by the Pd/C catalyst. However, it seems that

the negative effect of carbon dioxide from the ambient air on the cell performance

was missing in their discussion. It should be mentioned that an effective approach is

to include an air filter outside of the cathode, separating CO> from the air, with which

the CO,-free air can be fed into the cathode.

5.2.4. Effect of the cathode diffusion layer

As mentioned earlier, it is demonstrated that the water flooding also occurs in an

alkaline DEFC, significantly increasing the transport resistance of oxygen [48]. As

proposed by Li et al. [49], it is essential to incorporate a hydrophobic MPL in the

cathode to alleviate the water flooding problem, which is typically composed of

carbon materials and polymer binder (typically PTFE). Based on Eq. (16), it is found
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that the liquid water removal through the cathode is dependent of the physical
properties of the cathode, including the porosity, permeability, pore size distribution
and surface wettability. As such, effects of the above-mentioned physical properties
on the water removal from the cathode need to be addressed in the future.
5.2.5. Effect of the cathode catalyst layer

Currently, there is no problem associated with ion transport on the anode due to the
added alkali in the fuel solution. On the cathode, although the penetrated alkali from
the anode could help establish the triple phase boundaries (TPB), the reaction sites
cannot be completely used due to the lack of electrolyte in part of the cathode CL.
Recently, Li et al. [68] designed the architecture for the cathode of alkaline DEFCs by
depositing palladium particles on the cathode MPL via sputtering technique, as
presented in Figs. 7a and 7b. This cathode with a Pd loading of 0.035 mg cm™
enabled a peak power density to be 88 mW cm, which was even higher than that
using a conventional cathode. It is suggested that the sputtering-deposited electrode is
more suitable for this fuel cell system.
5.3. Hydrogen peroxide transport in the cathode (hydrogen peroxide as oxidant)

As discussed earlier, it is essential to avoid the presence of CO: in the cathode of
alkaline DEFCs. An effective approach is to include an air filter outside of the cathode,

separating CO from the air, with which the CO»-free air can be fed into the cathode.
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However, the idea of including an air filter will make the fuel cell system bulkier and
increase the design complexity. Alternatively, many efforts have been devoted to the
development of fuel cells that use hydrogen peroxide as oxidant and significant

progress has been made [69-74].
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Fig. 7 Cathode structures: (a) the conventional one; and (b) the sputtering-deposited
one [68]; (c) polarization and power density curves; and (d) anode and cathode
potentials [76].

For example, An et al. [75] proposed an alkaline DEFC with hydrogen peroxide as
oxidant. The fuel cell consisted of a non-platinum anode, an HEM, and a
non-platinum cathode. The developed fuel cell not only avoided the carbonation
problem encountered in alkaline fuel cells using the ambient air as oxidant, but also
yielded a peak power density of 130 mW cm at 60°C. As a result of the fact that
hydrogen peroxide is not stable in alkaline media, an acid is generally added in the
aqueous solution to stabilize the hydrogen peroxide [7]. To this end, An et al. [76]
proposed a so-called alkaline-acid DEFC (AA-DEFC) with alkalized ethanol as fuel

and acidified hydrogen peroxide as oxidant. It was shown that the theoretical voltage
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of this fuel cell was 2.52 V, while it was experimentally demonstrated that this fuel
cell yielded an open-circuit voltage (OCV) of 1.60 V and a peak power density of 240
mW cm? at 60°C, as shown in Figs. 7c and 7d. The large difference between the
actual OCV and theoretical voltage was mainly caused by the mixed potential
phenomenon occurring on the cathode, which has been substantially discussed in a
previous review paper [77]. Recently, An et al. [78, 79] proposed an approach to avoid
the mixed-potential phenomenon. In this approach, they created the cathode potential
by introducing a redox couple to the cathode while using hydrogen peroxide to

chemically charge the redox ions, as illustrated in Figs. 8a and 8b.
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Fig. 8 (a) Conventional and (b) mixed-potential-free hydrogen peroxide fuel cells [78].

Effect of the hydrogen peroxide concentration: (c) polarization curves; (d) anode and

cathode potentials [80]. The SEM images of the bi-functional electrode: (e) 3-D

structure; and (f) surface morphology [85].

Similarly, hydrogen peroxide in the catholyte flows into the cathode flow channel

and transports through the cathode DL to the cathode CL. Hence, the operating and

electrode structural design parameters in the cathode can affect the transport process
38



of hydrogen peroxide. Similarly, it is also critically important to maintain an

appropriate concentration of hydrogen peroxide in the cathode CL.

5.3.1. Effect of the hydrogen peroxide concentration

The hydrogen peroxide concentration in the catholyte is an important parameter to

achieve an appropriate concentration of hydrogen peroxide in the cathode CL. An et al.

[75] investigated the effect of the hydrogen peroxide concentration on the

performance in an alkaline DEFC. It was shown that the 2.0-M operation resulted in a

limiting current density, which was disappeared at 4.0-M operation. A further increase

to 8.0 M did not change the cell performance as the hydrogen peroxide concentration

was sufficient for the reaction rate. Recently, An et al. [80] further investigated the

effect of the hydrogen peroxide concentration on the performance of an AA-DEFC

using the acidified hydrogen peroxide as oxidant, as shown in Figs. 8c and 8d. It was

found that when the hydrogen peroxide concentration was increased from 1.0 M to

4.0 M, the transport of hydrogen peroxide at the cathode was correspondingly

enhanced, reducing the concentration loss of hydrogen peroxide. A further increase to

6.0 M slightly decreased the performance. It was indicated that the hydrogen peroxide

concentration in the cathode CL was sufficient, but the high hydrogen peroxide

concentration caused rather serious hydrogen peroxide crossover, thereby decreasing

the cell performance.
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5.3.2. Effect of the cathode electrode design

As mentioned earlier, the oxygen evolution from the hydrogen peroxide
decomposition not only significantly increases the transport of hydrogen peroxide to
reaction sites, but also decreases the utilization efficiency of hydrogen peroxide. The
mechanisms leading to the hydrogen peroxide decomposition have been extensively
investigated and some strategies have been proposed to alleviate or even avoid the
hydrogen peroxide decomposition [82-85]. An et al. [85] developed a bi-functional
electrode, which was composed of the nickel-chromium foam (functioning as the DL)
with highly dispersed gold particles (functioning as the CL) deposited onto the
skeleton of the foam, as shown in Figs. 8e and 8f. This electrode allowed not only a
reduction in the decomposition rate of hydrogen peroxide, but also an increase in the
transport rate of hydrogen peroxide. The performance test showed that the use of this
electrode increased the peak power density from 135 mW cm to 200 mW cm™. It is
suggested that this bi-functional electrode is more suitable for the fuel cell system that
operates with hydrogen peroxide.
6. Mathematical modeling of alkaline DEFCs
As mentioned earlier, the alkaline DFFC system has a complex multi-layered porous
structure, in which the coupled mass/charge transport and electrochemical reactions

take place simultaneously. Hence, it is difficult to shed light on the complicated
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physicochemical processes via experimental investigations. The mathematical
modeling, as a powerful and economical tool, plays an important role in quantifying
the physicochemical processes in fuel cells. For this reason, a few numerical
investigations have been conducted to study the transport processes in alkaline
DEFCs [38, 47, 55]. Mathematical models for alkaline DEFCs are generally
developed based on single-phase mass transport. Bahrami et al. [47] developed a
one-dimensional model to study the transport process in an alkaline DEFC
incorporating an HEM. Particularly, they proposed a multi-layer membrane model to
determine the diffusive and electro-osmotic transport of ethanol. They investigated the
ethanol crossover for positive and negative EOD coefficients, respectively, and found
that a substantial difference in ethanol distribution in the membrane. Also, the ethanol
crossover rate was significantly reduced when using an HEM instead of a PEM,
particularly at current densities higher than 500 A m. Hence, the EOD direction from
the cathode to the anode much decreases the ethanol permeation rate. Huang et al. [55]
developed a physical model to investigate the transport processes in an alkaline DEFC
using a non-permselective separator. It was found that the alkali concentration lower
than 1.0 M notably decreased cell performance due to the low electrolyte conductivity.
The above mathematical models of alkaline DEFCs indicate that the performance of

an alkaline DEFC is affected by the structural design and operating parameters.
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7. Concluding remarks

As a relatively new field, the alkaline DEFC technology has undergone a rapid

progress in the past decade. This article provides a comprehensive review of transport

phenomena in the alkaline DEFC system. Particular attention is paid to the

mechanisms and the critical issues of transport of various species through the fuel cell

structure. The past investigations have laid a solid foundation for the basic

understanding of how the structural design parameters of membrane electrode

assemblies and the operating parameters affect the fuel cell performance. The critical

transport issues that need to be further addressed in the near future include:

1) Ethanol transport: Maintaining an appropriate ethanol concentration level in the

anode CL is the direction to maximize the cell performance.

2) Water transport: The direction of water management is to transport water through

the membrane to the cathode at an appropriate rate.

3) Alkali transport: The direction of alkali management is to alleviate or eliminate the

alkali crossover.

4) Carbon dioxide: When the air is used as oxidant, CO> from the air can react with

hydroxide ions generated by the ORR and penetrated from the anode to form

carbonate, limiting the fuel cell performance and durability.

5) Oxygen transport: The direction of oxygen transport is how to enhance the oxygen
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supply to the cathode catalyst layer and the water removal from the cathode diffusion

layer by utilizing passive forces or regulating the gas flow rates.

6) Hydrogen peroxide transport: Maintaining an appropriate hydrogen peroxide

concentration level in the cathode CL is the direction to maximize the cell

performance. On the other hand, the issue associated with hydrogen peroxide

decomposition has to be addressed before the fuel cell technology using hydrogen

peroxide as oxidant becomes possible; the rate of hydrogen peroxide decomposition

can be reduced by optimizing the pH value, the hydrogen peroxide concentration, the

temperature of the aqueous solution, and the electrochemical properties of electrode

materials.
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Figure captions:

Fig. 1 A typical alkaline direct ethanol fuel cell.

Fig. 2 Effect of the ethanol concentration on the cell performance: (a) 1.0 M KOH; (b)

5.0 M KOH [24]. (c) The fabricated micro-DEFC via using micro-technologies: (1)

Si-based current collector; (2) micro-fabricated channels; (3) methacrylate case holder;

and (4) MEA [37] (Reproduced with permission from IOP Publishing).

Fig. 3 Effect of structural parameters on the performance: (a) thickness; (b) porosity

[38]. Anode structures: (c) the conventional one; and (d) the integrated one [36].

Fig. 4 A three-dimensional Pd electrode [40].

Fig. 5 (a) The typical water distribution through the fuel cell structure in an alkaline

DEFC [48]. (b) Variations in the OH- flux through three membranes [65].

Fig. 6 (a) Schematic illustration of an air-breathing alkaline DEFC [35]. (b) The water

accumulation on the cathode of the air-breathing alkaline DEFC [35]. Effect of the

gas flow rate on the transient cell voltage: (c) oxygen; and (d) air [48]. Liquid water

flow behaviors: (e) oxygen; and (f) air [48].

Fig. 7 Cathode structures: (a) the conventional one; and (b) the sputtering-deposited

one [68]; (c) polarization and power density curves; and (d) anode and cathode

potentials [76].

Fig. 8 (a) Conventional and (b) mixed-potential-free hydrogen peroxide fuel cells [78].
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Effect of the hydrogen peroxide concentration: (c) polarization curves; (d) anode and
cathode potentials [80]. The SEM images of the bi-functional electrode: (e) 3-D

structure; and (f) surface morphology [85].

Highlights
e This article provides a review of transport phenomena in ADEFCs.
e Particular attention is paid to mechanisms and critical issues of species
transport.
e How structural design and operating parameters affect performance is
discussed.

e Future perspectives and challenges with regard to transport are highlighted.

Graphical Abstract: This article provides a comprehensive review of transport

phenomena of various species in alkaline direct ethanol fuel cells.
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