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Welcome to 6" Iranian fuel cell seminar

Dear colleague,

On behalf of all members of scientific and organizing committees, it is my great honor to welcome you
to the 6th Iranian fuel cell seminar. This seminar is hosted by the Electrochemical Society of Iran,
Development energy resources organization and Shahid Rajaee Teacher Training University from 12 to
13 March 2013. The aim of this seminar is to get together and present the latest scientific findings and
to share information in the field of fuel cell systems for professionals within academia, research and
industry.

Fuel cell is the best way for clean energy production in Hydrogen economy. It can help for producing
electricity with low noise and good efficiency. As fuel cells generate electricity through a chemical
reaction, rather than combustion, they do not produce harmful emissions. Currently, technologists
are developing and adapting fuel cell technology for practical use in exhaust-free automobiles and in
electricity-generating plants.

Participants at this seminar celebrate 62 paper presentations, posters as well as workshop sessions.
Professor Hossein Gharibi as an invited speaker provided insightful ideas and questions for many
seminar participants by tackling issues in the innovation in fuel cell systems especially about materials
of MEA. In this seminar, energy education workshop for children is provided interactive environment

in order to learning energy concepts.

This seminar would not be possible without your participation and support. We would like to thank
you for your participation and also all those involved in the organization of this conference. We hope
that you have had a fruitful and memorable seminar and a delightful stay in Tehran at Shahid Rajaee

Teacher Training University.

Dr Rasol Abdullah Mirzaie Hojat Aliloo

Scientific Chairman Executive chairman
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Modeling Local Structure and Dynamics of Aromatic
Sulfonated poly(2,6-Dimethyl-1,4-Phenylene Oxide) Fuel
Cell Membranes

Ghasem Bahlakehl’*, Manouchehr Nikazarz, Ahmad Lashgar3, Hajar Falahati4, Seyed
Emadodin Shakeris, Mahdi Tohidian®,
Department of chemical engineering, Amirkabir university of technology
ghasem.bahlakeh(@gmail.com

Abstract

MD simulations were used to analyze the structure and dynamics of the solvated sulfonated
poly(2,6-dimethyl-1,4-phenylene oxide) membranes with hydration level of A = 6 at varied
temperatures. Obtained simulation results based on the RDF analyses revealed that the
backbone of SPPO membranes behaves as hydrophobic at all temperatures. In addition, RDFs
of sulfonic acid groups in terms of sulfur and oxygen atoms showed that correlation of sulfonic
acid groups remains unchanged with a change in temperature. Finally, it was understood that
diffusion coefficients of sulfonic acid groups, hydronium ions and water molecules are
enhanced as the operating temperature is increased which can lead to improvement in fuel cell
performance of hydrated membrane.

Keywords: Fuel cell, Polymer electrolyte membrane, Sulfonated poly(2,6-dimethyl-1,4-
phenylene oxide) (SPPO), Modeling

1 Introduction

Because of their potential for use in polymer electrolyte membrane fuel cells (PEMFCs) and
direct methanol fuel cells (DMFCs), polymer electrolyte membranes (PEMs) have been
significantly studied during recent years [1]. It has been understood that physicochemical
properties of these membranes is a factor that highly impacts their performance.
Perfluorosulfonic Nafion with a poly(tetrafluoroethylene) backbone is the first used PEM in
both PEMFCs and DMFCs due to high conductivity at optimum membrane hydrations and good
chemical and mechanical stability [2]. Despite these advantages, a number of problems
including high methanol permeability, high production cost as well as reduced conductivity at
higher temperatures limited Nafion applications and motivated development of hydrocarbon-
type membranes like sulfonated poly(ether ether ketone) (SPEEK), sulfonated poly(2,6-
dimethyl-1,4-phenylene oxide) (SPPO), and so forth [3-4].

Various types of SPPO based PEMs have been recently synthesized as a candidate for PEMFCs
and DMFCs usages since they have proved acceptable mechanical and thermal properties and
possess simple structure which makes easier their modification [5-6]. Guan et al. [7] found
larger ionic domains within SPPO materials with higher degrees of sulfonation which were

-PhD student
-Professor, Department of chemical engineering, Amirkabir university of technology, Nikazar@aut.ac.ir
- MSc, Computer engineering department, University of Tehran, ahmad.lashgar@gmail.com
-PhD student, Department of computer engineering, Sharif university of technology, hfalahati@ce.sharif.edu
-MSc student, Polymer engineering and color technology, Amirkabir university of technology, emzh.1368@gmail.com
-MSc student, Polymer engineering and color technology, Amirkabir university of technology, m.tohidian68@gmail.com
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ascribed to increased water uptakes of membrane. Yang et al. [8] concluded that high
conductivity of SPPO membrane at higher sulfonation levels is mainly because of continuous
aqueous channels formed under higher water uptake conditions. In another study, Hasani-
Sadrabadi et al. [9] reported that the methanol permeability of nanocomposite PEMs made of
SPPO and organically modified montmorillonite clay was decreased as compared to Nafion.

In contrast to experimental works concerned with fuel cell characteristics of SPPO materials,
theoretical works for these types of membranes were not addressed in past investigations.
Theoretical techniques such as molecular dynamics (MD) simulations are helpful tools that
enable us to obtain deeper knowledge of membrane behaviors which is not possible using
experiments [10-11]. Therefore, we perform MD simulations over pure SPPO based PEMs. As
an extension to our previous work [10], influences of temperature on membrane properties of
hydrated SPPO materials is investigated in this research work.

PO #08
H,C SO,- H,C

Figure 1: Chemical structure of (a) ionized sulfonated and (b) non-sulfonated PPO monomer
used during MD simulations.

2 Details of simulation

2.1 Molecular models and amorphous cell construction

To investigate the influences of temperature on properties of hydrated SPPO membranes, MD
simulations were carried out at three temperatures of 353, 333 and 313 K. The number of water
molecules for SPPO membrane was specified using hydration level of A = 6 (A is the ratio of the
number of water molecules to the number of sulfonic acid groups). Three-dimensional
amorphous cell which consist of SPPO polymeric chains, hydronium ions (H;O") and water
molecules was constructed to do simulations. 20 SPPO chains with degree of polymerization of
20 and degree of sulfonation of 25% were used. Degree of sulfonation of SPPO polymers is
defined as the ratio of number of sulfonated PPO monomers to the total number of sulfonated
and non-sulfonated PPO monomers shown in Figure 1. Using 25% degree of sulfonation, each
SPPO chain contains 5 sulfonated and 15 non-sulfonated monomers. These monomer units were
randomly arranged within the SPPO chains. All sulfonic acid groups attached to PPO backbone
were supposed to completely dissociate, as displayed in part (a) of Figure 1. Therefore, to
maintain the charge neutrality of the simulation cells, the same number of hydronium ions as
the total number of sulfonic acid groups was employed. Using the number of different
molecules listed in Table, initial cell was created at initial density of 0.005 g/cm’ by using
amorphous cell module of the Materials Studio software [12].
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Table 1: Composition of SPPO membranes used for MD simulations and equilibrated densities
and cell sizes for hydration levels of A = 6.

No. of SPPO chains 20

No. of H,O 600
No. of H;0" 100
Total No. of atoms 9340

22 Force field parameters and MD simulation

DREIDING [13] and flexible 3-centered (F3C) [14] force fields were employed for SPPO
chains and water molecules, respectively, which have been used in our previous study. Partial
charges for SPPO were assigned using charge equilibration procedure [15]. Potential parameters
and charges for hydronium ions were from Jang et al. [16].

After construction, amorphous simulation cell was minimized using conjugate gradient
algorithm. Optimized cell was then equilibrated using shrinking box method at maximum
temperature of 353 K, as discussed in our previous studies [10-11]. In this method, NPT MD
simulations were first performed at 353 K for 10 ps during which operating pressure was
increased from 1 to 100 atm. Next, the simulation cells were further compressed from 100 to
150 atm for 1 ns using NPT runs. In these simulations, only the bonded and repulsive non-
bonded Lennard-Jones (LJ) interactions were included. Afterwards, NPT simulations were
continued at 150 atm for 10 ps with inclusion of both repulsive and attractive parts of LJ
interactions, which was followed by another NPT MD run at 150 atm for 50 ps where columbic
interactions were also turned on. Subsequently, MD cell was equilibrated for time period of 10
ns in NPT ensemble at 353 K and 1 atm. This equilibration phase of MD simulations was used
to quickly equilibrate SPPO structure. Equilibrated structure was used as input for production
NVT simulations performed for 2 ns at 353 K, where trajectories were saved every 1 ps for
subsequent analyses. For the lower temperatures, the final structure obtained at the end of
production run of higher temperature was further equilibrated for 1 ns NPT MD simulation at 1
atm, which was followed by production run of 2 ns.

Simulations were performed by using LAMMPS (large-scale atomic/molecular massively
parallel simulator) open-source classical MD code [17]. Non-bonded interactions were
truncated at 12 A cutoff distance and the long-range electrostatic interactions were computed
using particle-particle particle-mesh (PPPM) method [18]. Newton’s equation of motion was
solved with velocity Verlet integrator using a time step of 0.5 fs [19]. During simulations,
temperature and pressure were controlled via Nose-Hoover algorithm as thermostat and barostat
[20-22]. Periodic boundary conditions were imposed in all directions of simulation cells.

3 Results and discussion

3.1 Amorphous cell equilibrium

Since attainment of cell equilibrium in MD simulation is important, we have checked it
before analyzing results of simulation. For this purpose equilibrated density of simulation
cells at all temperatures were monitored. The densities were calculated as 1.0320, 1.0310
and 1.0163 g/cm’ for simulation temperatures of 313, 333 and 353 K, respectively. It is
seen that the computed densities for SPPO cell with water content of A = 6 decreases with
an increase in temperature. In literature, there has been no experimental density reported for
hydrated SPPO, and so it is not possible to make a direct comparison. However, Kruczek et
al. [23] reported experimental density of 1.19 g/cm’ for dry SPPO materials containing

3
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25.2% sulfonation level. It is known that acidic PEMs like SPPO swell upon the uptake of
water molecules, and thus it can be concluded that the obtained densities in our simulation
are satisfactory. Consequently, the simulated density for water solvated SPPO membranes
indicates that the MD cells have reached equilibrium condition.

3.2 Structural property
The radial distribution function (RDF) g, ,(r) was used to investigate the local structure of

hydrated membrane as a function of operating temperature. RDF shows the probability
distribution of B atoms around reference A atoms, and is defined as equation (1):

(s
g4 M) = 4%%
)

where 7, is the number of B atoms located around A atoms inside a spherical shell of

(1

thickness Ar, N, is the total number of B atoms employed when constructing simulation cell

and V' is the equilibrated cell volume.

To analyze the intermolecular interactions of water molecules with backbone of SPPO chains as
a function of operating temperature, RDFs of oxygen atoms in water (Ow) with respect to
carbon atoms in SPPO backbone (C) was analyzed, as displayed in Figure 2. It is observed that
with increasing the temperature from 313 to 353 K, the behavior of C-Ow RDFs do not change,
and as a result, the interaction of water molecules regards to polymer backbone is independent
of fuel cell operating temperature. It is also observed that at all temperatures, the C-Ow RDFs
first increase in height, reaches unity and finally become unchanged, which imply that aromatic
backbone in SPPO materials is hydrophobic.

1.5 ‘ .
— 313K
— 333K
1t — 363K
S
0.57
0

0 2 4 6 8 10
r (Angstrom)
Figure 2: RDFs of carbon (SPPO)-oxygen (water) pairs for temperatures of 313, 333 and 353 K.

Since anionic sulfonic acid groups in acid-based PEMs like hydrated SPPO play very important
role in proton conductivity process among polymeric membrane, it is better to investigate
sulfonic acid group properties as a function of applied temperature. Figure 3 (a) and (b)
illustrates this property in terms of RDFs of sulfur (S) and oxygen (Os) atoms in sulfonic acid
group. In the case of S-S RDFs, a first high is occurred at around 5.94 A for all temperatures, an
observation which suggests the clustering trend in neighboring sulfonic acid groups. Also, the
peak height show very slight variation against temperature. The same behavior is seen for Os-
Os RDFs. Therefore, from these RDF analyses, it is inferred that structural property of
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correlation of sulfonic acid groups with each other inside the solvated SPPO membranes
remains unaltered.

2 @) 1.5 ©)

— 313K — 313K
— 333K

157

g(r)

0.57
0.5

o 2 4 6 8 10 0o 2 4 6 8 10

r (Angstrom) r (Angstrom)
Figure 3: RDFs of (a) sulfur-sulfur and (b) oxygen-oxygen atomic pairs of sulfonic acid group
for temperatures of 313, 333 and 353 K.

3.3 Dynamic property

Dynamic property of hydrated SPPO membranes under varied operating temperatures was
explored by means of the diffusion coefficients (D) for sulfonic acid groups, water molecules
and hydronium ions inside the hydrated membrane. Diffusivity was calculated using the slope
of mean squared displacement (MSD) or Einstein relation according to the following equation:

1.. dMSD(t) | R 2
S ey im g Xlno-nor] o

where N is the total number of jatoms (here, sulfur atoms for sulfonic acid groups, oxygen
atoms for water molecules or hydronium ions), r,(z) and r;(0) are the positions for ;j atoms at

time ¢ and at the beginning of production MD simulations, respectively. It shoud be noted the
diffusivity for water and hydronium ion was computed using both hydrogen and oxygen atoms
and the results were the same.

3 .
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Figure 4: Mean squared displacement of sulfonic acid groups for temperatures of 313, 333 and
353 K.
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Figure 4 indicates the mobility of sulfonic acid groups in terms of MSD of sulfur atoms for all
temperatures. It is found that sulfonic acid groups demonstrate increased dynamics at higher
temperatures which is attributed to increased kinetic energy of such groups at increased
temperatures. Furtheremore, as displayed in parts (a) and (b) in Figure 5, MSD of both
hydronium ions and water molecules enhances as the temperature is increased. Therefore,
increasing the temperature enables hydronium ions and water molecules to migrate more
quickly within the solvated morpholgy of aromatic SPPO based PEMs.

The MD simulated diffusion coefficients via equation (2) for sulfonic acid groups, hydronium
ions and water molecules were listed in Table 2. It is simply observed that all calculated
diffusivities exhibit an increasing trend against temperature. Sulfonic acid groups have the least
diffusion coefficient values due to the fact that unlike the hydronium ions and water molecules
they are attached to SPPO backbone. Additionally, it can be seen that the hydronium ion
diffusion coefficient is lower than that of water molecules since the calculation of diffusivity of
hydronium ion via equation (2) only includes the vehicular diffusion mechanism for hydronium
ions while transport of hydronium ions inside the membrane happens by two well known
mechanisms of vehicular and hopping. The enhanced hydronium ion diffusion coefficient at
higher temperatures implies that with increasing the temperature, the transport property of
proton conductivity among SPPO membranes is increased and thereby the performance of the
hydrated membrane for fuel cell applications is improved.

a b
15 @ 3007( ) .
— 313K
- NE — 333K
5 10 S 200 — 353K
@ @
(@)] (@)]
C C
< <
Q 5 0O 1001
%) %)
= =
0 : ' : 0 ; ‘ ‘
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Figure 5: Mean squared displacement of (a) hydronium ions and (b) water molecules for
temperatures of 313, 333 and 353 K.

Table 2: Diffusion coefficients of sulfonic acid groups, hydronium ions and water molecules for
temperatures of 313, 333 and 353 K.

D (x107*, cm?/s)
Temperature (K)
SO;H H;0" H,O
313 0.000045 | 0.00027 0.0073
333 0.000056 | 0.0005 0.0122
353 0.000152 | 0.0009 0.0183
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Abstract

In this research, three-dimensional model for a planar solid oxide fuel cell was
developed, which includes the flow channels, electrodes, current collectors, and
electrolyte. The proposed model includes mass and momentum transport in the
flow channels and electrodes, electrochemical reaction in electrodes, and charge
transfer in all parts of fuel cell.

The most important characteristic of this model is consideration of all
electrodes’ thickness as triple phase boundaries, thin layers in the vicinity of the
electrolyte, where the electrochemical reactions take place and produce electrons,
oxide ions and water vapor.

It was observed that the concentration profile of hydrogen and oxygen
decreases with increasing the voltage of cell along the fuel channels and
electrodes. Furthermore, out results showed that the concentration of gases, as
well as the rate of reaction and current density, increases by rising the
temperature. The performance of SOFC is also validated with measured data
found in the literatures and good agreement is found between the results of this
model and experimental data.

Keywords: solid oxide fuel cell, triple phase boundary, finite element method, mathematical
modeling.

Introduction

Currently, due to concerns about the future of fossil fuels and harmful and
irreparable effects of their combustion gases on the environment, researches have
led toward the use of alternative energy sources. Fuel cell is a device that can be
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used for future energy production. Lack of environmental problems and high
efficiency, has led to extensive uses of fuel cell. Several types of fuel cell are
available and they are distinguishing with their electrolytes foundations difference
which are as follows:

Phosphoric Acid Fuel Cell (PAFC)

Polymer Electrolyte Membrane Fuel Cell (PEMFC)
Direct Methanol Fuel Cell (DMFC)

Alkaline Fuel Cell (AFC)

Molten Carbonate Fuel Cell (MCFC)

Solid Oxide Fuel Cell (SOFC)

The most famous electrolyte component in SOFC is Yuttria- Stabilized Zirconia
(YSZ) which is oxygen ion conductor (instead of empty oxygen). SOFC operating
temperature is usually between 1000-600 ° c. High operating temperatures also
has drawbacks and benefits. Stuck issue includes hardware, sealant and joints.
High temperatures cause problems with the selection of materials, mechanical and
thermal expansion. Benefits of this approach are including high performance and
fuel flexibility. SOFC electrical efficiency is about 60-50% and the total thermal
efficiency can reach to 90%. SOFC with average temperature (400-700c °) can
remove many disadvantages of high temperature SOFC. These kinds of SOFC
required much cheaper sealant and cheaper stuck metals (compared to
ceramics). This SOFC also provide appropriate fuel efficiency and flexibility
to. However, fundamental problems must be resolved.

Mathematical modeling:
The assumptions used in the fuel cell modeling are:

1 - Solid oxide fuel cell operates in very high temperature that gas mixture within
the flow channels and electrodes always are far from critical conditions in all the
modeling so ideal gas law assumed for the gas mixture [1].

2 - Within the flow channels, gases have speed much less than the speed of
sound. In such circumstances (low Mach numbers) gas mixture density changes
were very minor which is related to changes in mass caused by electrochemical
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reactions. For all fuel cell modeling for gas mixtures laminar flow and
incompressible flow has been considered [1, 2].

3 - All presented models in the field of solid oxide fuel cell are steady state
because of changes in cell parameters are too short and rapidly ended [3].

4 - In many models is assumed that ohm losses in the collector is negligible
because of high electrical conductivity coefficient of collectors than electrodes.

5 — Temperature has a major role in solid oxide fuel cells, because a significant
effects of cell temperature on the electrical properties such as cell voltage and
current density distribution affects [4, 5]. Many models have been performed in
isothermal conditions, because the temperature is always constant and controlled
by incoming gases through the cell or electric furnaces [6, 7].

6 — Three phase boundaries are considered as dimensionless boundary.
Electrochemical reaction is confined to the cell electrode and electrolyte interface
that 1s the result of high electrical conductivity cell ratio compared to the Ion
conductivity coefficient.

Cathode

Current Collector Electrolyte

Anode

Air channel

Fuel channel Current Collector

Figure (1): Geometry used in fuel cell modeling
Geometry has four regions. These areas include: current collector, flow channels,
electrodes and electrolyte. Just inside the electrolyte ion conduction process is

done and in collectors, electron conduction process is done but in the electrodes,
both processes are happened.
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The relevant equations of cell components are:

Flow channels: mass and momentum balance.

Electrodes: mass balance, load balance (ions and electrons), momentum balance.
Electrolytes: load balance (ion).

Collector current: load balance (electrons).

Stefan - Maxwell equation is expressed for mass balance equation. Navier — Stoke
equation for momentum balance and Ohm's law for load balancing.

A-Mass transfer:

Fick’s law is valid for binary mixtures penetration and indicated interaction
between them. Stefan — Maxwell equation is used for multi-component gas
mixtures with low-density. Therefore in this simulation, Stephen - Maxwell
equation 1s expressed for cathode mass transport components (oxygen, nitrogen
and water) and anode components (hydrogen and water) [8.9]:

k M VM VP
V- o —pwYD|—|Vo +0,— |+(x.—o,)— | |=R
[ lpu p 1]2::4 !/[Mj[ J J M J (x./ ./) P JJ i

: : I . : u
Where @i is mass fraction of component * , p density of gas mixture, = flow

rate, ’ diffusion, gas mixture molecular weight, = /molecular weight of

I X : R . .
component , ~’/component mole fraction, P pressure and "’ 1s heterogeneity
term (production or consumption of a component) caused by the electrochemical
reaction as expressed below:

JM.
R =v, :
nkF

1

\%4

In this equation, " is stoichiometry coefficient, /" Faraday constant, Mithe

number of moles of electrons in half-reaction transition and / is current density.
Stefan - Maxwell equation is used flow for channels and electrodes when
heterogeneity term is zero.

B - Momentum transfer

Navier - Stoke equation has been used for momentum transfer in channel flow [9]:
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The second equation of the above equation is the continuity equation. Brinkman
equation is used for gases flow within electrodes:

H o ou=v {— PI+ u((Vu+ (Vu)") —i(v -u)I)}
K

V-(pu)=0
JM
0=2.8 WF

In this equation K is the permeability of the electrodes, S electrodes active area

and ?, is heterogeneity term caused by the reaction.
C. — Load transfer

Ohm's law was used for the transfer time in different parts of cell [1, 9, and
10]. Inside the collector current balance is charged that is written below as
equation:

V(-k.V§,)=0

That © i1s electrical conductivity coefficient of current collector and 9. is electric
potential. For 1on electrolyte balance load following relationship is used:

V- (_ki v¢z) =0

?,

k . . : ..
That ' is coefficient of ion conductivity electrolyte and
electrolyte.

is ion potential of

Inside the electrodes, due to electrochemical reactions, ionic balance and electrical
load balance are charged by the following relations:

V-(k,V§,)=8J
V'(_ki V(bi) =§5J
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k . . .. : k . . . .
That © 1s electrical conductivity coefficient, ' is ion conduction coefficient,

?,

¢, is electric potential and "' is Ion potential of electrodes.

Results

Figure (2) shows voltage - flow curve which has good agreement with
experimental data [11.12].

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

B experimental data

model prediction

Viv)

0 0.5 1 1.5 2 2.5 3
L. (A/cm?)

Figure (2): voltage — current curve

Reactant concentration in electrodes and flow channels and also their distribution
are an important factor in determining the amount of cell reactions speed, rate of
cell production and distribution of electric current. Uniform distribution and high
concentration of reactant causes increase in reaction rate and finally increasing in
cell electric current production. Therefore, concentration of reactants had to be

checked. First, the concentration of oxygen and hydrogen outlines. Figures (3) and
(4) show distribution of oxygen concentration in the flow channel and cathode
electrodes and distribution of hydrogen concentration in the anode fuel flow

channels for the operating voltage 0.8 (Vceﬂ =0.8).
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Figure (3): Distribution of oxygen concentration in the flow channels and cathode electrode

As the figure (3) implies, distribution of oxygen concentration is non-uniform and
immediately decreases in the flow channels and cathode that causes reduces of
passing oxygen ions in the electrolyte and thus reduces of hydrogen half rate
oxidation reaction. In Figure (4) concentration of hydrogen in the fuel flow inside
the channel and the anode electrode i1s a non-uniform distribution, but its
concentration does not suffer rapid decline due to hydrogen high penetration.

V_peR9)=08  Sice: Mam Factin, wd Mae: 0,950

0z

Min: 0,183

Figure (4): distribution of hydrogen concentration in the fuel flow channel and the anode
electrode

Figures (5) and (6) show electrical current density distribution in the electrodes
and electrolyte interface points.
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Figure (5): Distribution of current density in electrolyte- cathode interface

In Figure (5), electric current density in electrolyte -cathode interface is a non-
uniform distribution due to non-uniform distribution of oxygen concentration. The
highest current density is in the entrance of cathode flow channel because the
electric current density and reaction rate have a direct relationship with reactant
concentration and oxygen concentration is high at the flow channel entrance. In
Figure (6) the highest current density is in the output of flow channel because the
highest concentration of oxygen is in the output of anode flow channel therefore
the highest current density is on the output of flow channel.
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Figure (6): Distribution of current density in electrolyte - anodes interface

Figure (7) shows current density distribution in the anode- flow channels interface
and anode- current collector. In the central part, current density distribution is
uniform, but in other parts, anode- current collector interface, is non-uniform
because at the central part or anode- current collector interface, hydrogen
concentration is nearly uniform.
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Figure (7): current density distribution in the anode- flow channels interface and anode- current
collector
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Figure (8): cell output power as a function of cell operating voltage
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Figure (8) shows cell output power. All figures presented in the previous section
are given for the cell operating voltage equal to 0.8. In figures (9) and (10) oxygen
concentration profiles are shown along the flow channel and cathode electrodes
for operating voltage levels 0.2, 0.4 and 0.6.

Mags fraction, 02

o 0001 000z 00032 0,004 0.0035 0.006 0,007 0002 0009 0.01

Figure (9): Oxygen concentration profiles along the channel flow
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Figure (10): Oxygen concentration profiles along the cathode

From figures (9) and (10) observed that in the channel and electrode, oxygen
concentration has decreased with increasing cell operating voltage in gas flow.
With increasing cell electric current voltage production decreases according to
voltage- current curves and because of direct effect of current density on reaction
rate, the reaction rate decreases and consequently concentration decreases.
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Proceeding of concentration reduction with increasing of hydrogen cell operating
voltage also can be observed. Figures (11) and (12) show the hydrogen
concentration profile during flow channel and anode electrodes.
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Figure (11): hydrogen concentration profile during channel flow
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Figure (12): hydrogen concentration profile during cathode

All previous figures were in temperature 800 ° C. For evaluate the effect of
temperature on reaction rate and current density, hydrogen and oxygen
concentration profile are compared. Figures (13) and (14) show Hydrogen
concentration profiles in the anode, respectively 800 and 900 ° C temperature for
the operating voltage of 0.8. It can be observed that with increasing temperature,
hydrogen concentration has increased over the anode. Because increasing
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temperature, the total concentration increases. Therefore, the temperature rises
due to high hydrogen concentration, reaction rate and current density increase.
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Figure (13): hydrogen concentration profile during the anode at a temperature 800 ° C
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Figure (14): hydrogen concentration profile during the anode at a temperature 900 ° C
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Figure (15): Oxygen concentration profile during the anode at a

temperature 800 °C
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Figure (16): hydrogen concentration profile during the cathode at

a temperature 900 ° C

With increasing temperature, the oxygen concentration as the concentration of
hydrogen in accordance with figure (16) has increased over the cathode.

Conclusion

In solid oxide fuel cells modeling two three phase boundari

es are available which

are: dimensionless border (boundary condition) or a certain thickness of the

border. So in this model instead of the above two cases, the

entire thickness of the

cell electrodes is considered as three phase boundary. Cell modeling results
showed circumstances consistent with the laboratory results. Therefore we can say
that in solid oxide fuel cell three phase boundaries or reaction locations can be
total thickness of the electrode and electrochemical reactions should be done
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during the whole cell electrode. The reactant concentrations in the flow channels
and electrodes according to obtained curves have significant effect on reaction
rate and current density.
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Abstract

The electrooxidation of methanol was investigated in acidic media on the platinum-cobalt alloy
carbon-ceramic modified electrode (Pt-Co/CCE) via cyclic voltammetric analysis in the mixed
0.5 M methanol and 0.1 M H,SO4 solutions. The Pt-Co/CCE catalyst, which has excellent
electrocatalytic activity for methanol oxidation than the Pt nanoparticles carbon-ceramic
modified electrode (Pt/CCE) and smooth Pt electrode, shows great potential as less expensive
electrocatalyst for these fuels oxidation. These results showed that the presence of Co in the
structure of catalyst and application of CCE as a substrate greatly enhance the electrocatalytic
activity of Pt towards the oxidation of methanol. Moreover, the presence of Co contributes to
reduce the amount of Pt in the anodic material of direct methanol fuel cells, which remains one
of the challenges to make the technology of direct methanol fuel cells possible. On the other
hand, the Pt-Co/CCE catalyst has satisfactory stability and reproducibility for electrooxidation
of methanol when stored in ambient conditions or continues cycling making it more attractive
for fuel cell applications.

Keywords: Electrosynthesis, Pt-Co alloy, Methanol oxidation, Carbon-ceramic electrode

1. Introduction

Among the all metals, Pt is a single component catalyst that shows a significant activity for
methanol oxidation [1]. However, the obtained results have been shown that the Pt metal may
be easily poisoned by CO in the methanol oxidation and the high cost limits its application as
electrocatalyst in commercial field of the fuel cells [2]. Therefore, to overcome these problems,
synthesis and preparation of the new and less expensive Pt based materials as anodes for
methanol oxidation have been the topic of current interest [3-6]. The development of bimetallic
Pt alloy catalysts is one of the ways that enhance the catalytic activity, prevent the poisoning
problems and reduced the cost of anodic materials in the fuel cell applications [7] and now
some works have been carried out to design and synthesize Pt-based alloy electrocatalysts
resulting in a lowered Pt content and a better electrocatalytic performance [8-10]. Binary alloy
catalysts with various transition metals such as Co, Fe, Cr, and Ni were employed to increase
the catalytic activity and to reduce the cost [11, 12].

There is now a consensus that the Pt-Co alloys offer an intrinsic enhancement of
electrocatalytic oxygen reduction reaction activity on a Pt mass and surface-area basis [13] and
also it has been found that Pt-Co alloys have high activity and excellent tolerance to CO
poisoning in comparison with pure Pt catalysts [14], therefore Pt-Co alloys have been used in a
few works as an electrocatalyst for methanol oxidation [15-18]. Pt-Co alloys have been
prepared by various methods. The obtained results have been shown that the Pt-Co
electrocatalysts which were synthesized by nonelectrochemical methods always have some
problems such as inactive catalyst sites that are not available for fuel cell reaction [13]. In order
to overcome these limitations, the electrochemical method should be applied for preparation of
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Pt-Co electrocatalysts. The electrochemical method offers not only enhanced catalyst utilization
but also simplification of preparation [19].

In this paper, the Pt-Co alloy nanoparticles are co-deposited by a simple
electrochemical procedure on the carbon-ceramic electrode (CCE) to produce carbon-ceramic
supported Pt-Co catalyst (Pt-Co/CCE), aiming to have a less expensive electrocatalyst in the
direct methanol fuel cell. The electrochemical properties and electrochemical activities of the
Pt-Co alloy for methanol oxidation are investigated. It was found that Pt-Co/CCE is
catalytically more active than Pt nanoparticles (alone) supported on the CCE and smooth Pt.

2. Experimental

2.1. Chemicals

Methyltrimethoxysilane, methanol, H,PtCls.5H,O, CoCl,, HCI, H,SO4 and graphite powder of
high purity were obtained from Merck or Fluka. All solutions were prepared with double
distilled water.

2.2. Procedure of Pt-Co/CCE preparation

The sol-gel processing method was used for fabricating CCE according to our previously work
[7] (scheme 1).

Surface modified
by metal or metal alloy
anoparticles

Scheme 1: Sol-gel processing for fabricating CCE

The Pt-Co alloy catalyst on the CCE was electrodeposited (Potentiostatically) from an aqueous
solution of 0.1M Na,SO4 (pH=4) comprising 2:1 ratio of H,PtCls.6H,O and CoCl, (total
concentration of two salts equal to 1 mM) at 25 °C. Before deposition, the CCE was polished
and subjected to electrodeposition at a fixed potential of -0.2V versus a saturated calomel
electrode (SCE) for a certain time. The charge resulting from the complete reduction of the
precursor salts at the given time is 1367 mC cm™. This value corresponds to an equivalent
amount of platinum of 691 pug cm™ when platinum is considered as the only metal deposited
[20]. After electrodeposition, the obtained modified electrode was washed thoroughly with
double distilled water and dried before further investigation.

2.3. Instrumentation

The electrochemical experiments were carried out using an AUTOLABPGSTAT-30
(potentiostat/galvanostat) equipped with a USB electrochemical interface and a driven GEPS
soft ware was used for electrochemical experiments. A conventional three electrode cell was
used at room temperature. The smooth (Pt or CCE) or the modified electrode (Pt/CCE or Pt-
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Co/CCE) (3 mm diameter) was used as a working electrode. A SCE and a platinum wire were
used as the reference and auxiliary electrodes, respectively. JULABO thermostat was used to
control cell temperature at 25 °C.

3. Results and discussion
3.1. Electrochemical characteristics of Pt-Co/CCE in acidic media
To understand the electrochemical behavior of the Pt-Co/CCE and comparison study, the cyclic
voltammograms (CVs) of the Pt-Co/CCE, Pt/CCE, smooth Pt and CC electrodes were recorded
at a scan rate of 50 mV s™ in supporting electrolyte (0.1 M H,SO, solution). Fig. 1 shows the
CVs of the Pt-Co/CCE (curve 1), Pt/CCE (curve 2), smooth Pt and CCE (inset, curves 1 and 2,
respectively). Although the typical Pt-peaks for the hydrogen under-potential deposition (Hypq),
the oxidation of hydrogen (H,p), formation of Pt oxides (PtOxy,), and its reduction (PtO,.q) are
present on the Pt-Co/CCE, they become ill-shaped compared to the smooth Pt (inset, curve 1)
and even to the unalloyed Pt nanoparticles modified CCE (Pt/CCE) (Fig. 1, curve 2). On the
other hand, compared with the Pt/CCE, both peaks for hydrogen adsorption and desorption of
Pt-Co/CCE decrease. In fact decreasing of hydrogen peaks was linear with the increasing of
amount of Co in the Pt-Co/CCE due to the decreasing of Pt amount. So the contribution of the
Co atoms (0¢,) deposited together with Pt atoms on the CCE surface was calculated by the
following equation [21]:

0co = Qo — Qpr-coy/ Qpyn (D

Qep-coynn 18 the electric charge of Pt-Co/CCE evaluated from the CV in the hydrogen region
charge between -0.30 and +0.10 V in Fig. 1 (curve 1). Qpyu is the electric charge measured
from Pt/CCE in the same region on the CV profile (Fig. 1, curve 2). In calculating the
adsorption charge, i.e. the integrated area under the peaks, we assume that the double layer
capacitance is constant across the entire potential range. Under the deposition conditions [Pt-Co
(2:1)], a stable Co contribution (0.33) can be easily got.

-0.3 0.2 0.7 1.2
E/VvsSCE

Figure 1. CVs of Pt-Co/CCE (curve 1) and Pt/CCE (curve 2) in 0.1M H,SO;, at a
scan rate of 50 mV s”. The inset is CVs of smooth Pt (curve 1) and bare CCE
(curve 2) in the same conditions.

The high surface area and porosity are required for better performance as electrode
materials for direct methanol fuel cell application. In the Pt-based electrocatalysts the
measurement of hydrogen adsorption is widely used in determining of the real active surface
area [22]. The actual active surface area of the Pt-Co/CCE is equivalent to the number of Pt
sites available for hydrogen adsorption/desorption. The Pt-Co/CCE produced Qp.cojn 0of 0.958
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mC. Accordingly, the actual active surface area (A;) can be obtained from charge for hydrogen
adsorption as: A=Qpi-co/Qo (Qo has been commonly taken as 210 pC/real cm’) =4.82 cnr’.
The hydrogen adsorption charge of smooth Pt was calculated at 0.021 mC. These results show
that the actual active surface area of the Pt-Co/CCE is about 45 times larger than that of smooth
Pt. Curve 2 in inset of Fig. 1 shows the CV of bare CCE in 0.IM H,SOs solution. No
adsorption/desorption peaks of hydrogen appeared at the bare CCE.

3.2. Electrocatalytic activity of the Pt-Co/CCE towards methanol oxidation

The electrocatalytic activity of the Pt-Co/CCE towards to the oxidation of methanol was
evaluated by using CV. Fig. 2 shows the CV of the Pt-Co/CCE (curve 1) in a 0.5 M methanol of
0.1M H,SO, solution. It was recorded at a scan rate of 20 mV s in the potential range from
-0.3 to +1.7 V (SCE). For comparison, the CV of Pt/CCE catalyst is scanned in same solution
(curve 2). It can be observed from the CV of methanol on the Pt-Co/CCE (curve 1), that in the
forward scan there aren’t any adsorption/desorption peaks of hydrogen on the potentials regain
between -0.3 V to 0 V due to the presence of methanol which implying that methanol is
adsorbed preferentially on the electrode surface at those potentials [5, 7]. Of course, it should be
noted that, for low concentration of methanol (not shown here), the hydrogen
adsorption/desorption peaks are still visible showing that methanol does not prevent completely
the hydrogen adsorption on the surface of electrode in low concentrations. In potential after
these regain a main anodic peak (A;) at 0.81 V and a small another anodic peak (A;) at about
1.20 V were observed. In the backward scan a small cathodic peak (C;) at 0.40 V and a sharp
anodic peak (Aj) at about 0.30 V were observed [5]. Comparison of the CVs in Fig. 2 (curve 1)
and CV of methanol on the Pt/CCE (curve 2) shows that the CV of the methanol oxidation on
the Pt-Co/CCE and Pt/CCE electrocatalysts has same profiles and both of them have the usual
characteristics of the smooth Pt except that the oxidation current of main peak in the forward
scan on the Pt-Co/CCE ( 4.1 mA) is much higher than that on the smooth Pt, and moreover, it is
higher than that on the Pt/CCE (0.95 mA) [I,ai1(Pt-Co/CCE)>>I,a1(Pt/CCE)]. Therefore, Pt-
Co/CCE exhibits the high electrocatalysis performance in methanol oxidation with respect to
Pt/CCE.

Pt-Co/CCE

Pt/CCE

-0.3 0.2 0.7 1.2 1.7
E/VvsSCE

Figure 2. CVs of 0.5M methanol on the Pt-Co/CCE (curve 1) and Pt/CCE (curve
2) in 0.1M H,SOy at a scan rate of 20 mV s Inset is the magnification of CVs
in the onset potential region at forward scan.
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Inset of Fig. 2 shows the magnification of CVs of the methanol oxidation in the onset
potential region on the Pt-Co/CCE (curve 1) and Pt/CCE (curve 2) at forward scan. As can be
seen, the Pt-Co/CCE exhibits the high electrocatalytic activity in the methanol oxidation with
respect to Pt/CCE, because it is generally recognized that the onset potential can be an indicator
in determining the electrochemical activity for methanol oxidation. Another noticeable
difference between the CV of methanol oxidation on the Pt-Co/CCE and Pt/CCE is the ratio of
anodic current in the forward scan and backward scan (Ia1/1a3). The ratio of I5/Ia3 for Pt-
Co/CCE in methanol oxidation is 13.6 which is more than 1.43 multiple higher than that of the
Pt/CCE (9.5). Such a high value for Pt-Co/CCE electrocatalyst indicates that most of the
intermediate carbonaceous species were oxidized to CO; in the forward scan, suggesting that
the interaction of Pt and Co leads to the less poisoning of Pt by the CO-like intermediates
formed during methanol activation [23]. This improvement at Pt-Co/CCE electrocatalyst may
be explained by the fact that alloying Co together with Pt lowers the electronic binding energy
to enhance the C-H cleavage reaction at a lower potential value. Additionally, CO,qs oxidation
reaction is facilitated by the presence of cobalt atoms [14].

It should be noted that, in addition to the presence of Co, the final potential in the cyclic
voltammetric method can also affect the ratio of Ia1/1a3 in the electrooxidation of methanol on
the Pt-Co/CCE (Fig. 3). With an increase in the final potential, the I5; remains almost constant
while 43 decrease and consequently the ratio of I5;/Ia3 increase. In fact, increasing of the final
potential accelerates the formation of Pt oxide. Acceleration of PtO formation cases the
acceleration of the dehydration pathway and decreasing of CO,q4s and consequently decreasing
of the I,. This phenomenon again shows that the ratio of I1/Ia3 is a sign of electrocatalytic and
promoter activity of catalyst towards the poisonous intermediate CO,qs 0xidation. In other words
by increasing the final potential the conversion of metal to metal oxides is accelerated and as a
result, an increase in reduction current peak of Pt oxide to Pt happens. In case of potential of
peaks, it can be seen that the potential of methanol oxidation peak in the forward scan remains
invariable, while the potential of oxidation peak in backward scan shifts positively and
consequently difference between Eaj-Ea3 increases by increasing of final potential. In fact, the
presence of high clean metal particles surface improves poisonous intermediate CO,q4s oxidation
reaction thermodynamically and the lowers potential peak of their oxidation in backward scan.

-0.3 0.2 0.7 1.2 1.7

E/VvsSCE
Figure 3. Effect of upper limit of potential scanning region in the
electrooxidation of 0.5M methanol on the Pt-Co/CCE in 0.1M H,SOs. (1) -0.3—
1.2V,(2)-03-13V,(3)-03-14V, 4)-0.3-1.5V, (5)-0.3-1.6 V, (6) -0.3—1.7
V, (7) -0.3-1.8, and (8) -0.3-1.9 V. Scan rate 50 mV s™.
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For investigation of the transport characteristics of the methanol on the Pt-Co/CCE, the
influence of the scan rate (v) in the oxidation of methanol on the Pt-Co/CCE was investigated
(Fig. 4). The anodic peak currents are linearly proportional to v'? [inset (up) of Fig. 4] which
suggests that the electrocatalytic oxidation of the methanol on the Pt-Co/CCE is a diffusion-
controlled process. While the anodic peak currents are nonlinear with respect to v [inset (down)
of Fig. 4] which is another sign for diffusion-control process.

Wmvst

Figure 4. Effect of scan rate on 0.5M methanol oxidation on the Pt-Co/CCE in
0.1M H,SO4. Scan rates are shown on CVs. The insets show the dependence of
the forward anodic peak currents on the square root of scan rates (Up) and scan
rates (down), respectively.

In order to obtain some kinetic parameters in the oxidation of methanol, a set of
experiments was made to study the effect of methanol concentration. For this purpose the CVs
of the Pt-Co/CCE were recorded in presence of various concentrations of methanol (0.5 to 3.5
M) (Fig. 5). Inset (up) of Fig. 5 represents the dependence of the peak current of methanol
oxidation on the bulk concentration of methanol. It was found that both the methanol oxidation
peak current linearly increase with increasing methanol concentration up to 2 M after which the
anodic peak current decrease whit increasing of methanol concentration. On the other hand, the
same deviation which is in the relation between methanol concentration and the oxidation peak
potential may be attributed to the IR drop due to high oxidation current at high concentrations.
The logarithmic plot [inset (down) of Fig. 5)] of the peak current of methanol oxidation with its
concentration up to a value of 0.5M produces a straight line of a slope equal to the order of the
reaction with respect to methanol concentration according to the relation:

ratea [=k C" (2)
logl=logk+nlogC 3)

where I is the peak current, k the reaction rate constant, C the bulk concentration and n is the

reaction order. A value of 0.35 was calculated for the reaction order in agreement with the
values obtained by other authors [24, 25].
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Figure 5. CVs of the methanol oxidation on the Pt-Co/CCE in 0.1M H,SO;, at
various concentration of methanol. Scan rate 20 mVs™. Concentrations are
shown on CVs. The insets show the dependence of the forward anodic peak
currents (Up) and it's Log on the concentrations and its Log (down), respectively.
And finally, the long-term stability of Pt-Co/CCE was examined in 0.1 M H,SOj, solution
containing 0.5M methanol. The obtained results show that the anodic current decreases with an
increase in the scan number at the initial stage. i.e. the anodic current starts to decrease until to
40 cycles and remains constant afterwards. The peak current of the 200th cycles is about 91%
than that of the first scan. In general, the loss of the catalytic activity after successive number of
scans may result from the consumption of methanol during the CV scan. It may also be due to
poisoning and the structure change of the Pt-Co catalyst as a result of the perturbation of the
potentials during the scanning in aqueous solutions, especially in presence of the organic
compound. The diffusion process occurring between the surface of the electrode and the bulk
solution might be another factor. After the long-term CV experiments, the Pt-Co/CCE was
stored in water for a week and then the methanol oxidation was carried out again by the CV.
This process revealed that the excellent electrocatalytic activity the methanol oxidation was still
observable. In order to further evaluate the stability of the electrocatalytic activity of the Pt-
Co/CCE towards methanol oxidation, chronoamperometric measurement was performed. Fig. 6
shows the chronoamperometric curves of 0.5M methanol + 0.1M H,SOj4 solution on the Pt-
Co/CCE and smooth Pt electrode at 0.9V for 1000s, respectively. It was found that the currents
observed from chronoamperograms were in good agreement with the currents observed from
cyclic voltammetry.

I'mA

Pt-Co/CCE

Pt

0 200 400 600 800 1000
Time/s

Figure 6. chronoamperometric curves of the electrooxidation of 0.5M methanol
on the Pt-Co/CCE and smooth Pt electrode.
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4. Conclusion

Platinum and cobalt can be co-deposited on CCE using a simple electrochemical process to
form stable bimetallic particles. Methanol oxidation at the obtained catalyst (Pt-Co/CCE) was
studied. It was found that the catalytic activity of the synthesized catalyst exceeds that of Pt
nanoparticles (alone) on CCE and smooth Pt electrode. The prepared catalyst exhibits
satisfactory stability and reproducibility when stored in ambient conditions or continues
cycling, which makes it attractive as anode in direct methanol fuel cells and applications.
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Abstract

The effect of co-doping with Dy and Yb elements on electrical properties of grain and grain
boundary in Gdy.15Dy0.05Ce0s01.9 and Gdy15Ybo.0sCeogO19 solid electrolytes was studied. In
order to investigate the electrical properties of the series of ceria co-doped with Gd** and Dy’”
(Yb’"), the effects of co-doping and sintering conditions on grain and grain boundary
conductivity are discussed in detail. The phase identification, ionic conductivity and
microstructures of samples were studied by X-ray diffraction (XRD), AC impedance
spectroscopy (IS) and scanning electron microscopy (SEM). Impedance spectroscopy
measurements indicated that GDC doped by Dy and Yb electrolytes have higher grain
conductivity in air at 400-700 °C compared with those of GDC. The addition of Dy and grain
size together are influenced on grain boundary conductivity, however, the segregation amount
of Yb’" to the grain boundaries lead to increase grain boundary activation energy and higher
schottcy barrier in Gdo15YboosCeosO19 sample. It is verified that Dy and Gd co-doped CeO,
show acceptable conductivities especially in the intermediate temperature region compared with
singly doped CeO; ceramics.

Keywords: Co-doped ceria, Solid electrolyte, Impedance spectroscopy
1. Introduction

Solid oxide fuel cells (SOFCs) are of considerable interest as efficient and clean energy
convertors [1-2]. The performance of the oxide-ion electrolyte of the SOFC is critical to the
development of a low or intermediate-temperature system. Although yttria-stabilized zirconia
(YSZ) electrolyte has been used in SOFC under commercial development, their operating
temperature are too high (800-1000 ~C), which leads to high costs of interconnector and other
construction materials, as well as short lifetimes of the devices [3-4]. Then there are efforts for
investigating and finding ways to decease the operating temperature. In order to develop fuel
cells having low inner resistance at intermediate temperature, three research routes have been
adopted: (1) reducing the thickness of the electrolyte (especially YSZ) film [5-6]; (2)
developing new electrolyte materials of higher ionic conductivity for operation at IT [3,4,7,8];
and (3) improving the electrodes and catalysts to reduce the over potentials [9].One such
alternative electrolyte with a higher ionic conductivity than YSZ in air is rare earth doped ceria
34



6" Iranian Fuel Cell Seminar

March 12 & 13, 2013 ()

: Shahid Rajaee Teacher training University
Y& N ﬁ Tehran - Iran

SR

and common dopants which enhance the ionic conductivity of the ceria electrolyte are
La;03,Y,03;, SmyO; and Gd,0; [3-5,7-8,10]. The main drawback of ceria-based electrolytes,
complicating their commercial application is the increase in electronic conductivity under low
oxygen partial pressure (below 10—10 atm) at 800 C that is accompanied by a reduction of Ce**
to Ce’™ [11] It has been reported that a reduction of ceria can be neglected at lower temperature
around 600—700 -C [8]. However, such low temperatures are not suitable for singly doped ceria
as an electrolyte in a SOFC or other devices, due to high electrical resistance. Structural
modification of ceria-based solid solutions by co-doping is one possible way to improve their
electrical conductivity at this temperature range [12]. A mechanism for an improvement of the
electrical conductivity in co-doped ceria was proposed to be connected with the lowering of an
association enthalpy of oxygen vacancy and the dopant ions [13]. Other factors which may play
a role in co-doping effect are: rise of configurationally entropy, modification of an elastic strain
in the crystal lattice and changes of the grain boundary composition [14-15]. Some co-doped
ceria-based electrolytes have been investigated, such as (Ceq-rpLaM,)02-s (M = Ca, Sr)
[16,17], (Lao.75S102Bao05)0.175Ce0.82501.801 [18] Cei-——Sm,Ca, 0y [19], Ceps+xY022xCaxO19
[20], Cel—aGda—ySmyO}o.sa [21] Cel—x—dexPl‘yOz—Z [22], Ceo.gsGdo.lMgo.osol.g [23],
Ceo.gSmo.z_xY(La)xOl.g [12] Ceo.gLao.z-xYxolg [24], Cel-x(smo.sNdo.s)xOS [25] and so on.
However, there is no studies reported on Dy’ and Yb>*" doped GDC, in which the ionic radii of
the Dy’ (1.027A) and Yb3+ (0.98 A) is miner than Gd*" (1.053A) and more than Ce*" (0.97 A).
It is expected that in our suggesting system, the elastic strain due to larger dopant cation (Gd)
that leads to some distortion in fluorite lattice may be decreased if some present Gd will replace
by lower dopant these cations. Moreover, the microstructure of sintered electrolytes, which is
affected by chemical composition and preparation, has strong influence on the ionic
conductivity. Enhance grain boundary conductivity by utilizing additives and changing
microstructure by sintering regime [26-27] to scavenge the impurity phase in the grain
boundaries is still debatable.

The present work summarizes a study on the preparation of co-doped ceria solid solutions in the
Ce0,-Gd,03-Dy,03 and CeO,—Dy,03-Yb,03 system. Their conductivity was compared with
singly doped GDC electrolyte and the effects of co-doping and sintering conditions on grain and
grain boundary conductivity have been investigated in detail.

2. Experimental
The material sources for the powder synthesis were CeO,, Gd,03, Dy,03 and Yb,03 from Alfa
Aesar with 99.99% purity. They were inserted into a planetary ball mill according to the given
COIl’lpOSitiOIl of Gdo.zceo.g 01.9 (20GDC), Gdo.lsDyo.osceo.g 01.9 and Gdo.lebo.osceo.g Ol.g.The
powder mixtures were processed with a rotary speed of 270 rpm, a ball to powder weight ratio
of 10:1, using zirconia vial (60 ml) and balls (10 and 20 mm diameters). The mechanical
alloying was carried out for up to 30 hours. More detailed were explained in previous paper
[28]. For the phase identification, X-ray diffraction profile was equipped with a Philips Cu Ka
radiation (A= 1.54 A). All XRD experiments were performed with step size of 0.02 ° and a step
time of 2 s. The crystallite size was estimated from the resultant spectra using the Williamson—
Hall method [29]. The lattice parameter (a) was determined by fitting the observed reflection
with a least squares refinement program. After the synthesizes powder, green samples were
prepared. TSS was conducted on the green compact pellets (13 mm in diameter and 1-2 mm in
thickness) pressed at 500 MPa with a relative density of about 64%. In the first step, the pellets
in static air were heated up to the higher temperature of T,= 1450 °C, with a heating rate of 10
°C/min, after which they were cooled down to the lower temperature of T,=1300 °C with a
cooling rate of 50 °C/min and held there for 20 h. For comparing TSS and CS methods in a
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complementary process, compact bodies were sintered in static air, heated at 2 °C/min to the
desired temperature (1500 °C), and held isothermally for 5 h (CS). The bulk density of sintered
pellets was determined using Archimedes method. The relative density of sintered pellets was
calculated from the ratio between bulk density and the density calculated from X-ray diffraction
data. The average grain size of the sintered bodies was calculated using linear intercept method
measuring from at least 100 randomly selected grains recorded by SEM. To prepare SEM
specimens, the surfaces of the samples were polished and thermally etched at 50-100 °C lower
than the sintering temperature prior to SEM observation.

For the electrical conductivity measurement, platinum electrodes were applied to both sides of
the sintered bodies by removing the surface layer, applying a coating of Pt paste, drying and
heat treatment at 600 °C for 1 h. The conducting properties of the sintered bodies were
measured by ac two-probe impedance spectroscopy (IS) at a temperature between 400-700 °C,
and 1-10° Hz frequency range.

3. Results and Discussion

X-ray diffraction pattern of 30 h milled mixture powder with supposed composition of
Gdo.]sDYo.osCCo.g 01.9, Gdo.]sYbo.osCCo.g 01.9 and Gdo.zceo.g 01.9 (20GDC) 1s shown in Flg 1.
The XRD patterns confirmed that these samples were single phase with CeO, cubic fluorite
phase corresponding to the same Gd-doped ceria solid solution. The ionic radius of Yb>" and
Dy’+ respectively 0.98 A and 1.027 A that are smaller than the ionic radius of Gd>* (1.053 A)
and the critical radius defined for element substitution in CeO, (1.038A) too [10, 30]. So it was
expected with replacing 0.05 mol % Dy’ or Yb’" in 2GDC instead of Gd**, the amount of
lattice strain caused by adding Gd,Os3 was reduced that lead to decrease the lattice parameter.
The lattice parameter was calculated and results were shown in Table 1. It can be seen that the
lattice parameter of Gdy.15Dyo.0sCeos O1.9and Gdo 15YboosCeos O 9 are lower than 2GDC.

Tablel: Some physical properties of the samarium doped ceria (SDC) solid solution, a is the lattice parameter and
Dxrp is the crystallite size obtained by XRD analysis

milled powders after heat a(A)
treatment

2GDC 5.419

Gdo.15Dyo.05Ceos O1.9 5.417

Gdo.15Ybo.05Ceps O19 5.415
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Fig. 1. XRD patterns of the 30 h milled mixture powder with supposed composition of: Gdy,Ceps O (20GDC) (a)
Gdyo.15Dy0.05Ceo.8 O19 (b) and Gdy.15Ybg.0sCeo.3 O19 (C).

In researches have been done in relation to the system consists of more than one add-rare-earth
elements so far, the issue of sintering less explored. Yushida et. al [31] with the addition of
gallium (Ga) compounds based on ceria containing Gd, Sm, Y, Nd, and La has reported
improving the sintering by increase the relative density and grain growth. Improved the
sintering has been indicated in CaO-GDC system as well [32]. Fig. 2 shows SEM micrographs
of polished and thermally etched surfaces of normally (CS) and TSS sintered of GdYbCe,
GdDyCe. As it can be seen, samples have high relative density and the porosity in the samples
is almost never seen. However, a somewhat undesirable grain growth can also be observed. This
phenomenon, especially in CS-sample containing additives ytterbium (Yb) was evident, as the
non-uniform distribution of grain sizes is seen as well.

Fig. 2. Microstructures of pm
(down) Gdy.15Dy0.05Ceos O1.9 (Dy) and Gdy.15Ybo 0sCeg.s O1.9 (Yb) ceramics.

The average grain size of the conventionally sintered Gdo 15Dyo.05Ceos O19, Gdo.15YboosCeos
O,9 samples are respectively 3.1 and 3.8 um with the relative density of about 98.5 % of
theoretical density that are reach higher densities compared to singly doped 2GDC [33]. This
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behavior can be related to that the co-doping approach lead to improved the grain boundary
diffusion during sintering [31,34]. By employing the TSS technique, the resultant grain size is
relatively low and relative density increases. The relative density for TSS Gdg 15Dyo.05Ceos O19
and Gdo.15YboosCeos O19 samples are about 99 % and average grain size are respectively 600
and 500 nm. Finer grain sizes that obtained in GdYbCe samples maybe due to more
immigration and segregation of Yb into grain boundaries area.

The ac impedance method was applied to determine the electrical properties of co-doped
samples obtained by conventional and TSS method. The typical impedance spectra and
equivalent circuit model of Gdy1sDyoosCeos Oi19 and GdpisYboosCeos O19 which
conventionally (CS) and TSS sintered electrolytes at 600 °C are shown in Fig. 3. For better
comparison, the ac spectra of 2GDC (singly doped sample) has been shown too. The frequency
increased from the right to left across the plots, the frequency change of Gdy15YboosCeos Oio
has been seen in plot. Two arcs are observed in the spectra of these samples. Three parts
contributions can be distinguishes from each other with the aid of the equivalent circuit model
shown in Fig. 3. These various contributions can be ascribed the various conduction processes
occurring in the grain or bulk (high frequency), grain boundaries (intermediate frequency), and
electrode interfaces (low frequency) and are based on different resistances R and capacitances C
in the equivalent parallel RC circuits. Ry, is bulk resistance, Ry the grain boundary resistance,
R the electrode interface resistance, CPEg, grain boundary capacitance, and CPE is electrode
interface capacitance. The calculated values of the geometrical capacitances at 500 °C for
different composition are in the range of 10™ to 10 ' F for high frequency contribution and 107
to 10 F for the intermediate frequency term. Therefore, the resistance data for each specimen
at different temperatures can be obtained and then the grain (bulk) conductivity (o), grain
boundary conductivity (og), and total conductivity can be calculated [35]. It can be seen from
Fig. 3, co-doped samples sintered normally or TSS exhibited more grain conductivity than
single doped 2GDC sample. Adding Yb’" lead to increase the grain boundary conductivity and
different sintering regime has not effect on grain boundary conductivity in these samples. The
lowest and highest grain boundary conductivity at 600 °C is belonged to Dy’ and Gd**co-doped
samples that sintered conventionally at 1500 °C (CS) and TSS respectively.
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Fig. 3. Complex impedance spectra and equivalent circuit model of CS and TSS sintered Gdy,Cep s O;.9 (20GDC),
GdoA15DyOA05CC()A3 019 and Gd()A15Y-b()A05CC()A3 019 electrolytes at 600 OC.

Fig. 4 gives the Arrhenius plots of grain (bulk) conductivity of TSS and CS co-doped and singly
GDC doped samples as a function of testing temperature. It can be seen that the bulk
conductivity of the co-doped samples at the test temperatures comparing to the single doped
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sample (2GDC) with the same amount of dopant concentrations (20% mol) have been
increased. The differences between the bulk conductivity of co-doped samples, especially at
temperatures higher than 500 °C are not very and following this trend: DyGdCe-TSS >
DyGdCe-CS > YbGdCe-CS > YbGdCe-TSS. The change of sintering regime and average grain
size has not a significant influence on the bulk conductivity of the DyGdCe and YbGdCe
ceramics at T > 500 °C. The bulk conduction activation energy values were calculated using the
slope of the curves is presented at the Fig. 4 too. As it can be seen, the bulk conductivity of the
co-doped samples was decreased and the lowest values are belonged to DyGdCe-TSS sample.
Fig. 5 gives the Arrhenius plots of grain boundary conductivity of TSS and CS co-doped and
singly GDC doped samples as a function of testing temperature.

=

L¥5]
1

=—4=—DyGdCe-
TSS

E=0.59 eV
=== DyGdCe-

1500

E=0.64 eV
——YbGdCe-

1500

E=0.67 eV
—=—YbGdCe-

TSSE=
0.73 eV

|5)

cm

+LnoL (S.

'
3%

1 1.1 12 1.3 1.4 1.5
1000/T (K1)

Fig. 4. Arrhenius type plots of bulk conductivity for CS and TSS sintered Gdy,Ceys O;,(20GDC),
Gdy.15Dyo.05Ceo.8 O19 and Gdy15Ybg 05Cepg Oy 9 electrolytes. The values of bulk conduction activation energy are
illustrated too.
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Fig. 5. Arrhenius type plots of grain boundary conductivity for CS and TSS sintered Gdy,Cegs O;.9 (20GDC),
Gdy.15Dyo.05Ceo8 O19 and Gdy 15Ybg 05Ceg.g Oy electrolytes. The values of grain boundary conduction activation
energy are illustrated too.
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Table 2. Tonic conductivity at 500 and 700°C, activation energies, pre-exponential terms and effective index of

Average
AR, at 500 °C Effective
Sample grain size G700(t) (S.cm'l) G500(t) (S.cm'l) E (CV) Op (S.cm'l.K)
V) index
(pm)

DyGdCe-CS 3.8 0.011 0.0007 0.96 8.7x10° 0.37 0.81
DyGdCe-TSS 0.6 0.03 0.0032 0.82 7.5%10° 0.22 0.81
YbGdCe-CS 3.1 0.015 0.0011 0.93 1.01x10° 0.35 0.78
YbGdCe-TSS 0.55 0.02 0.0011 0.94 2.6x10° 0.36 0.78

2GDC 1.7 0.011 0.0009 0.96 5.1x10° 0.30 -

the co-doped electrolyte ceramics.

The grain boundary conduction activation energy values were calculated using the slope of the
curves is shown at the Fig. 5 too. The DyGdCe-TSS electrolyte exhibited the highest grain
boundary conductivity at test temperatures. The obtained results indicated that TSS regime
could improve the grain boundary conductivity of DyGdCe-TSS electrolyte but had not
significant influence on Yb and Gd co-doped electrolyte. The change in electrical behavior of
the grain boundary depends upon two main factors: 1) the segregation of dopant cations that
cause space charge effect and (2) the grain boundary impurity or glassy phase that blocks the
ionic motion across the grain boundaries area [36]. In order to better investigate the role of
microstructure and composition on grain boundary conductivity of co-doped samples, the
Schottky barrier height (ABly) was calculated. The total activation energy for conduction, pre-
exponential factor (op) and AB, at 500°C in co-doped and singly doped 2GDC ceramics are
summarized in Table 2. The proposed formal in a Matt-Schottky grain boundary model
describes a relation between the space charge potential in the interface core/space charge layer
(ARl) and bulk to specific grain boundary ratio [36,37]

Oy _ exp(2eAp, / KT) )

ol 4eAg, /KT

gb

Where oy, is the bulk conductivity, ‘:‘;E is the specific grain boundary conductivity and ARl is

Schottky barrier height. Comparison of the calculated values of Ag, reveal that co-dopin of Dy
and Gd reduce Schottky barrier height in TSS regime and lead to increasing the conductivity at
low temperatures (500 °C). So it can conclude that replacing the Gd by Dy in combination the
decreasing sintering temperature (or average grain size) lead to change the structure of grain
boundaries by lowering the electrical potential at the grain boundaries area (cations and
vacancies accumulation). In contrast, the behavior of ytterbium as a second dopant is so
different. The Schottky barrier height in Yb and Gd co-doped samples sintered by the
40
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conventional method or TSS increased. It shows different behavior of Dy and Yb as a second
dopant. It has been found that ionic conductivity of doped ceria is related to the concentrations
and distribution of oxygen vacancy (configurational entropy) and lattice strain (activation
enthalpy). According to Kim [38], the reduction of lattice deviation of doped ceria ceramics
would lead to the reduction of the lattice strain of doped ceria. Morie et al [39] introduces the
concept of effective index to explain the co-doping effect. The effective index for a fast oxide
ionic conduction in doped CeO; electrolytes was defined using ionic radii and the amount of
oxygen vacancies that are produced by dopant substitution on the idealized graphic sites. The
effective index was defined in Eq. (2):

Effective index = (ave. r/eff. X(rq/rp) )

I'())
Where avg. 1, r4 and 1, are the average ionic radius of the cations, the average radius of the
dopant ions and the ionic radius of the host cation (Ce*"), respectively. The eff. ro is the
effective oxygen ionic radius, which can be given by:

effiro = 1.4 x {(2-8)/2) 3)

where 0 is the level of expected oxygen vacancy, and 1.4 is the commonly used ionic radius of
oxygen in oxides. The effective index of the samples is summarized in Table 2. It could be seen
the effective index increase by adding Dy dopant, unlike replacing Yb lead to reduce the
effective index. These results confirm the decreasing the bulk activation energy in Dy and Gd
co-doped sample comparing with the Yb and Gd co-doped and singly doped samples.
Comparing the calculated pre-exponential values (Table 2) indicated that the co-doping
increased the configurational entropy of doped ceramics leads to increase the bulk conductivity
in Dy-Gd and Yb-Gd co-doped electrolytes too. So there would be smaller micro domains in the
co-doped electrolyte [39], which enhanced the bulk conductivity. The amount of configuration
entropy in Yb and Gd co-doped ceramics are more but the total electrical conductivity is lower
than others. It seems, the microstructure and grain boundary influence was dominant, so the
microstructure of grain boundary was investigated by EDS analysis. Fig. 6 shows the EDS
analysis of CS- YbGdCe sample.

. Element Wt (%)

Ce 79.31
Gd 15.12
Yb 4.44
Si .14
.I-}E]_cmcnt _{’_V-t {“nT
Ce 7134
Gd 20.06
Yh 8.60

Si

Fig. 6. Scanning electron microscopy image for microstructure of CS-Gdg 15Ybg0sCeog O 9 electrolyte. The
corresponding elemental analyzes (EDS) for the distribution amount of Yb, Gd and Ce in grain and grain
boundaries are presented

The first noticeable is the presence of high concentrations of additives especially Gd (about
20%) in the grain boundaries. In addition, the presence of trace Si impurities (about 1.4%) was
detected in the grain (that was not detected in Dy and Gd co-doped samples). It seems that the
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presence of Si impurity inside the grains was due to dissolution of the SiO; in the CeO; lattice.
According to J. Ma [40], at a higher sintering temperature, a small quantity of SiO, can be
dissolved into GDC ceramic at either substitutional sites or interstitial sites, i.e.,

at substitutional site 200 + Si0, = Sice
“4)

at interstitial site Si0, + 2VR = 25i7 """ + 200

(5

Although the dissolution of SiO; substitutional sites produces no charge carriers as described in
Eq. (4), a large lattice distortion usually leads to accumulation and segregation of dopant (Gd) at
the grain boundary. It seems this phenomena cause to increasing the Schattky barrier height and
increasing the grain boundary conductivity in the Yb and Gd co-doped ceramic. However, the
interstitial dissolution of SiO; filling some oxygen vacancies is as described in Eq. (5). This
results in a decrease in the concentration of oxygen vacancies, and thus reduces the bulk
conductivity. A various effect of co-doping on the bulk and grain boundary conductivities is
related both structure and composition. The grain boundary conductivity of TSS (Yb& Gd) co-
doped electrolyte not very changed by changing sintering regime. It seems that according to
above mentioned, the composition is more influence on grain boundary microstructure in that
composition ceramic. TSS regime led to improvement of the grain boundary conductivity in Dy
and Gd co-doped electrolyte due to the minor concentration of the segregated dopant in grain
boundaries regions. So co-doping and sintering regime must have changed the grain boundary
microstructure of Dy and Gd co-doped ceria.

4. Conclusions

Co-doped ceria electrolyte with nominal composition of Gdg 15Dy 05CepsO19 and
Gdo.15YboosCeos O19 were prepared and studied. The effect of co-doping with Dy*" and Yb*
and sintering condition (conventionally and TSS) on grain and grain boundary conductivity
were investigated and comparison to singly doped ceria (2GDC). Co-doping led to decreased
sintering temperature (50 °C) in CS samples and grain sizes in TSS and CS samples. Impedance
spectroscopy measurement indicated that bulk conductivity increased by co-doping that means
decreasing the local ordering of oxygen vacancies (configurational entropy) and lattice strain.
High grain boundary conductivity which was higher that of singly doped 2GDC enhanced by
co-doping Dy’ and TSS regime. The Gdo15Dyo.0sCeos01.9 co-doped samples maybe the better
electrolyte of intermediate-temperature solid oxide fuel cells.
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Abstract

Microbial fuel cells (MFCs) have been used to alter different sources of substrates to
bioelectricity recently. It can also be used for wastewater treatment and electricity generation
simultaneously. Sulfur compounds such as sulfides are commonly exist in wastewater and
organic waste. In this study a dual chamber MFC was constructed for power production. Sulfide
was used as electron donor in anaerobic anode compartment. Mixed culture of microorganisms
was used as active biocatalyst to convert substrate toward electricity. The obtained experimental
results expose that this MFC can successfully alter sulfide to elementary sulfur and power
generation. Maximum generated power and current density with out aeration were 364 mW.m™
and 1335 mA.m”, respectively. The influence of the oxygen was examined in the cathode
chamber and during aeration the cell voltage gradually increased and reached to 480 mV after
1200 s. Hexacyanoferrate was added to cathodic solution in different concentrations and its
affect was investigated. Maximum generated voltage , power and current density were 988.9145
mV ,346.22 mW.m? ,1257.51 mA.m?, respectively and they were obtained in peresence of 1.2
g I'! mediator.

Keywords: bioelectricity, power density, sulfide, Hexacyanoferrate, dual chamber.

1 Introduction

Since the use of fossil fuels has created serious problems for human being, such as global
warming and environment pollution, renewable bioenergy is viewed as one of the ways to
decrease the current crisis[1]. Microbial fuel cell (MFC) is a biological system which alter
biodegradable organic substance to electricity using bacteria as biocatalyst [2]. A MFC generate
electricity from bio-convertible substrate. Bacteria switch from the natural electron acceptor,
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such as oxygen to an insoluble acceptor, such as the MFC anode [3]. Advantages of this
technology such as non-pollution, high energy efficiency, mild operating conditions, strong
biocompatibility and great application potential in various areas are the reason that it has
received so many attention from scientists [4].

MFCs are capable to produce clean energy, apart from effective treatment of waste material
such as wastewater. The active microorganisms in the anaerobic anode compartment have
capabilities to use organic matter exist in the wastewater as energy source and generate protons
and electrons, through which electricity can be recovered [5]. Sulfide is commonly found in
wastewaters by the action of anaerobic bacteria on organic substance. High levels of sulfide
ions in waters are perilous to living beings so it should be treated from wastewater before
released into environment [6]. Besides, exploring new energy sources is an important measure
to achieve sustainable development and circulation economy [7]. Microbial communities in
MEFC for power generation and sulfide alteration have been investigated [6] Table 1 shows a
list of MFCs was examined for elimination of different pollutant and electricity generation.

Table 1. Different elimination of substrate via MFC.

Elimination Cathode Anode Maximum Removal Renfoval
f efficiency Reference
0 Material Material power at (%)

Carbon Granular Granular 34.6 W.m” Anode 100 [8]
graphite graphite chamber

COD Graphite Graphite 7.6 mW Anode 90 [9]
felt felt chamber

Dye Graphite Graphite ~ 15.73 mW.m™ Anode 93.15 [10]
plate plate chamber

Nitrogen Granular Granular 34.6 W.m> Cathode 67 [8]
graphite graphite chamber

Copper Graphite  Graphite 339 mW.m~  Cathode 96 [11]
plate plate chamber

At the cathode compartment, oxygen as the final electron acceptor commonly was used[12].
Consumption of electrons and protons that are combined with oxygen, forms water at last, and
end this transfer cycle. Oxidized mediators, can also accelerate reaction of forming water in
cathode chamber. Substrate as nutrient source of the cell played an important biological role
besides other factors such as mediator, microorganism and nutrients affected the bioelectricity
production pattern[13].

In this study, A two chamber MFC was designed and fabricated for power production and
sulfide removal . Mixed culture of microorganisms was used for this aim. The influences of
concentration of oxidizer agent and aeration on power generation, voltage and sulfide removal
efficiency of MFC were investigated.
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2 Materials and methods

2.1 MFC construction

The used MFC in this paper was constructed of two 750 ml cubic plexiglass chambers as anode
and cathode compartment (figure 1). Two chambers were separated by a PEM (3.0cmx 3.0 cm,
Nafion-117, SigmaeAldrich, USA) and assembled using stainless steel studding, nuts and
washers. Graphite plate was used as anode(area, 2lcm’) and cathode(area, 18 cm?). The
electrodes are connected with copper wire to provide the connections for the external circuit.
The voltage is measured by data logger (fabricated analog digital data acquisition to record data
point) and recorded by a personal computer. The MFC was operated in fed-batch mode and at
room temperature varying between 16 °C and 22 °C. The cathode solution was 500 ml
deionized water. Activated sludge was used as inoculums. Wastewater containing 4.28 g 1"
sulfide was used as the anode solution and the total liquid volume was 600 ml. The anode
chamber was purged with nitrogen gas for 10 min to remove dissolved oxygen so as to
maintain anaerobic conditions.

 S—
—
Data logger Computer
l—li —
— S
\—" Air outlet
Anaerobic Aerated
anode cathode

L PEM

Figure 1. Schematic diagram of the dual chamber MFC for bioelectricity production.

2.2 Chemical and analysis

All chemicals and reagents used for the experiments were analytical grades and supplied by
Merck (Darmstadt, Germany). Sulfide concentration was analyzed by electrochemically
method. Voltage was measured by data logger and polarization curves were obtained using an
adjustable external resistance when the voltage was kept constant. Sulfide concentration was
determined by electrochemical method. Power and current were calculated based on following

equations:
P=1R (D
P=(E/R) (2)

Where P is produced power and E measured cell voltage; R is external resistance and I indicates
produced current. The current and power generation density were normalized to the geometric
area of membrane (9 cm?).
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2 Results and discussion

Microbial fuel cell (MFC) is a new technology that can produce electricity and wastewater
treatment concurrently. After inoculation of 4.28 g1 sulfide in anode chamber with active mixed
culture as electrically active bacteria, data logger was set to obtain data in form of open circuit voltage
until getting steady state condition. The fabricated MFC was operated in batch mode at room
temperature. Then, performance of the microbial fuel cell was evaluated by the polarization
curve. The steady-state conditions are achieved after 72 hours of operation time. At the steady-
state conditions, the maximum produced power and current density were 9.76 mW.m” and
134.49 mA.m?, respectively. Maximum power and current density of MFC in these 3 days are
shown in table 2.

Table 2. Maximum power and current density generated in 3 days after incubation of MFC by
active microorganisms.
Day Maximum Maximum
power current
(mW.m?) (mA.m?)

1 7.867 108.890
2 8.134 121.191
3 9.758 134.487

power density and polarization curves of used MFC at steady state condition are presented in
Figure 2. The maximum current density and power density obtained with out aeration and
optimization were 9.758 mA.m-2 and 9.758mW.m-2, respectively (see Figure. 2).

Figure 2. Polarization curve of MFC in batch mode (after 3 days of MFC operation).

In steady-state condition the influence of the oxygen in cathode chamber on OCV and generated
bioelectricity has been examined. While OCV results showed the stable value, the air supply
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was started to aerate in cathode chamber. Figure 3 shows MFC performance in terms of OCV
improvement with respect to time in the present and absent of aeration at the cathode
compartment. It can be observed that during aeration, the cell voltage rapidly increased and
reached to 480 mV. The maximum generated power and current density in the presences of
aeration at the cathode chamber were 23.78 mW.m™ and 212.77 mA.m>, respectively.

Figure 3: Open circuit voltage produced in MFC at steady-state condition after 72 h and 48 h
after aeration.

In each power supply, the main parameter is to enhance power and then to acquire the highest
current density under this situation of the maximum power density. Affect of mediators in
cathode compartment on MFC performances were investigated. Hexacyanoferrate was used as a
mediator in cathode chamber. Effect of aeration and oxidizer agent on MFC performances are
shown at figure4. When 0.2 g 1 "' hexacyanoferrate was added to cathode solution, the [roduced
power density increased up to 38.773 mW.m™.

Figure 4: Variation of polarization curves in batch mode,after aeration and while using 0.2 g1
hexacyanoferrate as mediator in cathode chamber.
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Different concentration of hexacyanoferrate was examined in cathode solution. At each
concentration polarization data was obtained when the voltage output became stable (after 2 h).
Maximum power densities and open circuit voltages are shown in table 3.At any concentration
of oxidizer agent greater than 1.2 g.I"' there was no positive impact for additional current and
power (See Table 3).

Table 3. Maximum power and current density and OCV of MFC in different concentration of
hexacyanoferrate in cathode chamber as mediator.

Hexacyanoferrate
concentration in
cathode chamber

Maximum  Maximum
OCV (mV) power current
(mW.m?)  (mA.m?)

eI

0 480.3073 9.752 99.392
0.2 648.1525 38.773 253.268
0.4 814.0657  88.727 442.238
0.6 836.7671 124732 588.015
0.8 9292631  221.841 855.273

1 968.9145  291.127  1063.141
1.2 988.9145  346.220 1257.51
1.4 988.9145 346746  1258.798

the initial concentration of sulfide in wastewater was determined. 4.23 g I'". sulfide was
cosumed by microorganisms and produce bioelectricity. The highest sulfide removal was 98%
and it was obtained after 6 days operation time.Zhao and coworkers used sulfur compounds as
substrates in MFC [14] also Ryckelynck et al. produced electricity in sedimentary MFCs by
sulfide oxidation [15].

4 Conclusion

In this study a fabricated MFC has been successfully operated to treat sulfide in wastewater and
generate electricity simultaneously. The system used sulfide as a substrate at concentration of
4.28 g I' and it was nearly completely removed from the wastewater during the MFC operation
and oxidized to elemental sulfur. The effect of aeration in cathode chamber has been
investigated. Hexacyanoferrate was used with several concentration as oxidizing agent in
cathode chamber to enhance the performances of MFC. The maximum obtained power and
current density were 364.746 mW.m™ and 1335.79 mA.m™, respectively.
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Abstract

Microbial Fuel Cell (MFC) is a new device for simultaneous electricity production and
wastewater treatment. The major concern of this technique is the high operational cost that is
caused by Nafion 117 used as a Proton Exchange Membrane (PEM) and Pt as a cathode catalyst
for oxygen reduction. Sulfonated Poly Ether Ether Ketone (SPEEK) was used as a PEM in
MEFC for this study. The results indicate that even though the power production of MFC with
SPEEK (77.3 mW.m™) was lower than Nafion 117 (106.7 mW.m™>), it is more cost effective,
because of its lower price. Our economic evaluation suggests that the use of SPEEK in power
production is almost two times more cost effective than that of Nafion 117. Furthermore,
itsChemical Oxygen Demand (COD) removal (88%) is higher than Nafion 117 (76%); and thus,
SPEEK is a promising PEM in MFCs at an industrial scale.

Keywords: Cost Efficiency Analysis, PEM, Nafion 117, SPEEK, Power production

1. Introduction

Because of the high energy requirements of conventional wastewater treatment systems, the
demand for alternative cost effective and commercialized treatment technologies is
increasing[ 1]. Moreover, due to a lack of worldwide energy, there is an emergent high interest
in finding new sources of clean and sustainable sources of energy, with zero hydrocarbon
content. Microbial fuel cell is a new device that converts the chemical energy of substrates into
electrical energy using microorganisms[2]. Microbes in the anode part of the device oxidize the
substrates to generate electrons and protons. Electrons are transferred to the cathode
compartment through the external circuit, while the protons pass through the membrane[3].
MFCs are simultaneously used for wastewater treatment and the production of clean energy.
Thus, this use of MFCs has a great potential in broad applications, such as home electrical
generators, self-feeding robots, etc.[4]. However, applications have become limited, due to low
power output, short stability, and non-economic reasons[5]. Generally, MFCs consist of two
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chambers (i.e., anode and cathode), which are separated by a Proton Exchange Membrane
(PEM). Several factors affect the performance of MFCs, including types of microorganisms,
substrates, electrodes, and membranes. Of these, membranes have the very important role of
separating the anode from the cathode. The membrane should be able to allow the protons to
pass from the anode to cathode, whilst preventingthe passing of oxygen and substrates[6-7].

The high cost of MFCs depends mostly on the expensive price of cathode catalyst, which is
usually Pt, and the Nafion 117 PEM, which is commonly used as the separator in MFCs.
Together, they cover 90% of the total cost of MFCs. Therefore, the development of an
economical catalyst and PEM has attracted wide attention from scientists. In 2011,Rahimnejad
et al., [8] used a Poly Ether Sulfone (PES)/Fe;Osnanocomposite membrane as an alternative for
Nafion 117 PEM. They concluded that it could produce higher amounts of energy compared to
Nafion 117. However, the problem with the nanocomposites membranes, was their porous
structure, which made long-term operation impossible. In another study by our group, Ghasemi
et al.,[9] used Nafion/Activated Carbon Nanofiber (ACNF) as a PEM. The power generated by
this novel carbon nanocomposite membrane was 30% higher than Nafion 117. However,
because the membrane was still a nafionic membrane, the capital cost of the MFC was still
commercially viable, and the membranes used were still porous.

SulfonatedPoly Ether Ether Ketone (SPEEK) can be a good alternative to Nafion 117, due to its
good hydrophilic properties and proton conductivity. It has some negative fixed charge ions
(SOs’)that allow cations to pass through, whilst it rejects the passing of anions[10-11].
Furthermore, from previous use as a PEM in Direct Methanol Fuel Cell (DMFC), it produced
good results. Due to the expensive price of Nafion 117[12], which makes MFC non-
commercial, and the properties of SPEEK as a good PEM, the objective of this study is to
compare the power generation performance of two types of membrane in microbial fuel cell and
their cost effectiveness.

2. Experimental methods
2.1. Synthesis of SPEEK and the determination of the Degree of Sulfonation (DS)

For the preparation of SPEEK, 20g of PEEK powder (Goodfellow Cambridge Limited, UK)
was dissolved slowly in 500mL of 95-98% concentrated sulphuric acid (R & M Chemicals,
Essex, UK).

This solution was stirred vigorously until the entire PEEK was dissolved completely. Next, the
homogenous solution was continuously and thoroughly stirred at a controlled temperature of
80°C for 30 hours (in this study), in order to obtain 52% DS. The SPEEK solution was then
poured into a large excess of ice water, in order to precipitate the SPEEK. The solid was then
collected by filtering the solution through a Whatman filter paper. Finally, the SPEEK was
dried at 70°C to removing any remaining water before use.

2.2. Determination of DS

The degree of sulfonation was measured by 1H Nuclear Magnetic Resonance (FT-NMR
ADVANCE 111 600 MHz with Cryoprobe) spectroscopic analysis (Bruker, Karlsruhe,
Germany). Before measurement, the SPEEK was dissolved in dimethyl sulfoxide (DMSO-dp).
The DS can be calculated by the following equation

ps 41
5-2D5 A2

(0< DS < 1) (1)
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where S is the total number of hydrogen atoms in the repeat unit of the polymer before
sulfonation which is 12 for PEEK, A;(H;3) is the peak area of the distinct signal and A, is the
integrated peak area of the signals corresponding to all other aromatic hydrogen [ Please
reference our paper in Separation here if it is possible]. To calculate DS in percent (DS %), the
answer for DS has to be multiplied by 100.

2.3. MFC configuration

Two cubicshaped chambers were constructed from Plexiglas, with a height of 10cm, width of
6cm, and length of 10cm (giving a working volume of 420ml). They were separated by a
Nafion 117 Proton Exchange Membrane (PEM). Oxygen was continuously fed into the cathode
by an air pump at a rate of 80ml/min. Both the cathode and the anode projected surface areas of
12cm’. The cathode was carbon paper, coated with 0.5 mg/cm® Pt and the anode (as described
above) was plain carbon paper [8, 13].

2.4. Enrichment

Palm Oil Mill Effluent (POME,Indah Water Konsortium) anaerobic sludge was used for the
inoculation of MFCs.The media contained 5g of glucose, 0.07g of yeast extract, 0.2g of KCI, 1g
of NaH,P04.4H20, 2g of NH4Cl, 3.5g of NaHCOs; (all from the Merck company), 10ml of
Wolfe’s mineral solution and 10ml of Wolfe’s vitamin solution (added per litre). All
experiments were conducted in an incubator at 30°C. Furthermore, the cathode chamber
contained a phosphate buffer solution, which consisted of 2.76g/1 of NaH,PO,, 4.26g/l of
NayHPOy4, 0.31g/1 of NH4Cl, and 0.13g/1 of KCI (all from the Merck company)[14].

2.5. Analysis and calculation

Nicolet 5700 FTIR (Thermo Electron, USA) was performed to identify the functional group of
the membranes before pre-treatment, after pre-treatment, and after fouling. Scanning Electron
Microscopy (SEM, Supra 55vp-Zeiss, Germany) was implemented to observe the attachment of
microorganisms onto the surface of the anode electrode. Moisture had to be removed from the
biological samples (POME mix culture sludge) by critical drying. They were then coated with a
conductive material (such as gold or carbon), with a thickness of approximately 20e50 nm, in
order to make them conductive for the SEM analysis.

To measure the COD, samples were first diluted 10 times and mixed with 2ml of diluted
samples with a digestion solution of a high-range COD reagent, then heated at 150°C for 2
hours in a thermoreactor (DRB200), which was read with a spectrophotometer (DR 2800). The
voltage was measured using a multimeter (Fluke 8846A), and the power density curve was
obtained by applying different loads to the system and calculating the power at different loads.

The current was measured using the:

I= E (2)

Where, I is the current (amps), V is the voltage (volt), and R is the applied external resistance
(ohm).

The power density was calculated usingthe following equation:
P=R xI’ (3)
Where, R is the applied external resistance (ohm) and I is the current (amps) (calculated

usingEquationl
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The Coulombic Efficiency (CE) was calculated as the current over time; until the maximum
theoretical current was achieved. The evaluated CE over time was calculated using the
followingequation:

M]Idt

CE= —° 4)
FbV, ACOD

Where, M is the molecular weight of oxygen (32), F is Faraday’s constant, b=4 indicates the
number of electrons exchanged per mole of oxygen, V,, is the volume of liquid in the anode
compartment, and ACOD is the change in Chemical Oxygen Demand (COD) over time, %’

2.6. Pre-treatment of PEMs

Nafion 117 should be pre-treated before use in MFC system. The pre-treatment procedure is
boiling in distilled water, 3% hydrogen peroxide, or 0.5 M sulphuric acid for 1 h each one and
then stored in water until applying in the system. Also SPEEK should be kept in the water after
fabrication till use.

3 Results and discussion
3.1 FTIR analysis of SPEEK and the degree of sulfonation

Fig. 1a. shows the FTIR analysis of SPEEK and pre-treated Nafion 117. As shown, there are
two clear bands in both of PEMs; one in the range 1020-1250cm™ and the other (big peak)at
3200-3500cm™. The first band revealed the SO3™ group of the membrane that was introduced by
the pre-treatment Nafion 117 and the sulfonation to SPEEK, which by its negative charge,
makes the membrane a promising choice for the passing of protons. Meanwhile, the second
band is the O-H group that increases the hydrophilicity of the membrane, which directly
increases the conductivity of the membranes. This is an important factor of PEMs[15].
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Fig. 1a. FTIR analysis of SPEEK and pre-treated Nafion 117

Also, NMR analysis of the SPEEK is shown in Fig. 1b. The reason for producing SPEEK in the
range of 50% DS (52%) was because, as the DS increases to 60-70%, proton conductivity
enhances. However, this reduces the mechanical and thermal stabilities of the polymer[16]. So,
SPEEK with 52% DS was used in this study, based on the better results achieved from the
MFC, as reported in pervious study; and from the better mechanical and thermal strengths of

PEEK at about a 52% degree of sulfonation[17].

57



6" Iranian Fuel Cell Seminar
March 12 & 13, 2013
Shahid Rajaee Teacher training University
Tehran - Iran

d?x{?&ﬁ?'!
! ! ! ) T L] T
8.5 E.0 7.5 7.0 6.5 6.0
Ly AU g ~

7844 1 12.426

Fig. 1b. H NMR spectra of sulfonation

3.2 Bacteria attachment

Fig. 2. shows the biofilm attached to the electrode in the anode chamber, when the MFC was in
a stable condition. As shown, different types of bacteria (which play the role of a biocatalyst in
transferring electrons to the electrode)were attached to the electrode[18].
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Fig. 2. Picture of attached biofilm to the electrode in the anode chamber

In order to see the catalytic activity of the biocatalysts, the developed mix culture biofilm
(which formed on the electrode’s surface) was analysed by CV under the same conditions of the
MEFC experiment. As shown in Fig. 3. there was no oxidation and reduction peaks, before
inoculation of the anode chamber, with the mix culture microorganisms. However, after
inoculation, a clear oxidation peak can be seen. The oxidation peak shows that POME is an
active biocatalyst for oxidation in the anode compartment. The maximum oxidation peak is at
around 0.01mA and 200mV (0.2 V),which is provided by POME sludge microorganism[19].

59



6™ Iranian Fuel Cell Seminar
March 12 & 13, 2013
Shahid Rajaee Teacher training University
Tehran - Iran

‘ A o I.'. A
prf:/:;’_/:':é I

0.025

0.020

Before inoculation
After inoculation

0.015 A

0.010 o

| (mA)

0.005

0.000 o

-0.005 A

-0.010 T T T T T
-0.4 -0.2 0.0 0.2 0.4

E (V)
Fig. 3. Catalytic activity of the biocatalysts

3.3 Power density and polarization curve

Fig. 4. shows the power density graph of the microbial fuel cells working with Nafion 117 and
SPEEK PEM, whilst the other factors were constant. As shown, both power density graphs go
up and reach a maximum value before starting to fall back down[20]. The maximum power
generated by the MFC working with SPEEK as the PEM was 77.3mW.m™, whilst 106.7mW.m"
*was obtained from the MFC working with Nafion 117 as the PEM. This means that the system
working with Nafion 117 as the PEMcan produce 27.5% more power than the system working
with SPEEK.
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Fig. 4. Power density of the Nafion 117 and SPEEK membranes in microbial fuel cell

The MFC’s polarization curve is shown in Fig. 5. The internal resistance of the MFC is the
slope of the V-I curve, or in other words, the slope of the current versus the voltage is the
internal resistance. Based on that, the internal resistance of the MFC working with Nafion 117
is about 727Q. However, for the MFC working with SPEEK, it was higher at about 811€. This
could have been due to a higher conductivity and lower activation loss in the MFC working
with Nafion 117.
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Fig. 5. Polarization curve for SPEEK and Nafion 117 membranes

Tablel shows a summary of the data taken from the MFC systems working with Nafion 117
and SPEEK as PEMs.

Table 1

Summary of the collected SPEEK and Nafion 117 membranes MFC system data

Types of Pmax(mW.m'z) I max (MA.m-2) OCVina Internal
Membrane stable resistance (€2)
condition
(mV)
Nafion 117 106.7 421.7 645 727
SPEEK 77.3 378.3 813 811

3.4 COD removal and coulombic efficiency

Fig. 6. shows the coulombic efficiency and COPD removal of the MFC systems working with
Nafion 117 and SPEEK as PEMs. As shown, both systems have a high COD removal of more
than 70%. The MFC working with Nafion 117 had 76% COD removal whilst the system
working with SPEEK had 88% removal. However, the CE percentage of the system working
with Nafion 117 was 61% more than the system working with SPEEK. This shows that the
COD removal of the SPEEK membrane was higher, but the energy generation of Nafion 117
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was better. This could have been due to the higher internal resistance of the SPEEK membrane
when the other system conditions were the same[20-21].

100

I CE
[ COD removal
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Fig. 6. Columbic efficiency and COPD removal of the Nafion 117 and SPEEK membranes
in MFC system

3.5EconomicAnalysis

This section attempts to compare the performances of two types of membranes in microbial fuel
cell; namely Nafion 117 and SPEEK, for power generation from an economical point of view.
Whilst Nafion 117 membranes demonstrated a higher level of electricity generation compared
to SPEEK, their cost is significantly higher. As shown in Table 2, the electricity generation
from 12cm” of Nafion 117 and SPEEK were 106.7 and 77.3mw.m>, respectively. Meanwhile,
the cost of 12cm® of Nafion is almost three times higher than that of SPEEK[22]. Therefore, it is
imperative to investigate the costs associated with each type of membrane simultaneously, using
a cost efficiency measurement (revenue-cost ratio); to show how much cost is associated with a
given level of revenue. Such a policy analysis tool provides decision-makers with useful
information to compare the costs and benefits of using alternative membranes, and assists them
in understanding which type of membrane is more cost efficient and perhaps more economically
viable to use.

Table 2 shows the costs and revenues associated with the use of 12cm?of Nafion 117 and

SPEEK.The feedstock for both types of membranes is Palm Oil Mill Effluent (POME). A huge
amount of POME is generated every year in Malaysia. It can be used with no purchasing cost,
and in this study, we assumed no costs for the use of membranes, except prices. Revenues were
calculated based on multiplying the units of electricity generated per 12cm’ of membrane and
the electricity tariff rate. The commercial electricity tariff rate in Peninsular Malaysia was
obtained from the Ministry of Energy, Green Technology, and Water (2011). Since the tariff
rate is reported in Malaysian Ringgit (RM), we converted the rate into an international currency
(USD), using the current market exchange rate of 1 RM= 0.33 USD. In this study, the electricity
tariff was assumed to be 10 US cents (or 30.22Malaysian Sen) per kw/h. This rate is also
assumed as an average world electricity tariff, as Malaysia is a mean income country, where
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subsidies on electricity consumption have been removed. The potential revenue associated with
ImW generation of electricity is shown in Table 2. Consequently, a cost-to-revenue ratio (i.e.,
the cost associated with the use of each membrane as a proportion of the revenue generated
from that membrane) was used to identify which membrane was relatively more cost efficient;
where the higher the ratio, the lower the cost efficiency of that membrane. Detailed economic
calculations can be found in Table 2.The results clearly show that even though the amount of
electricity generated form Nafion 117 was higher than that of SPEEK, the low costs associated
with the use of SPEEK suggest that the use of this membrane is more economical. It should be
noted that this study did not consider the lifespan of these two alternative membranes, but rather
it considered the use of these two membranes in their maximum power generation. Future
studies are encouraged to investigate this area further, in order to find out whether or not the use
of these two alternatives iseconomical. However, our results indicate that the use of SPEEK is
two times more cost efficient than that of Nafion 117.

Table 2

Economic Analysis of SPEEK and Nafion 117 in the maximum power generation of MFCs

Nafion 117 SPEEK Source

Price per 1 2em” (USD) 120 45 Neburchilov et al,
(2007)
Electricity Generated (mW) 106.7 77.3 Estimated

Electricity tariff (mW)(USD) 0.10%10°  0.10 x10° Ministry of Energy,
Green Technology and

Water(2011)*
D=Ax C  Revenue from electricity  0.10679 0.07730 Estimated
generation per 12¢cm’(USD)
E=A/D Cost/ Revenue ratio 1124 582 Estimated

*Ministry of Energy, Green Technology, and Water (2011). (Available at
http.//talkenergy.files.wordpress.com/201 1/02/asean-electricity-tariff-201 1.pdf)

4 Conclusion

This study compares the cost efficiency use of SPEEK compared to Nafion 117 in an MFC
system. Our results have shown that SPEEK is a better choice, as the system cost of operating
with SPEEK is 50% less than a system working with Nafion 117. This study shows a new
horizon in the industrialization of MFC; especially in Malaysia, which has a vast amount of
POME from wastewater. Furthermore, it opens up the way to find new types of membranes and
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catalysts, which can produce as much power as conventional ones, but which are actually
economically viable for real systems.
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Abstract

In GT/SOFC/CHP hybrid systems, to achieve green production, CO, capturing pattern is
essential. The use of CO, capture system reduces emissions, but it reduces the total
efficiency as a disadvantage. The aim of this study is to select the best technology as a
goal for maximizing CO, capturing with the minimum achievable energy penalty. In this
research, by using an analytical approach, a novel categorization of CO, capture
technologies in GT/SOFC/CHP systems is presented. Six categories of various
technologies are described by using Strength-Weakness (S-W) analysis. Then, with a
comparative approach, an assessment in some selected cycles is conducted. By this mean,
their modelling targets, type of CO, capture systems, and technical and performance
specifications are evaluated. By wusing this analysis, current areas of research,
international research orientation and potential future research areas are identified. The
results show that oxy-anode combustion technology is the best CO, capture technology
for GT/SOFC/CHP systems with respect to all research factors and the current
feasibilities.

Key words
SOFC/GT/CHP; CO, Capture; S-W analysis; Modelling.
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1- Introduction
Power generation and its environmental issues are an important world challenges. Nowadays, more
than 67% of the world electricity use is generated using conventional fossil fuels [1]. Combustion of

these fossil fuels emits environmental emissions such as CO,, CO, CHy NO, and SO, that
subsequently results in regional and global warming. So, developing clean power generation
technologies is vital to prevent disastrous environmental losses. Solid Oxide Fuel Cell (SOFC) as a
source of power generation in distributed generation can be used for small and large stations [2]. In
order to overcome some problems of Gas Turbine (GT), such as low power generation efficiency,
combined SOFC and GT technology has been developed. This hybrid cycle results in more power
generation using synergy advantage [2]. In the recent decade, many studies have been done on the
modelling, simulation, design and optimization of these systems. A description of the different hybrid
configurations has been studied before [3]. Overall system efficiency of 63% has been achieved at
32/68 GT/SOFC power ratio [4]. The high temperature of this hybrid system provides the possibility
of recovering waste heat to generate more power in the steam turbine cycle, space heating or process
heating (CHP) [5]. As this hybrid system, couples a clean power generation source and a conventional
technology (GT), it is expected that in the same power generation amount, the emission level will be
more than SOFC system and lower than GT system. Results in [6] show that the use of SOFC in the
CO, market is an attractive option from the economic point of view. In [7], different CO, capture
cycles for GT systems have been compared and results show that the GT/SOFC system has the highest
total efficiency (67.3%). Due to the SOFC nature that produces CO,; different CO, capture
technologies can be proposed. One of this categorization has been presented by JW dijkstra &
D.Jansen [8] which is based on the SOFC technologies. Bredesen [9] has proposed another
categorization that focuses on ITM which works at high temperatures (800-900 °C). In [10], in order to
develop clean power generation technologies, by using sorption-enhanced steam methane reforming
process (SE-SMR) and Zero Emission Gas power concept (ZEG), efficiency of 77% as well as 100%
CO; capture have been achieved.
In this research, based on following terms, specific papers are selected:

e Specified within SOFC/GT/CHP cycles including CO, capturing systems,

¢ Including quantitative and qualitative information contributed to cycle performance specification.
Hence, other cycles in connection with CO, capture in SOFC, GT or other similar combined cycles
have not been considered. In the following sections, important parameters in system modelling are
studied and literature papers are categorized too. Based on this kind of analyses, a new categorization
of CO, capture technologies in hybrid GT/SOFC/CHP systems is presented.

2- Categorizing the CO, capture technologies
Selecting the type of CO, capture technology depends on various factors such as partial pressure of
CO; in the stream, amount of CO, to be recovered, sensitivity to impurities, required purity with
regard to CO; content, and capital and operational costs [11]. As a classic categorization, the CO,
capture systems can be categorized by the type of capturing process as shown in Figure 1 [12].
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Figure 1. Categorizing by CO, capture process [12]

Completion of the classic categorization of CO, capture technologies and SOFC systems has resulted
in a novel categorization of CO, capture technologies in SOFC/GT/CHP cycles in six main groups
which have been shown in Figure 2. These categories are described below:

2-1- Post combustion
This technology is based on the CO, separation from combustion products using various chemical or
physical adsorption methods. Applying this technology is applicable in common combined cycle
power plants or in modification of power generation processes. In basic design of the new systems
such a combined cycle power plants, applying this technology is not attractive because of the low
purity of the absorbed CO,, high capital and energy costs and high energy penalties. So, in SOFC/GT
systems, this technology has been paid less attention.

2-2- Pre-combustion

This technology is based on fuel separation before entering the combustion process. Natural gas or
coal, as the input fuel, enters an internal or external reformer and after reforming and shifting
processes it converts to H, and CO,. Subsequently, they are separated and only H, participates in the
combustion process. Combustion products do not contain CO, and are discharged into the atmosphere.
This technology seems to be suitable for SOFC, especially coal-fuelled ones which reforming
operations are necessary before fuel charge activity. However, in the case that use internal reformer,
separation of CO, from H, is difficult. Therefore, in the case of fuels such as coal, this technology is
considered much.

2-3- Oxy-fuel combustion
This technology is based on the decomposing air into oxygen and nitrogen, and subsequently, use of
pure oxygen in the combustion process. In this case, the exhaust gas is composed of CO, and H,O that
are separable easily using condensing process. In conventional cycles, the oxygen is produced in Air
Separation Unit (ASU). Based on new improvements in developing pure oxygen production systems,
use of this technology in systems has been paid more attention. In this method, due to the large
amount of the required oxygen, the increasing is expected for energy and capital costs of this systems.
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Figure 2. The novel proposed categorizations (by authors)

2-4- Oxy-anode combustion
Oxy-combustion systems are very efficient but due to the huge amount of the required oxygen, as well
as complexities and maintenance cost of large scale oxygen production systems; use of this technology
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is not applicable in general cases. In SOFC systems, based on increasing the contact area of oxygen
and cathode, use of pure oxygen in the cathode of the cell is recommended, but oppose that, for the
carbon capture technology, use of the pure oxygen in the combustion of the exhaust gases in anode
side is paid attention. In this method, unburned fuel from anode, which contains H, and CO,, enters a
combustion chamber, burns with pure oxygen, and produces water and CO,. Then it condenses and
CO, is separated, compressed and stored. High temperature combustion products can be used in a gas
turbine to generate electricity, or they can be used to provide hot water or process steam, instead.

2-5- Reforming anode after burner
In this technology, exhaust gas from SOFC's anode enters a WGSMR, and through a shifting process,
hydrogen is produced. This hydrogen is burnt with exhaust gas from cathode, and produces power and
heat. Exhaust products from WGSMR are water and CO,, then they are separated through condensing
and CO, is collected, compressed and stored as shown in Figure 3. This is an emerging technology.

2-6- Membrane cathode after burner
Exhaust air from SOFC cathode contains a lot of oxygen. By using an lon transport membrane (ITM),
this oxygen is separated and then it burns with the exhaust gases from anode in a combustion chamber
to generate heat and power as shown in Figure 4. This is an emerging technology which is in the

research phase.
CO+H,0~>CO,+H, Anode off gas
/Ox
H, selective | H2 |membrane IT™ 2
v
Hy+1/2(0,)2>H,0 Cathode off gas
Figure 3. WGSMR concept Figure 4. ITM concept

S-W analysis for these technologies with the aim of applying them in SOFC/GT hybrid cycles is
presented in Table 1.

3- Modelling assessment of SOFC/GT system with CO, capture technology
A comprehensive assessment has been done on the literature papers and key factors in SOFC/GT
systems modelling are suggested as following:

3-1- Purpose of paper
Purpose of the paper can be categorized into the following categories or combinations of them:

3-1-1- Parametric analysis
Evaluation the effect of various parameters on the overall efficiency of a system is an important
objective of each simulation. Therefore, in each system modelling, the most effective parameters are
identified and used as limitations or optimizers.

3-1-2- Configuration analysis
Prediction of the overall efficiency of the system in different configurations is an important objective
of a simulation. There are many different structures in the simulation of SOFC/GT systems with CO,
capture system, which they apply various equipment in their configurations like compressor, heat
exchangers, reformers, mixers, HRSG, combustion chamber, air separation unit and etc. In this point
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of view, the effects and layout of the elements has been considered in order to achieve the maximum
overall efficiency of the site.

Table 1. S-W analysis for CO, capture technologies in SOFC/GT hybrid cycles

Strength Weakness
e Mature technology, ¢ Cost of equipment,
e Possibility of waste heat recovery after the turbine and|e Low purity of CO, and problems to pass strict|
Post- suitable for CHP systems. environmental regulations,
combustion e Complex processes of absorption and
desorption,
e High energy penalty for CO, capturing.
e Use of high purity hydrogen, e additional equipment requires to decompose
® CO, separation through condensing, the fuel,
o Possibility of using higher Uy, ¢ Energy intensive,

Pre-combustion . . ) ) ) .
e Possibility of using various fuels, especially solid fuels, [® Low total efficiency,

o Possibility of waste heat recovery after the turbine and|e High energy penalty for CO, capturing.
suitable for CHP systems.

e Mature technology, ¢ High cost of oxygen production in ASU,
Oxy-fuel ¢ High efficiency combustion, e High energy use of the oxygen production
combustion ¢ CO, separation through condensing, unit that reduces the net electrical efficiency.
e Low energy penalty for CO, capturing.
® Mature technology, e Energy use of the oxygen production unit that
e Low required oxygen, reduces the net electrical efficiency.
Oxy-anode . . .
. o High efficiency of combustion,
combustion ) .
® CO, separation through condensing,
e Low energy penalty for CO, capturing.
e Combustion of the anode exhausts gas to produce|e High capital cost and
. additional heat or power, e Non commercial.
Reforming

e Possibility of WHR after the turbine,

anode process .
P o State-of-art within technology,

o Suitable for decreasing CO, capture costs in the future.

e Possibility of waste heat recovery after the turbine and|e High capital cost,

Membrane .
suitable for CHP systems, e Non commercial,

cathode after o .
o State-of-art within technology, e High R&D costs.

o Suitable for decreasing CO, capture costs.

burner

3-1-3- Optimization

Development of an optimized hybrid power generation system depends on different parameters. Due
to the large number of involved parameters, as well as dependant nature of them, selection of the
optimization method is very critical. Usually, in order to optimize a normal hybrid cycle, 10 to 15 or
more independent variables must be considered simultaneously. In the case of systems within CO,
capture system, there are more including variables. Optimization is based on the maximizing
thermodynamic efficiencies or minimizing power generation cost. Generally, optimization of these
systems is done by using genetic algorithm or non-linear mathematical programming.

3-1-4- Economic analysis
The most important goal of engineering efforts is to decrease costs of emerging technologies and to
increase their competitiveness. Economic analyses play an important role in development of the
hybrid systems market.
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3-2- Modelling approach
Theoretical or semi-experimental, Siemens Westinghouse company has successfully examined a
pressurized 220 kW SOFC/ GT hybrid system [13]. Some modelling results are validated by using the
results of this pilot system if they confirm. Other modelling purposed are in following.

3-3- Heat recovery (equipment and applications)
In hybrid cycles, some equipment, such as recuperator, economizer and HRSG, are used for different
purposes such as generating more power in the steam cycle, district heating, process heat and hot
water supply. All papers have considered the use of gas-to-gas heat exchanger to maximize the
utilization of waste heat from the system and increase the total efficiency of the site.

3-4- Other noticeable points in modelling
Other noticeable points in modelling include the modelling mode (steady state or transient), models
dimensions (zero dimensional to three dimensional), codes developing, fuel type considerations,

validation by using experimental results, reformer type, fuel recycling and CO, purity in applications.

4- Results

Important details and results of the papers have been summarized in Tables 2 & 3.

Table 2. Summary of design parameters in the studied papers

Ref. [14] [15] [lfll/?;se “;ig;se [16lzgase [17] Case2 | [17] Case3 (18]
Total output power 1.1 MW 490.4 MW 47997 MW | 618.81 539.70 1.5 MW 1.5 MW 1058.2 kW
SOFC power N.A. 305.9 MW 15191 290.43 238.36 N.A. N.A. 868.9 kW
GT power N.A. 82.77 MW 284.8 303.04 177.65 N.A. N.A. 87.47 kW
SOFC/GT ratio N.A. 3.7 0.5 0.9 1.3 N.A. N.A. 9.9
ST power - 193.9 MW 155.14 159.53 194.27 - - 101.8 kW
[ASU power - -36.18 MW -65.07 -36.41 -54.99 - 0.6 % penalty 0
CO, compression power - -21.79 MW -30.35 -36.41 -54.99 N.A. N.A. -64 kW
Net efficiency 63 % 51.6 37.48 40.25 46.59 447 58.2 69.2
(CO, capture penalty N.A. 2.67 N.A. N.A. N.A. 0.7 % 2.1% 6.1 %
CO, emission N.A. 30.9 g/kWh N.A. N.A. N.A. 0.057 kg/s .001 kg/s 0
Percentage of captured carbon 67 % 95.3 % N.A. N.A. N.A. N.A. N.A. 100 %
Ur 79 74 % i i 7 .85 .85 7
Oxygen purity N.A. 95 % 95 % 95 % 95 % N.A. N.A. N.A.
(CO, pressure compression N.A. N.A. 150 bar 150 bar 150 bar 90 bar 90 bar 150 bar
Fuel cell temperature/ pressure 1049.4 800/34.15 bar 900/19 bar | 900/19 bar | 900/19 bar | 934.3/4.12 bar | 1026/4.1 bar [ 900 / 8 bar
Steam to carbon ratio 2 N.A. N.A. N.A. N.A. 2 2 3
GT TIT 1049.4 1419.5°C 1500 1500 1500 940 800 946
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Table 3. Specifications of the modelling systems

16 16 16 17 17
[14] [13] Case[ li/lB Case[ 23\/2B Ca[se ]ZC C[ase]Z C[ase]3 [18]
Parameter analysis v v
Configuration analysis v 4 4 v v v v
Purpose of paper Optimization - " "
Economical analysis v v
Hydrogen
Methane/ NG v v v v
Fuel type Coal ~ ~ ~ "
Biogas/Others
LT
FC type (temperature) IT v
HT v v v v v v v
. Internal v v v v
Reforming type Ftornal — = — —
Anode recirculation Yes/No Y N Y Y Y Y Y Y
0-D v v v v v v v v
Model dimension
>0-D
Dependency to time Stead}./-state Y Y Y Y Y Y Y Y
Transient
Validation with experiments | Yes/No N N N N N N N N
Simulation software IPSEPRO|Aspen - - - WTEMP|WTEMP|Aspen|
HRSG v v v v
Heat recovery economizer
Recuperator v v v v
Power Generation v 4 v v
Heat recovery uses District heati.ng
Process heating v v v v
Other
Pre combustion v v v v
CO, capture category Post combustion v
Oxy anode combustion v v v

5- Conclusion

The main findings of this study may be summarized as the following items:

1- In all cases, SOFC/GT hybrid cycles are pressurized cycles and GT is in downstream position as
bottoming cycle.

2- In coal-fuelled cases, external reformers are used because the syn-gas from gasification must be
entered the fuel cell.

3- If gaseous fuels with high sulphur content are used, use of a de-sulphurizer is necessary.

4- In most studies, high temperature fuel cells have been studied. Although global development of fuel
cells is toward low and intermediate temperature ones, but the low temperature decreases heat
recovery potential in downstream; however, it has considerable effects on reducing production and
maintenance costs.

5- Partial recycling of the exhausted fuel from the anode has been paid much attention in all cycles as
a proven solution in order to increase overall efficiency.

6- Most developed models emphasize mass and energy flow analysis, and simulations are based on the
steady state mode.
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7- Most models are developed in order to compare different configurations from overall efficiency
point of view.

8- Cycles modelling from the second law of thermodynamics point of view need more researches and
studies. Furthermore, more economic studies are required.

9- In large steam turbine power plants, use of waste heat in order to generate more electricity was paid
attention. Regarding power plants up to 1.5 MW, waste heat is utilized to supply process heat, and
maximize use of flows heat is paid more attention.

10- Due to the disadvantages of post combustion systems, in these hybrid cycles, they have not been
paid much attention; moreover, with respect to researches trends, they are not recommended.

11- Global researches about CO, capture technologies are moving toward oxy-anode combustion.
Many researches are in progress to develop economic and efficient methods of oxygen production.

12- Many researches are in progress regarding the use of state-of-the-art systems, such as ITM and
WGSMR. All these new systems focus on post fuel cell area and mainly emphasize simulation and
construction of these exchangers.

13- Oxy-anode combustion, as an efficient method to fully CO, capture with high efficiency, is the
best method for these hybrid cycles, at present time.

6- Recommendations and future attitudes

Considering development of technologies related to construction of gas turbines and fuel cells, as well
as the results of the studied papers, the following research areas are suggested:

1- More studies regarding economic calculations, parametric analyses and thermodynamic
optimization mainly based on exergy concept.

2- Developing new models based on bio fuels, especially biomass.

3- Application of low and intermediate temperature fuel cells.

4- In the researches, the types of fuel cells (planar or tubular) have not been paid much attention.
Considering global researches trends which are toward planar fuel cells, application of this type in
simulations is more reasonable and appropriate.

5- In the researches, ASPEN software has been used which considering its capabilities and features, it
is an appropriate simulation tool for this purpose.

6- To develop researches regarding state-of-the-art technologies such as ITM and WGSMR.

7- Use of the waste heat for district heating.

Acronyms

ASU Air Separation Unit SOFC Solid Oxide Fuel Cell

CHP Combined Heat & Power S-w Strength- Weakness

ESA Electric Swing Adsorption TIT Turbine Inlet Temperature, K

GT Gas Turbine TSA Temperature Swing Adsorption

HRSG  Heat Recovery Steam Generator Us Fuel utilization factor

I™ Ion Transport Membrane WGSMR  Water Gas Shifting Membrane Reactor
PSA Pressure Swing Adsorption WHR Waste Heat Recovery
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Comparative Study of Platinum and Non-Platinum Cathode
Nanocatalysts in Direct Borohydride Fuel Cell
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Abstract

In the recent years, extensive research work is being carried out and reported on improving the
performance of nanocatalysts for both anode and cathode of polymer electrolyte membrane fuel
cell. The single cell performance of carbon supported non-platinum electrocatalyst
(Hypermec'V'Ky4) as cathode material was used in alkaline electrolyte borohydride fuel cells
and compared to that of 10% Pt/C (commercial). The structural and electrochemical aspects of
the Hypermec™ K4 and 10% Pt/C (commercial) electrocatalysts were further investigated. X-
ray diffraction (XRD) indicates the Pt and K4 particles average size. Their morphology was
analyzed by SEM. The Hypermec' K4 cathode showed superior performance to that observed
using the 10% Pt/C cathode, e.g. power density of Ky is up to 138 mWem™. Cyclic
voltammetry data exhibit the better borohydride tolerance for K;4. So the difference in
performance can be attributed to variations in activity towards oxygen reduction reaction and in
borohydride tolerance among the cathodes.

Keywords: non-platinum electrocatalyst, alkaline electrolyte borohydride fuel cells, single cell
performance, borohydride tolerance.

1- Introduction

The direct borohydride fuel cell (DBFC) has attracted renewed interest as a potential source of
high electrical power recently .The following reactions occur in the DBFC:

BH,+80H —B0O,+6H,0+8¢’ E. ;=-1.24V vs. SHE Anode (1)
0,+2H,0+4e —40H" E%athode-0.40V  vs. SHE Cathode  (2)
NaBH;+20,—NaB0,+2H,0 E’.=1.64V vs. SHE Cell (3)

The theoretical open circuit voltage of 1.64 V is about 0.43 V higher than that of the direct
methanol fuel cell.

Research into catalysts for the anode of the DBFC has been well documented, but the cathode
has rarely been addressed. Recent work has identified the challenge from the cathode,
particularly the negative effect of borohydride crossover on Pt cathodes, which were widely
used and was expensive [',"]. Alternative non-platinum cathode catalysts, e.g. Ag, MnO2 and
FeTMPP[™,",",""], were explored but Ag and MnO2 are not borohydride tolerant[2,5] and
Kinetic parameters for oxygen reduction reaction (ORR) on FeTMPP was not good[6]. A
further study is required to understand activity, borohydride tolerance and stability of the tested
catalysts; to find more economic and robust cathode materials for the DBFC. Hence, in this
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study non-platinum cathode catalyst, Hypermec' VK, (Acta), was used. The catalyst was
analyzed for their electrochemical performance in the DBFC.

Hypermec' VK4 determined and were compared to platinum cathode. The performance was
explained based on borohydride tolerance. Their activity towards ORR are the same for
platinum and K4 as cathode catalysts which has been discussed by M. Zhiani["].

To the authors’ best knowledge, this is the first investigation using Hypermec K4 as a cathode
catalyst for the direct borohydride—oxygen fuel cell, although the Hypermec' K4 has been
studied as a cathode catalyst for direct alcohol fuel cells and also for H»/O; fuel cells.

2- Experimental

Electrochemical tests were performed on a single cell with an active electrode area of Scm”.

2-1- Materials and Chemicals

The following materials and chemicals were used as received: NaBH4 (99%, Merck), NaOH
(99.99%, Merck), Nafion solution (5 wt.%, Aldrich), carbon powder (Vulcan XC-72R, Cabot),
carbon paper (E-TEK), Pt/C10%(electrochem), anion-exchange membrane A-006 (OH-form,
Tokuyama).

2-2-  Electrodes fabrication for ADBFC

2-2-1-Anode electrodes preparation

The anode electrode were prepared by coating a paste made of commercial anode catalyst
(Hypermec' VK4, provided by Acta), 5 wt% of PTFE (on dry weight basis) and water directly
on Ni foam support. The electrodes were dried at 60°C for 30 min in the oven. The anode
catalyst loading was 10 mg/cm’.

2-2-2-Cathode electrodes preparation

The cathode electrodes were prepared by painting the cathode ink on carbon cloth as diffusion
medium. The cathode catalyst ink was prepared by mixing Hypermec' V'K ,4 with 10 wt% PTFE
(on dry weight basis) and water. The electrodes were dried at 60 °C for 30 min in the oven. The
cathode catalyst loading was at 1.7 mg/cm’. Another cathode containing 10 wt% Pt/C and 10
wt% PTFE with loading of 1.7 mg/cm”® of the catalyst was prepared as comparative sample in
the same way. The geometrical surface area of both electrodes used in this study was 5 cm”.

2-2-3-Membrane electrode assemblies

An Anion-exchange membrane was used as solid electrolyte in ADBFC. The electrodes and
membrane were sandwiched at room temperature in the cell hardware without using hot press.
The cell has been assembled according to T.S Zhao et al.

2-3-  Electrochemical characterization

2-3-1-Physical characterization

XRD analysis was carried out with ‘X’Pert-PRO analytical powder X-ray diffractometer
using crystal monochromatized CuKal radiation of 40 kV and 30 mA. Step scans were
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conducted between 10 and 80" (26) using a 0.05" step size and a 10.1s scan step time.
The morphology of the surfaces of the Hypermec'K,,, and 10% Pt/C commercial
catalysts were investigated with a JEOL-JSM-6360 scanning electron microscope
(SEM) at an accelerating potential of 25 kV.

2-3-2-Single cell performance test

The DBFC assemblies were tested using alkaline fuel containing 5 wt% NaBH,4 at the anode
side and air at the cathode side. All tests were conducted on Scribner test station (model 850 ¢)
at ambient temperatures and pressures obtaining polarization curves by measuring the cell
voltage at different currents after reaching steady state. Passive fuel was fed at the anode side
and air fed at the cathode side.

2-3-3-Cyclic voltammetry

Three-electrode cell assemblies consisting of Pt or K14 base electrode were used as working
electrode, palladium base electrode was used as counter electrode and reference electrode. The
voltammetry experiments were performed in 5 wt% NaBH4 (alkali solution) at room
temperature. Nitrogen gas was purged into the electrolyte. Stable voltammogram curves were
recorded 1aﬁer scanning for 6 cycles in the potential range from 0 to 1000 mV at a scan rate of
20mVs .

3- Results and discussion

3-1- Physical characterization

Fig. 2 shows the XRD patterns of Hypermec' VK4 and 10wt% Pt/C. All the XRD patterns
displayed for Hypermec' “Ki4 (211), (200), (110) reflection characteristic of platinum body-
centered cubic (bcc) crystal structure and patterns for 10wt% Pt/C (111), (200), (220) reflection
characteristic of platinum face-centered cubic (fcc) crystal structure. The particle size (d) of the
catalysts were evaluated from the X-ray diffraction peaks (at 110 for K;4 and was not observed
a sharp peak for 10wt% Pt/C) using the following Debye—Scherrer formula:

_ E
d(nm)=— - roostnn

where‘d’ is the average particle size (nm), A the wavelength of X-ray (0.15406 nm), 0 is the
angle (110) at which the peak maximum occurs, |31),f1 is the width (in radian) of the diffraction

peak at a half height and ‘k’ is the coefficient 0.89—1.39 (here 0.9).
The values of particle size are tabulated in Table 1.

Table 2. Particle size of cathode catalysts obtained from its XRD pattern.

Catalyst 20(°) Particle size (nm)
10wt% Pt/C - <10
Hypermec' K4 43.48 23
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Fig. 2. X-ray diffraction patterns of catalysts. (A) Hypermec" 'K 4 (B) 10% Pt/C.

Microstructures of catalyst particles shown in Fig. 3 and 4 that are typical scanning electron
microscopy (SEM) images of Hypermec' VK4 and 10% Pt/C.

The Pt and K4 particles were distributed homogeneously across the substrate matrix, typically
as a granular dense microstructure, although macro pores or defects and cauliflower-like
clusters were present on the surface.
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3-2- Electrochemical characterization

3-2-1-Single cell performance

Figs.5 shows the MEA performances and table 1 indicates the performance of both cells at
ambient condition. The results demonstrate that the cell made by K4 cathode catalyst produces
higher performance in terms of power density and OCV. This is attributed to the higher activity
of transition metal-based cathode catalyst in alkaline media as it demonstrated by Zhiani et
al[7].
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Fig.5. Cell polarization curves of 10 wt% Pt/C, K4, with air at ambient temperatures and
pressures.
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Table2. ADBFCs performance with two different cathodes with air at ambient temperatures and

pressures
Cathode nanocatalyst oCcv MPD
mV mW/cm®
Hypermec' K4 970 138
Pt/C 10% 752 50

3-2-2-Cyclic voltammetry

Fig.6 indicates the BH,-crossover current density measurement using driven-cell mode. As it
can be seen in the Fig.3 the BH}-crossover current density on the surface of Hypermec' K4 is
almost zero; it means that HypermecTMK14 is not sensitive toward the BH, oxidation. In fact, it
shows a remarkable selectivity to oxygen reduction and inertness to borohydride oxidation

BH -crossover. Current density on the surface of 10 wt% Pt/C increases up to 70mA/cm’ by

increasing cell potential, leading to a cathode potential drop, which lowers the operating cell
voltage.

1.00
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=
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0.1 0.1 0.3 05 0.7 0.9 11

E(V)

Fig. 6. Cyclic voltammograms on the carbon-supported K;4 and Pt electrodes in the alkali
solutions saturated with N2.Cell: undivided cell
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4- Conclusions

In this study we compared the performance of commercial non-noble metal cathode catalyst
(Ki4) and conventional cathode electrode containing 10 wt% Pt/C, in the alkaline direct
borohydride fuel cell (ADBFC). X-ray diffraction characterization is carried out to determine
the crystalline size that average size for K4 is about 23 nm and for 10wt%Pt/C is lesser than 10
nm. Scanning electron microscopy (SEM) shows the spherical shape of Pt and K4 particles and
distributed homogeneously across the substrate matrix. Electrochemical experiments including
cyclic voltammetry are also conducted to determine the borohydride tolerance among the
cathodes. Comparative cathode polarization results demonstrate higher performance and OCV
for Ky4 as a cathode catalyst in alkaline media. The activity enhancement of K;4 compared to
pure 10wt%Pt/C was explained on the basis of properties of high surface transition metals, their
remarkable activity and selectivity for oxygen reduction in alkaline solution, high borohydride
tolerance (low activity for borohydride oxidation) and acceptable stability in alkaline media.

Hence, Hypermec K4 is a promising cathode catalyst for the direct borohydride fuel cell.
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Electrochemical oxidation of hydrazine on the surface of
silver particles/polymer modifed carbon paste electrode in
alkaline media
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Electroanalytical Chemistry Research Laboratory, Faculty of Chemistry, University of
Mazandaran, Babolsar, Iran (fer-o @umz.ac.ir)

Abstract

Silver particles were deposited on the surface of poly ortho-toluidine modified carbon paste
electrode (Ag/POT/MCPE) by the electrochemical method. The electrocatalytic activity of the
prepared modified electrode towards the hydrazine oxidation in alkaline solutions was evaluated
using cyclic voltammetry (CV) and chronoamperometry (CHA) methodes. The CV experiment
in the range of -0.4 V to 0.1 V vs. SCE show that the Ag/POT/MCPE electrode is
electrochemically active towards the hydrazine oxidation. The onset potential for the hydrazine
oxidation moreover a sharp increment in the current of hydrazine oxidation with the increase of
the hydrazine concentration was observed. CHA results show stable steady-state current
densities (i) for the hydrazine oxidation. A linear dependence of the is upon the hydrazine
concentration was found in the range of 2.5 - 40 puM hydrazine. Results imply that the
Ag/POT/MCPE presents stable and significantly high electroactivity for the hydrazine
oxidation.

Keywords: Electrocatalysis, Fuel cell, Hydrazine oxidation

1. Introduction

Considerable attention has been given to direct liquid fuel cells, such as the methanol, formic
acid, hydrazine and borohydride systems because of their high energy capacity compared to
advanced batteries [1]. For the direct hydrazine fuel cell, its most attractive feature may be the
high theoretical cell voltage of 1.57 V according to the anode reaction (1) and cathode reaction
(2) in alkaline solutions:

NoH, + 40H — Ny(g) + 4H,0 +4e  E°=—1.16 V vs. SHE (1)
0, + 2H,0 + 4e — 40H  E°=0.41 V vs. SHE )

Thus, there have been increasing reports for the investigation of hydrazine oxidation by various
electrocatalysts [2—12]. Hydrazine oxidation on single-crystal platinum surfaces (1 1 1) and (3 2 2)
were studied by Alvarez-Ruiz [13,14]. The onset potential of hydrazine oxidation on
polyoriented Pt disc electrode in alkaline solutions is 0.1 V vs. SHE (or —0.141 V vs. SCE) [15]
showing that the electrochemical oxidation of hydrazine at Pt electrode requires a higher over-
potential. O’Mullane et al. have prepared polyaniline (PANI) thin films modified with platinum
nanoparticles and investigated their electroactivity for hydrazine oxidation [16]. The
electrochemical oxidation of hydrazine at a silver electrode was studied by Korinek [17].
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Electro-oxidation of hydrazine at gold [17,18], nickel [25] and mercury [17,19] electrodes has
also been reported. Razmi-Nerbin prepared the nickel pentacyanonitrosylferrate film modified
aluminum electrode and evaluated its electroactivity for hydrazine oxidation [21]. Because of a
large overpotential for hydrazine oxidation at ordinary carbon electrodes, electrocatalytic
modified electrodes based on a variety of catalysts including metals, polymer films and metal
complexes were used to minimize the overpotential effects [20]. Cobalt(Il) and cobalt(III)
complexes have been applied as mediators to modify carbon paste electrodes in order to obtain a
catalytic activity for hydrazine oxidation [22-24]. A modified carbon paste electrode prepared
by using tetracyanoquinodimethanide adsorbed on silica modified with titanium oxide showed
an excellent catalytic activity and stability for hydrazine oxidation.

In the present study, we have fabricated a silver supported poly ortho-toluidine modifed
carbon paste electrode using a electrochemical process to obtain a high electrocatalytic effect
for hydrazine oxidation. Our work showed that silver is a stable catalyst at the surface of
polymer. The electrochemical activity of the prepared Ag/POT/MCPE for hydrazine oxidation
was assessed using voltammetric techniques and chronoamperometric measurements.

2. Experimental
2.1. Chemicals:

Sodium hydroxide (from Merck), hydrazine hydrate (80%), silver nitrate, Ortho-toluidine (OT)
(Arak Chemical Eng. Co.). Water used in this work was firstly treated by ion exchange resins
and then doubly distilled.

2.2. Instrumentation:

The electrochemical experiments were performed using potentiostat/galvanostat (BHP 2061-C-
Electrochemical Analysis System, Behpajooh, Iran) coupled with a Pentium IV personal
computer. The utilized three-electrode system was composed of Ag/AgClUKCI (sat’d) as
reference electrode, a platinum wire as auxiliary electrode, unmodified carbon paste electrode
and Ag/POT/MCPE as working electrode substrate.

2.3. Synthesis and characterization of the Ag/POT/MCPE:

The electrochemical deposition of Poly Ortho-toluidine (POT) films was carried out by cyclic
voltammetry from 0.0 to 2.0 V vs. SCE at 50 mV s ' in an aqueous solution containing 2.0 mM
OT and 0.5 M H,SO4 up to reach 20 complete cycles.

Freshly prepared POT films were washed with distilled water and a monomer-free
electrolyte solution. After that, they were dipped into a 5 mM silver nitrate solution at room
temperature for 40 minutes. This procedure allowed us to physically adsorption silver iones into
the POT film. The electrode then transfered in 0.1 M NAOH solution and 10 successive
potential cyclings were performed.

3. Results and discussion
3.1. Cyclic voltammetric (CV) experiments of Ag/POT/MCPE:

Fig. 1 shows successive scanning CV profiles of the Ag/POT/MCPE in 0.1 M NaOH solution. It
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is found from Fig. 1 that the Ag/POT/MCPE presents similar CV profiles to silver electrode
moreover that the Ag/POT/MCPE exhibits much high anodic and cathodic currents, showing a
large surface area of the modified electrode. Overlapped CV curves were observed to be
increase with cycling numbers and then stable after 10 cycles which shows the stabilization of
catalyst particles on the POT/MCPE surface.
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Figure 1. 10 continuously sweeping cyclic voltammograms of Ag/POT/MCPE at a scan rate of
100 mVs™ in the 0.1 M NaOH solution.

In the anodic oxidation range of silver two anodic peaks A; at 0.30 V and A, at 0.68 V
were obtained as shown in Fig. 1. The peaks A; and A; could be ascribed to the formation of
Ag>,0O and AgO respectively. Among them, the peak A; is attributed to the production of Ag,O
and peak A, showed the production of AgO. The peaks A; is caused by the following reaction:

2Ag + 20H == Ag,0 + H,0 + 2¢ 3)

The further forward potential sweep leads to the arising of the peak A, at 0.43-0.55 V
which is attributed to the formation of highvalence silver oxide (AgO):

Agy0 +20H == 2Ag0 + H,0 + 2¢ (4)

The variation in the potential of the peak Az with the cyclic scan number could be related
to the unstability of the high-valence AgO. In the reverse scan two reduction peaks C; and C,
were delivered at 0.32 and 0.02 V, which correspond to the reduction of AgO and Ag,O,
respectively. The high reduction current in Fig. 1 indicates the presence of large active sites on
the surface of the Ag/POT/MCPE electrode.

3.2. Electrochemically Oxidation of hydrazine:

Cyclic voltammetric responses of the Ag/POT/MCPE in 0.1 M NaOH solution containing
different hydrazine concentrations are presented in Fig. 2. It can be seen, upon the addition of
hydrazine, an enhancement in the anodic current was observed.

From the CV profile in the absence of hydrazine (Fig. 2 (a)) and those in the presence of
hydrazine (b-f), it is found that an enhancement in the anodic current commences at the
potential of —0.28 V, showing the high capability of Ag particles for oxidation of hydrazine in
alkaline solution as shown in reaction (1).
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With the increase of hydrazine concentration, the current for the hydrazine oxidation
increases. These results show that the prepared Ag/POT/MCPE presents high electroactivity
towards the hydrazine oxidation. It is further observed from Fig. 2 that with the addition of
hydrazine, there was an increase in the anodic peak current.

1000
800

600

current (uA]

400

200

] e —————e ——————— |(a)

0.5 -0.4 0.3 0.2 0.1 0 0.1 0.2

potential (V1
Figure 2. Electrochemical responses of Ag/POT/MCPE in 0.1 M NaOH in the (a) absence and
presence of (b) 10 uM (c¢) 20 uM (d) 30 uM (e) 40 pM (f) 50 uM hydrazine

-200°06

Plot of the anodic peak current (i,) vs. added hydrazine concentrations are shown in inset
of Fig. 2 where a well linear relationship (R’- 0.9861) appears from 10 to 50 pM, showing
sensitive hydrazine detection at the Ag/POT/MCPE.

3.4. Chronoamperometric study of hydrazine oxidation on the Ag/POT/MCPE:

Chronoamperometry was used for the detection of hydrazine at a fixed potential of 0.05 V vs
SCE. Effect of the hydrazine concentration on chronoamperograms for the Ag/POT/MCPE at a
potential step of 0.05 V is shown in Fig. 3. At this potential in the absence of hydrazine no
anodic or cathodic current observed which makes Ag/POT/MCPE as a suitable electrode for
detection of hydrazine. With the addition of hydrazine, there is an increase in the anodic
current. An increase in the concentration of NoHy4 from 5.0 to 80 uM caused a linear increase in
the steady-state current. The oxidation reaction of hydrazine results in the visible evolution of
N, gas on the surface of the Ag/POT/MCPE. Therefore, the current oscillation at 80 pM
hydrazine could be ascribed to the bubbling of N, gas through the reaction (1). The linear
relationship of i with C(N;Hs4) reveals that the prepared Ag/POT/MCPE would be a
promising sensor for the detection of hydrazine.
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Figure 3. (A) Chronoamperogram plots of different NoH4 concentrations: (a) 0.0, (b) 5.0, (c) 10,
(d) 15, (e) 20, (f) 30, (g) 40, (h) 50, (i) 60 and (j) 80 uM (at potential step of 0.05 V , t =30 s)
(B) Plot of currents (t - 20 s) versus N,Hy concentrations (R 0.9969).

3.5. Long-term stability of the Ag/POT/MCPE:

The long-term stability of Ag/POT/MCPE was examined by using CHA technique. Fig. 4 presents
current—time plots for hydrazine oxidation at the Ag/POT/MCPE in 0.1 M NaOH in the presence
of 25 uM N,H,. For evaluate the activity and stability of the Ag/POT/MCPE, chronoamperogram
was recorded for a large time window in the presence of N,H,. It is obvious that the
Ag/POT/MCPE exhibits a good stability toward N,H4 oxidation.

current [A)

fime 5]
Figure 4. Chronoamperometric responses for the Ag/POT/MCPE in the 0.1 M NaOH + 20 uM
N2Hy solution at potential step of 0.05 (t= 600 s)
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4. Conclusions

Silver particles were deposited on the surface of modified carbon paste electrode using the
electrochemical method kept highly stability in alkaline solutions. This electrode presented
large current and low onset potential for the hydrazine oxidation. Stable and high steady state
currents were observed from chronoamperometric measurements at the potential step of 0.05 V
and hydrazine concentrations. The high electroactivity of the Ag/POT/MCPE could be related
to its large surface area. Results show that the prepared modified electrode could be applied to
direct hydrazine fuel cells as a potential anodic electrode.
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Abstract

Bipolar plate is a vital component of PEM fuel cells (PEMFCs), which supplies fuel and

oxidant to reactive sites, removes reaction products, collects produced current and provides
mechanical support for the cells in the stack. The design of the bipolar plates should minimize
plate thickness for low volume and mass. The flow fields should provide for efficient heat and
mass transport processes with reduced pressure drops. The weight, volume and cost of the fuel
cell stack can be reduced significantly by improving layout configuration of flow field and use
of lightweight materials. In this paper, four PEMFCs have been made to fabricate bipolar plates
(BPPs) from substances graphite, stainless steel (SS316), aluminum and titanium. The present
results demonstrated that the PEMFC made by SS316 has more weight, stiffness and cell
performance than other PEMFCs. Also, the PEMFC made by aluminum has the lowest expense.

In addition, from the view of fabricating BPPs, SS316 BPPs are made easier than other BPPs.

Keywords: Bipolar Plate, PEMFC

1 Introduction

Among several types of fuel cells, the applications of Proton Exchange Membrane Fuel Cell
(PEMFC) and its counterparts are from small cell-phones to interesting applications in vehicles.
It is expected that the PEM fuel cells will play a significant role in new generation energy
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systems. The advantages of PEMFCs are low operating temperature, high energy efficiency,
and low pollution level. In recent years much advance has happened in PEMFCs, but
researchers are continuously working on new cell designs for higher performance and lower
prices.
The PEM fuel cell is composed of bipolar plates, gas diffusion layers (GDLs), catalyst layers
(CLs), and membrane. Each part plays an important role in the fuel cell behaviour and
performance. The bipolar plates are one of the most significant components of fuel cells and
their performance in cell has direct effect on the system efficiency and output. The main duties
of the bipolar plates can be briefly expressed as follows: uniform distribution of reactive gases
inside fuel cell, collecting and directing the electric current generated inside fuel cell,
management and transport of the heat generated inside fuel cell to the environment, making a
suitable contact surface with gas diffusion layer in order to reduce the surface electric
resistance, and effectively managing and directing the water generated within cathode to outside
of fuel cell.
One of the main duties of the bipolar plates is the uniform distribution of reactive gases inside
fuel cell. This work is done by making gas passing slides (gas transport channels) on these
plates. The configuration of channels may be different in anode and cathode. The selection and
optimization of flow distribution channels’ configuration has a considerable effect on the fuel
cell performance particularly in affairs such as water management and gas distribution on the
catalyst layer.
Different combinations of materials, flow-field layouts and fabrication techniques have been
developed for bipolar plates to achieve aforementioned functions efficiently, with the aim of
obtaining high performance and economic advantages. For this goal many flow fields on the
bipolar plates have been designed with different channel patterns, such as: parallel, serpentine,
interdigitated or other combinations [1-8].
Kumar and Reddy [9] investigated the effect of gas flow-field design in the bipolar/end plates
on the steady and transient state performance of the polymer electrolyte membrane fuel cell
(PEMFC). Simulations were performed with different flow field designs: (1) serpentine; (2)
parallel; (3) multi-parallel; and (4) discontinuous. Results showed that the transient response for
the parallel type of design was highest. However, the steady-state voltage for parallel flow-field
is comparatively lower than the other three designs.
Kumar and Reddy [10] studied on the improvement in the performance of the polymer
electrolyte membrane fuel cell (PEMFC) through optimization of the channel dimensions and
shape in the flow field of bipolar/end plates. Single-path serpentine flow field design was used
for studying the effect of channel dimensions on the hydrogen consumption at the anode. It was
found that for high fuel consumption (~80%), which is more close to a practical case, the
optimum channel width, land width and channel depth were close to values of 1.5, 0.5 and 1.5
mm, respectively. Also, Studies on the effect of channel shapes showed that triangular and
hemispherical shaped cross-section resulted in increase in hydrogen consumption by around 9%
at the anode.
Boddu and et al. [11] analyzed bipolar plates with different serpentine flow channel
configurations using computational fluid dynamics modeling. Flow characteristics including
variation of pressure in the flow channel across the bipolar plate are presented. Pressure drop
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characteristics for different flow channel designs are compared. Results show that with
increased number of parallel channels and smaller sizes, a more effective contact surface area
along with decreased pressure drop can be achieved.

Yan and his co-workers [12] proposed a novel style of straight flow channel tapered in height or
width to improve the efficiency of fuel utilization for PEM fuel cells. Fuel channels of various
height and width taper ratios are numerically analyzed to understand their effects on fuel
transport characteristics and cell performance. The present results demonstrated that, with the
tapered channel designs, the flow area contraction along the flow channel leads to increase in
fuel velocity and thus enhances the fuel transport through porous layers, fuel utilization, and the
capability of the liquid water removal. The results also reveal that the cell performance can be
improved by either decreasing height taper ratio or increasing width taper ratio.

Wang and et al. [13] used three-dimensional numerical model to investigate the local transport
phenomena and cell performance of PEM fuel cells with parallel and interdigitated flow field
designs. Their study emphasized on the effects of the flow channel aspect ratio and flow
channel cross-sectional area. They found that the interdigitated design has superior cell
performance over the parallel design for all the conditions considered. With the baffle
blockages, the reactant transport in the interdigitated design to the gas diffusion layer and the
catalyst layer is mainly driven by forced convection, which enhances the liquid water removal
and forces more oxygen into the porous layers. Therefore, the oxygen utilization efficiency is
increased and the cell performance improves.

Shimpalee et al. [14] compared four different serpentine channels with 3, 6, 13 and 26 ways,
and channel cross section of 1x1 mm2. The active area used by them were 200 cm2 and they
showed that 13 ways flow field pattern has the best performance but 26 ways serpentine give
better durability and uniformity of pressure distribution. Finally they proposed the use of 26
ways serpentine.

Despite the configuration of gas transport channels in bipolar plates, the substance of plates is
also an important factor in PEM fuel cell efficiency and fabrication. Many factors should be
taken into account when selecting bipolar plates’ substance, some of which are cheap and
simple method of fabrication, low electric resistance, high thermal conductance, appropriate
resistance against corrosion and performance conditions of PEM fuel cell, low price, low
density and high mechanical resistance.

In the present paper, the effect of bipolar plates’ substance is investigated on the performance of
PEM fuel cell. To achieve this, four PEM fuel cells with the same gas transport channels’
configuration but with different bipolar plates’ substances, i.e. graphite, stainless steel (SS316),
aluminium and titanium are fabricated. The single-way helix configuration of flow field for
anode side and parallel configuration of flow filed for cathode side are used. It is observed that
the PEM fuel cells fabricated by stainless steel, graphite, titanium and aluminium have the
highest to the lowest amount of output power density respectively.

2 Materials and Flow Field Design of fuel cells

The PEM fuel cell anode and cathode bipolar plates fabricated by graphite, stainless steel,

aluminum and titanium are shown in Figs. 1(a) to (d). As it can be seen, these plates have two
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different configurations. The anode side bipolar plates are designed and fabricated with single-
way helix flow field configuration and the cathode side bipolar plates are designed and
fabricated with parallel flow field configuration. The gas transport channels’ geometry is
designed by software Solidwork. Table 1 shows the fuel cell dimensions and operating
conditions.

Fig. 1 The bipolar plates of PEM fuel cells are fabricated by: (a) Graphite,
(b) Stainless Steel (SS316), (¢) Aluminum, and (d) Titanium.

3 Operating conditions

Fig. 2 shows the PEM fuel cell in the fuel cell set. All the experiments were performed
Engineering Research Center (IERC). It is assumed that the cell operates under a fixed
condition of 80°C, 2 atm. The hydrogen enters to the anode side with 95% relative humidity
while the oxygen enters to the cathode side with 95% relative humidity. The inlet flow rate of
anode side is 5% 10 [m?/s] and inlet flow rate of cathode side is 5.83%X 10 [m?/s]. Also, the
reaction area of the cell is Scm X Scm.

4 Results and discussion

In the present paper, the effect of bipolar plates’ substance on the PEM fuel cell performance is
investigated. To do this, four bipolar plates are fabricated by graphite, stainless steel (SS316),
aluminum and titanium. The results of this experimental study are as follows:

1) Figure 3 shows the polarization and output power density for the fabricated PEM fuel cells.
As it can be seen, the fuel cells fabricated by stainless steel and aluminum generate respectively
the highest and the lowest output power density on the same operating conditions.

2) The fuel cell fabricated by the stainless steel: the bipolar plates fabricated by the stainless
steel have higher strength compared to the other fabricated bipolar plates. The fabrication by
stainless steel is difficult due to its hardness, and as it can be observed in Fig. 3, the PEM fuel
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cell fabricated by SS316 has the highest output power density among the fabricated PEM fuel
cells.

3) The fuel cell fabricated by the titanium: the physical properties of titanium bipolar plates are
similar to those of stainless steel. However, the difference is that the maximum obtained output
power of the PEM fuel cell fabricated by titanium is relatively low.

4) The fuel cell fabricated by the aluminum: the aluminum bipolar plates are soft but the high
softness and flexibility of this substance causes it to deform under low pressures, and this makes
it hard to work with. The density of power generated by the PEM fuel cell fabricated by
aluminum has the lowest value compared to the other cells which is due to the low electric
conductivity of aluminum.

5) The fuel cell fabricated by the graphite: the graphite bipolar plates are the most used type of
bipolar plates. The reason is the simple fabrication and appropriate electric conductivity of
graphite. Its total price is higher compared to other fabricated fuel cells, but the PEM fuel cell
fabricated by graphite has an acceptable power generation.

It can be concluded that the fabricated fuel cells can be classified from the highest to the lowest
due to the following factors as: (1) due to total price: graphite, titanium, stainless steel and
aluminum, (2) due to strength of bipolar plates substances: stainless steel, titanium, aluminum
and graphite, (3) due to the fuel cell weight: stainless steel, titanium, aluminum and graphite,
(4) due to the simplicity of fabrication: aluminum, graphite, titanium and stainless steel, and (5)
due to the output power density of fuel cell: stainless steel, graphite, titanium and aluminum.
Noting the factors investigated in the present study, it can be said that the PEM fuel cell
fabricated by the graphite bipolar plates is the most appropriate type of PEM fuel cell, although
it has the highest price.

Fig. 2 The fuel cell test station.
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Tablel. Fuel cell dimensions and operating conditions.

Quantity Value
Channel height I [mm]
Channel width 1 [mm]

Rib width 1 [mm]
Reaction area 5%5 [cm’]
Pressure inlet 2 [atm]

Anode inlet flow rate

5%10° [m?/s]

Cathode inlet flow rate

5.83%10° [m’/s]

Operating temperature 80 °C
Relative humidity 95%
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Fig. 3 Polarization and power density curves for four PEM fuel cells with various bipolar
plates substances; stainless steel (SS316), graphite, titanium and aluminum.
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Abstract

A conventional direct methanol fuel cell (DMFC) consists of a polymer electrolyte membrane
(PEM) pressed between an anode and a cathode electrode. This architecture is limited by
parameters such as: overall size and cost, fuel crossover, membrane degradation and structures
complexity. Here, we report a membraneless mixed reactant DMFC in which, using a selective
cathode electrocatalyst. There is no membrane for separation anode and cathode compartments.
The maximum power densities obtained from polarization curves were 4 and 2.8 mW/cm™ for

operational temperatures 35 and 20 °C, respectively.

Keywords: Membraneless fuel cell, Mixed reactant fuel cell, Membraneless mixed reactant
DMEFC, Selective electrocatalyst

Introduction

DMFCs are the most advanced amongst direct liquid fuel cell. DMFC operates with an aqueous
methanol fuel and an oxygen oxidant typically derived from the air or pure oxygen.[1] The
electrochemical reactions for this type of fuel cell at ambient temperature and pressure (25
°C,latm) are as follows:

Anode Reaction: ~ CH,OH+H,O®CO,+6H " +6¢ E’=0.06 V vs. SHE
Cathode Reaction: %Oz+6H*+6e'®3H2O E°=1.23 V vs. SHE
Overall Reaction: CH30H+%OZ®COZ+2H20 E°=1.17V

The membrane electrode assembly (MEA) is the major component in a conventional DMFC [2]
and consists of three separate components, the polymer electrolyte membrane, an anode

! Associate Professor of Analytical chemistry
2 Nanotechnology Department, University of Isfahan, Hezar-jareeb st., Isfahan 81746-73441, LR.Iran.

M. Sc. Students of Nanochemistry.( m.masoudil364@ yahoo.com).
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electrode and a cathode electrode, that hot-pressed or compressed together at certain pressure
and temperature as shown in Figure 1.

Hot press

—  /\NOde electrode
s POlymer electrolyte membrane
SEE—— o thode electrode

Hot press

Figure 1: Hot press process for fabrication of MEA

Limitations and wide development barriers of the DMFC with the conventional design due to
using MEA include: high overall cost and size, structure complexity, fuel crossover, need to
water and temperature management and membrane degradation[3,4,5]. Elimination of polymer
electrolyte membrane (PEM) and using selective electrocatalysts are two strategies for
simplification of the convectional design, resulting in new structures that are called
membraneless [6] and mixed reactant [4] fuel cells, respectively. In membraneless fuel cells,
there is not a physical barrier to separate the anode and cathode compartments. The most
common configuration is microfluidic fuel cell which utilizes two laminar flows in the same
channel (Figure 2). in this structure, which was fabricated by Ferrigno et al. in 2002[6], the
microfluidic flow at low Reynolds numbers should be used to delay the convective mixing of
fuel and oxidant. Two aqueous streams, one containing fuel (anolyte) and one containing
oxidant (catholyte), are allowed to flow in parallel in a single microfluidic channel that the
electrodes are integrated on its walls. Mixing of the two streams occurs by transverse diffusion
only, and is limited to an interfacial area at the center of the channel. The position and
orientation of the electrodes, channel dimensions, and flow rate influence on mixing quantity
and fuel cell performance [7].

oxidant

4+ % %cation “shift”

Figure 2: Membraneless fuel cell (Microfluidic fuel cell based laminar flow) architecture[6].
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In mixed reactant structure, electrocatalysts are chosen in such a way that maximizes selectivity
towards electrodes reactions. this feature minimizes adverse effect of methanol crossover
compared to such non selective electrocatalysts as Pt [8,9]. Since Pt is very active both for
methanol oxidation and oxygen reduction, it cannot be used as a cathode electrocatalyst in
mixed reactant DMFCs. Pt-free precious metal chalcogenides have been suggested as
alternatives as they have successfully demonstrated comparable oxygen reduction activity in the
presence of methanol [10-16]. Some instances include cluster-like materials such as in Ru,Sey,
Ru,S,, or Mo,Ru,Se, nanoparticle chalcogenides.[17-25] that have been reported to exhibit
catalytic activity even higher than Pt nanoparticles during the oxygen reduction reaction in the
presence of methanol.

In this work carbon supported RuSe and PtRu were synthesized using microwave assisted
polyol method and were integrated as a membraneless DMFC.

Experimental

H,PtCls.6H,O, RuCl; (38%), Na,SeOs3.5H,0, Etylene Glycole, KOH and Carbon black were
used for preparation of carbon supported RuSe and PtRu. The catalysts nanoparticles were
synthesized by microwave assisted polyol method [26-28]. catalyst inks were prepared by
dissolving catalyst powders in ethanol, deionized water and nafion solution (5%). The catalyst
inks were homogenized in ultrasonic bath for 60 min. the fuel cell electrodes were prepared by
spraying catalyst inks on carbon cloth. a Single cell of membraneless mixed reactant DMFS was
fabricated as follow: anode and cathode electrodes were sandwiched with Plexiglas end plates.
and separated by two specially designed Plexiglas spacers. Titanium mesh and silicon sheet
were used as current collector and sealing layer, respectively. Plexiglas end plates have
appropriate inlets, outlets and flow fields (Figure 3).

AR b

Figure 3: Membraneless and mixed reactant direct methanol fuel cell

Physical characterization

The crystalline phase and structure of the electrocatalysts were demonstrated by XRD as shown
in Figure 4. Pt and PtRu XRD patterns contain four characteristic peaks corresponding to (111),

(200), (220) and (311) plane of fcc Pt crystalline[29]. The diffraction peaks for the PtRu catalyst
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(Figure4(a)) are shifted slightly to the higher 26 values compared with the peak position of pure
Pt These shifts indicate that Ru has entered into the Pt lattice and PtRu alloy was formed [29-
32]. In the Ru and RuSe XRD pattern there observed one major peak corresponding to
overlapped peaks of (100), (002) and (101) planes of hcp Ru crystalline[26]. The diffraction
peak of RuSe is shifted to a smaller angles (about 1 degree) compared with the peak of pure Ru
as shown in Figure4(b). This shift is related to formation of RuSe alloy [22,33]. Moreover,
particle size of PtRu and RuSe was 5.5 and 6.5 nm, respectively, as calculated by scherrer
equation.

(a) 1l __..-—""ﬁ:""-- ] (b)
:PtRu

200
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o
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Figure 4: XRD pattern of RuSe, Ru 4(a) and PtRu, Pt 4(b).
Electrochemical characterization

Performance characteristics of the cell were investigated by plotting the polarization curve at
certain condition. Figure 5 shows polarization curves of the cell at two temperatures. The open
circuit potential was 560-570 mV and the maximum power densities were achieved to about 2.8

and 4 mW. cm™ , for temperatures of 20 and 35°C respectively.
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Figure 5: Polarization curve of membraneless direct methanol fuel cell.

o

Conclusion

Carbon supported PtRu and RuSe electrocatalyst powders were synthesized and characterized.
Using the synthesized electrocatalysts, a single cell membraneless mixed reactant DMFC was
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fabricated. Obtained polarization curves of the cell it is revealed that temperature has effective
role on the cell performance. showed good open circuit potential as well as acceptable power
peaks.
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Abstract

In this paper, tetragonal/cubic Zirconia composite thin film electrolytes were prepared by
combined Tape casting-Polymer impregnation method. In order to prepare composite thin films,
at first, porous thin 3 moll yttria stabilized zirconia (3YSZ) was prepared by tape casting
method. The porous thin films were then impregnated by yttria solution to prepare composite
electrolytes. The samples were sintered at 1450 ~. Microstructure and phases of samples were
investigated by SEM and XRD analysis. Hardness and toughness of samples were measured by
Vickers micro hardness method. It was found composite thin film with thickness of 140 um and
hardness and toughness up 13 GPa and 4.3 MPay/m respectively, can be obtained.

Keywords: Zirconia, Fuel cells, thin films, Tape casting, Impregnation.

Introduction
Solid oxide fuel cells (SOFCs) are electrochemical devices for producing electricity[1]. They
have received a lot of attention due to their high conversion efficiency and low pollutant
emissions.
In solid oxide fuel cells the electrolytes are subjected to varying physical and chemical
environments during operation[1]. In addition to exhibiting resistance to these environments the
electrolyte material has to possess high ionic conductivity and low electronic conductivity at the
operating temperatures of SOFCs. Since the cell resistance is dependent on the electrolyte
thickness the electrolyte should be as thin as possible.
yttria doped Zirconia (YSZ) is the most frequently used material in SOFC electrolytes. Zirconia
doped with 8% mol of yttria (8YSZ) with the cubic crystal structure has the highest ionic
conductivity[2,3]. Unfortunately, the mechanical properties of 8YSZ are poor preventing its use
in the electrolyte-supported SOFC configuration[4]. In contrast, the tetragonal structure
associated with low dopant concentrations, such as 3% mol of yttria, exhibits good mechanical
properties[2,5—6]. This explains the wide use of 3YSZ as raw material for self-supported
electrolyte SOFC configuration despite its lower ionic conductivity[2,3].Various methods have
been used to improve mechanical properties of Zirconia based thin films. It has been shown that
3YSZ/8YSZ composite electrolytes have an improved combination of electrical and mechanical
properties[7].

' Assistant Professor.
2. MSc Student, Shahrood University of Technology, salehi650@yahoo.com.
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One of the most important challenges of high temperature solid electrolytes is the reduction of
their working temperature which would be accomplished by improving conductivity of
electrolyte’s material or reduction of their thickness by preparing thin films.

There are many techniques for preparing ceramics thin films including Sol-Gel, Electrophoretic
deposition, Sputtering, Screen Printing, Tape casting and etc. Tape casting is one of the most
commercial methods for preparing ceramic thin films[8,9].

Tape-casting is a method for obtaining large-area thin ceramic films[10]. The tape-casting
process consists of preparing a slurry containing the ceramic particles of interest and casting
this slurry with the help of a doctor blade on a moving carrier material. The obtained wet cast
goes through a drying chamber where the solvent is evaporated resulting in a dried green
ceramic tape.

Typically, organic solvents are favored in the tape casting process due to their fast evaporation
rate. However, the use of organic solvents raises some environmental and health concerns.

In recent years, water-based tape-casting for obtaining SOFC components has been reported in
the literature. Water-based tape casting has been used to fabricate anodes [11,12], electrolytes
[6,10—13], and interconnects [14].

The aim of the present research is the preparation of 3YSZ/8YSZ composite thin film
electrolytes by combination of Tape casting and Polymer Impregnation methods. In addition,
mechanical properties of these thin films are investigated

Experimental
Slurry for tape casting prepared in several stages (see the flow chart in Figure 1).

Figure 1: Sequence of process

Appropriate amount of 3YSZ powder (TOSOH, Japan) was added to distilled water to obtain
78 wt.% suspension. In order to prepare a well dispersed slip, 0.5 wt.% (based on powder
weight) Dollapix CE64 (Schimmer & Schwartz) was added to suspension. The suspension was
then milled using Polyethylene container and Zirconia grinding media for 24hr at the rate of
30rpm. Ammonia was used to adjust pH at 9. After preparing stable suspension, various amount
of glycerin as a plasticizer (Merck) was added and milled again for 24hr at the rate of Srpm.

At last, 7 wt.% (based on powder weight) Polyvinyl alcohol was added as a binder and milled
again for 24hr.

De airing of the slip was performed under vacuum followed by rotating the slip without balls at
the rate of 2rpm. The slip was cast by laboratory-scale tape-caster (shown in Figure 2) on glass
substrate. The thickness of the tapes was adjusted by the distance between blade and glass
surface.
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Figure 2: sheme of tape cast set up

The sample were then heated to the temperature of 650°C by heating rate of 100°C/hr and held
at that temperature for 2h to remove binder and other organic additives. The resulted porous
thin films were then immersed in solution of yttrium nitrate for 10 minutes and after drying
under atmospheric condition, the impregnated samples were heated to 450 °C to decompose
yttrium nitrate to oxide. The samples were then sintered at 1450 °C for 2h. Density of the
samples was measured by Archimedes method.

Microstructure and phase assemblage of samples were investigated by SEM and XRD
respectively. The hardness and toughness of the thin composite films were measured by Vickers
microhardness method. The fracture toughness of the samples was calculated by Anstis
formula[15].

Result and discussion

The final goal of tape casting is to prepare uniform and defect free thin tapes which is controlled
by various processing variables including powder characteristics, additives content and casting
parameters which are of course interrelated. In this study we found that the optimum amount of
glycerin as a plasticizer and polyvinyl alcohol as a binder were respectively 11 and 7 wt.%
(based on powder weight). Any deviation from this compositions caused wrapping (Figure 3a),
central cracks (Figure 3b) wrinkling (Figure 3c) and sticking of the tape to the substrate. It was
found that increasing binder content reduce crack formation which is due to increased strength
of green tapes.

Figure 3: Various defect of tape casting including wrapge(a), central crack (b) and wrinkling(c)
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Increasing glycerin increase plasticity of the green tapes which releases stress during drying and
increase formability of the tapes. The density and thickness of the tapes after sintering are
presented in Table 1. The SEM image of the cross section and surface of the sample is
presented in Figure 4. As can be seen high density crack free samples with uniform grain size
has been obtained. The result of XRD analysis is shown in Figure 5. The impregnated sample
consists of both cubic and tetragonal phases (Figure 5a). Increasing the amount of yttria by
increasing the impregnation cycles can create samples with only cubic phases (Figure 5b).
According to XRD analysis, by controlling the impregnation process the phase composition of
the samples can be controlled. The phase content of the sample controls the electrical and
mechanical properties of the samples, both of which are critical for proper performance of thin
solid electrolytes.

Table 1
Sample Thickness (um) Density (gr/cm3)
Composite 3YSZ/8YSZ 140~340 5.9

The mechanical properties of the composite samples are presented in Table 2. The mechanical
properties of pure 3YSZ are also presented for sake of comparison. The composite sample
which is composed of cubic and tetragonal phases has lower toughness which is due to presence
of cubic phase. The toughness of composite sample is higher than the reported fracture
toughness of pure cubic zirconia.

(a)

(b)

Figure 5: XRD result of composite samples with single(a) and multi impregnation(b)

Table 2
Sample Hardness(GPa) Fracture
toughness(MPa m'?)
Composite 13 5.8
3YSZ/8YSZ
Pure 3YSZ 13 2.4
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Conclusions

It was found that the proper amount of the plasticizer and binder for preparation of defect free
thin tape of yttria stabilized zirconia was 11 and 7 wt.% (based on powder weight) respectively.
In addition the amount of the tetragonal and cubic phases can be controlled by the number of
yttria impregnation process. Increasing amount of yttria increase the amount of the cubic phases
which cause reduction of fracture toughness.
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Abstract

The performance of a proton exchange membrane fuel cell (PEMFC) is intensively depends
on the proper humidification. A membrane humidifier is mainly applied to the external
humidification of PEM fuel cell. In the present study, an analytical (thermodynamic) and
numerical (two-dimensional CFD) steady state model developed for a plate-and-frame
membrane humidifier for PEM fuel cell. The results show that the water transfer rate
increases with an increase in the inlet flow rate at wet side, and an increase in the average
temperature of system. The value of RH decreases noticeably as gas flow channel height
increases. By employing these models many parameters can be studied such as all geometric
parameters, membrane properties (porosity, permeability and thickness) and operation
conditions.

Keywords: membrane humidifier, water transport, thermodynamic model, CFD

1 Introduction
Water management is extremely important for balancing the operation of PEM fuel cells [1].

One critical requirement for operated PEM fuel cell is to provide high water content in the
electrolyte to ensure high ionic conductivity [2]. To avoid flooding while maintaining proper
membrane hydration to achieve the best possible performance an appropriate water balance in
the cell is essential [3]. To date, a variety of methods have been developed to make the
membrane well humidified, and they are mainly categorized into external humidification and
internal humidification [4]. The internal humidification include: Stack-Integrated Humidifiers
[5], Steam or Liquid Water Injection [6], Alternate Membrane Chemistry [7] and Passive
water distribution [8]. The external humidification contains: bubble humidifiers [9], direct
water vapor injection in to the reactant gases, enthalpy wheel exchanger [10] and membrane
humidification [11-16]. In the membrane humidifier, dry gas, which flows through one
channel, is humidified and heated by the gas or liquid going through another channel. The
membrane humidifier is mainly used for gas humidification [11]. Kang et al. [12] and. Park et
al. [13] developed models for a shell-and-tube membrane humidifier. They investigated the
effect of operating conditions and geometric parameters on the humidifier performance. An
experimental study and thermodynamic modeling for a membrane humidifier for PEM fuel
cell were performed by Chen et al. [14&15]. Their modeling was performed to identify the
minimum number of units essential for a target fuel cell stack. Yu et al. [16] proposed a static
model for a planar membrane humidifier. They investigated the effect of the humidity of the
wet gas, membrane thickness and channel length on humidifier performance. Bhatia et al [17]

111



6™ Iranian Fuel Cell Seminar
March 12 & 13, 2013
Shahid Rajaee Teacher training University
Tehran - Iran ' 3 -~
"‘IPJ?’:]%:?;&]’

employed an analytical method to do sensitivity analysis. The results show that neglecting the
effect of mass transfer on heat transfer would result in a wrong prediction of humidity and
temperature.

2 Analytic Modeling of Membrane Humidifier

Humidifier is a thermodynamic system. Based on the first law of thermodynamics, as
indicated in figure 1 the governing equation for control volumes 1 and 2:

W

Controlvolume 2

Pl

My,in — 3 Wet gas channel —>™20ut

m‘v,memq ‘
_ Membrane
i .
Yout— 4 Dry gas channel E—as

N

Controlvolume 1
Figurel: A schematic of a membrane humidifier

In previewed equations My ., ques Myyoue My givins My, are air and vapor mass flow

rate entering and leaving control volume 1 and my ., cuer My ouer Mg gipin, My are air

and vapor mass flow rate entering and leaving control volume 2 obtained by equations 3 to 8.
1 .

My girin — 2o —Miin (3)
. 1 .
Mairin — THan o M3in (4)

are humidity ratio of CV1 and CV2.
Mass conservation resulted in:

where w, ;, and w,

2in

mi_.rzir,in = erzir,our ’ mi,v,in + mv,mem = mi,v,nut (5) and (6)
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for CV1, and

m!_.rzir',én

= mz,ﬂir,our ’ Tﬁ'!,v,in - Tﬁv,mam = m!,v,out (7) and (8)

for CV2.
M, .. 1S the vapor mass flow rate transferred from CV2 to CV1 throw membrane. q is the

heat transferred from CV2 to CV1.
The parameter h shows the enthalpy and h,,..,, can be expressed as:

hmem = Gp,v' Tme—m (9)
where C, . is vapor specific heat and is determined by following equation:
' ’ (10)
where T is in term of Kelvin. T, .., is membrane temperature and approximated as:
Tmem _ T‘_IIJth-:TEIIJLlT (1 1)

=

2.1 Vapor mass transfer
By assuming that the amount of transferred vapor mass is equal to the membrane vapor
diffusion rate, it can be determined as follow:

My mem = D 22 M, A (12)

Tm

M., is vapor molar mass, A is the membrane cross section area, C1 and C2 represent water
concentrations in CV1 and CV2, respectively. D, is determined by the following empirical
equation

2416 (—-—
Dw = D.le Vane TEI:I.BEI:I.:I (13)

The coefficient D, is determined empirically as follow:

1{]—6 Am =2
1075(1 + 2(2,, — 2)) 2=, =3
D; = (14)
107%(1 — 1.67(4,, — 3)) 3 <A, <45
1.25x107¢ Am = 4.5
where Am is the membrane water content, and is obtained as:
A, = 0.043+ 17.81a_ — 39.85a_, + 36.0a2 (15)
where a,, is the membrane relative humidity(RH) and assumed to be:
a =2utd: (16)

=

where ¢, and ¢, are the RH of CV1 and CV2 and are determined as:
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i L 7Y
Son R

_ _ Pyours gut — — P outid=z put
q}l B q}LDUt B p;!at':“-"'_.uut"'ﬂ::' ’ q}g q}LDUt p':.!at':m:.nut‘l'ﬂ} (17) and (18)
M,
where = —F
B Mgjp
The water concentrations in CV1 and CV2 are obtained as:
Pm.dry Pm dry
Cl :ﬁlj, C: :mi}l.z (19) and (20)

where p,, 4., 1 the membrane dry density, Wy, 4,.. is the membrane dry equivalent weight. A1

and A2 represent water cont