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Welcome to 10" 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 10" Iranian fuel cell seminar. This seminar is hosted by the Electrochemical Society of Iran and
Shahid Rajaee Teacher Training University, 20 February 2019. 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 cells are promising sustainable energy for human beings in this century. Much research is in
progress in the world to increase performance and reduce the price of these systems. By providing the
good conditions in cost and performance of the fuel cell systems, it can be hoped that in the near future

to begin commercial operation of such systems.

In the 10" fuel cell seminar, the invited speakers present their own experiences in this technology and
participants present their own articles in the form of poster and oral presentations. The value of the

accepted papers in the form of oral and poster is the same.

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 seminar as well as the
efforts of the members of the Scientific and the Executive Committee especially the Head of Scientific

Committee of the Seminar Dr. Masoumeh Ghalkhani.

Dr Rasol Abdullah Mirzaie

Seminar Chairman
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Palladium based anode nano-catalyst for isopropyl alcohol electrooxidation in
DAFC

Esmaeil Habibi

Nanotechnology Research Center, Urmia University, P.O. Box 57159-404931, Urmia, Iran
e.habibi@urmia.ac.ir

Abstract: In the present study, electrooxidation of isopropyl alcohol was investigated on Pd
based electrocatalyst by using different electrochemical techniques such as: Cyclic voltammetry
(CV) and Chronoamperometry (CA). Scanning electron microscopy (SEM) and X-ray
diffraction (XRD) were also employed to physicochemical survey of the electrocatalyst. The
kinetic parameters of alcohol oxidation, i.e. Tafel slope and activation energy (Ea.), were
determined on the catalyst. This study upholds the fact that isopropyl alcohol is a promising fuel
candidate for a direct alkaline alcohol fuel cell.

Keywords: Isopropyl alcohol, alkaline fuel cell, palladium, electrooxidation

1. Introduction

In recent years, direct alcohol fuel cells (DAFCs) with anion exchange membrane (AEM) have
attracted enormous attention as power sources for portable applications and transportation [1-2]. The
kinetics of both alcohol oxidation and oxygen reduction in an alkaline medium instead of an acidic
one are improved significantly. In alkaline media less-Pt or even non-Pt catalysts based on Au [3]
and Pd [4] in anode can be used with remarkable electrocatalytic ability so the commercialization
probability of DAFC can be increased Methanol and ethanol are the most used fuels in DAFCs. The
main problem of these alcohols electrooxidation is the formation of poisonous intermediates (e.g.,

o P 1 =APAAEY | P ouing Sl pozl 488 g ddab 0l pgle 635551 (w0 o 5 s8uEsl S 80l 4
http:/lconf.isc.gov.ir/ifc96
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COads) on the surface of catalyst active sites that decreases the anode reactivity rapidly [5]. Also,
methanol is known as a toxic chemical [6]; therefore, other alcohols were considered as alternative
fuels. Recent studies have focused on isomeric alcohols like 2-propanol and 2-butanol because they
show a lower overpotential and less poisoning effect [7]. 2-propanol is the smallest secondary
alcohol and non-CO production has been reported for its electrooxidation [7]. Furthermore, unlike
methanol, 2-propanol is less susceptible to crossover through membrane and a direct 2-propanol fuel
cell at low current densities shows a better performance than methanol fuel cell [8]. Here, after
electrodeposition of Pd nanoparticles on the surface of carbon-ceramic electrode (CCE), as a high
surface area catalyst support [5], the comparative electrooxidation of methanol, ethanol, 2-propanol
and 2-butanol on the surface of Pd|CCE was studied and parameters such as Tafel slope and

activation energy (Ea) were calculated.
2. Experimental:

2.1. Chemicals
Methyltrimethoxysilane (MTMOS) was purchased from Fluka. Methanol, 2-Propanol, H2PtCls,
PdCl,, NaOH and graphite powder of high purity all were obtained from Merck. All solutions were
prepared with distilled water.

2.2. Apparatus
The measurements were carried out using a Potentiostat/Galvanostat Autolab. This was then
interfaced with a personal computer and controlled by GPES 4.9 and FRA 4.9 software. The
morphology and structure of Pd nanoparticles deposited on CCE were characterized by SEM (LEO
440i Oxford) and X-ray diffraction (XRD) using a Brucker AXF (D8 Advance) X-ray power
diffractometer with a Cu Ka radiation source generated at 40 kV and 35 mA. A conventional three-
electrode cell was used at room temperature. Pd|CCE with a geometrical area of 0.119 cm? and
different amounts of catalysts were used as working electrode. A saturated calomel electrode (SCE)

o P 1 =APAAEY | P ouing Sl pozl 488 g ddab 0l pgle 635551 (w0 o 5 s8uEsl S 80l 4
http:/lconf.isc.gov.ir/ifc96
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and a platinum wire were used as reference and auxiliary electrodes respectively. JULABO
thermostat was used to control cell temperature.

2.3. Catalyst preparation
The working electrode were fabricated at two sections: First, CCE was prepared by using sole gel
processing method as described in our previous work [5] and second, the Pd nanoparticles were
electrochemically deposited on the surface of CCE from an aqueous solution containing 5 mM PdCl>.

Electrodeposition was potentiostatically performed at the optimum potential of -0.1 V vs. SCE.

3. Results and Discussion
The surface morphology of electrode was examined by SEM. Fig. 1 shows the globular particles of
Pd with high density and well-dispersion are being formed on the electrode surface. Most likely, the
particulate structures of Pd in this figure are not the individual Pd crystallites. They are clews
consisting of crystallite aggregates. The XRD pattern of Pd nanoparticles modified on CCE is shown
in inset to Fig. 1. The sharp peak at 54.8 belongs to carbon ceramic matrix. Moreover, the
characteristic peaks of Pd (111), (200) and (220) planes are defined very well which confirms the fcc

crystal structure of Pd nanoparticles.

4 Svonm | p——e——
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Fig. 1. SEM image and XRD pattern of modified electrode

Cyclic voltammogram (CV) of Pd|CCE in 0.3 M NaOH solution at a sweep rate of 50 mV s* is
shown in Fig. 2. The broad anodic peak in forward going scan and the sharp cathodic peak at -0.49 V
vs. SCE are related to the formation and reduction of palladium oxide respectively. The value of
EASA was obtained as 50.37 m? g,

25

j/mAcm?

-25 4

-50

11 o
E /V vs. SCE
Fig. 2. CV of modified electrode in 0.3 M NaOH

Fig. 3 shows the CVs of 2-propanol oxidation in 0.3 M NaOH solution containing 0.5 M alcohol on
Pd|CCE. From the results two current peaks on the forward and reverse scans can be clearly observed
for alcohol oxidation. The forward anodic peak is corresponding to the oxidation of freshly
chemisorbed alcohols on the catalyst active sites and the reverse one is related to the oxidation of
intermediate species not completely oxidized in the forward scan. The Tafel slope for 2-P oxidation
in a low scan rate of 5 mVs™ was obtained as 178 mV dec .

o P 1 =APAAEY | P ouing Sl pozl 488 g ddab 0l pgle 635551 (w0 o 5 s8uEsl S 80l 4
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100 -

20 ~

j/mAcm®

-60 T
-1 -0.1 0.8

E /V vs. SCE

Fig. 3. CV of modified electrode in 0.3 M NaOH + 0.5 M 2-P

The effect of scan rate (v) on the 2-P oxidationreaction was investigated in the range of 10-350 mV s
! on Pd|CCE (Fig. 4). In principle, peak currents are proportional to v for an adsorption process and
to vO° for a diffusion one. As can be seen from Fig. 4, the lp is proportional to the v®° in the scan
rate range of 30-350 mV s. This indicates that the electrode process was controlled by the diffusion
of alcohol or its intermediates in this range. At the scan rates lower than 30 mV s there is not a clear
dependence of Ipson the scan rate.

In order to study the effect of temperature on the alcohol electrooxidation, voltammograms were
recorded in the temperature range of 20-65 °C (Fig. 4 left hand). With increasing temperature, clear
enhancement in the oxidation current can be observed. Arrhenius plots of alcohols oxidation at
different potentials are given in Fig. 8 (right hand).

o P 1 =APAAEY | P ouing Sl pozl 488 g ddab 0l pgle 635551 (w0 o 5 s8uEsl S 80l 4
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E /V VS. SCE v0~5 /( mVS-l)O.S

Fig. 4. CV of modified electrode in 0.3 M NaOH + 0.5 M 2-P in different scan rates

24 4

10

I / mA

j

09 01 07 2.8 31§ 3.5
E /V vs. SCE 1000T " /K

Fig. 4. CV of modified electrode in 0.3 M NaOH + 0.5 M 2-P in different temperatures

The activation energy (Ea) values for alcohol oxidation were calculated from the slopes of Arrhenius
plots and then plotted against the potential in Fig. 5. It is clear that by increasing the electrode

potential up to -0.3 V the Ea value decrease to 11.6 kJ mol™? and then they begin to increase with

o P 1 =APAAEY | P ouing Sl pozl 488 g ddab 0l pgle 635551 (w0 o 5 s8uEsl S 80l 4
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potential. It is because of the coverage of electrode surface with intermediate species that inhibit the

chemisorption of the reactant molecules on the Pd active sites and therefore causes to an increase in

E. values.

25

E,/ k] mol™

-0.7 -0.35 0
E /V vs. SCE

Fig. 5. The variation of E, with potential

4. Conclusions
The Pd nano-particles modified carbon-ceramic electrodes were synthesized by potentiostatic

deposition and its electrocatalytic activity for the oxidation of isopropyl alcohol was studied.
Considering it is preferred for the fuel cell anode to operate at the lowest possible potential, the use
of 2-propanol as fuel with Pd|CC based anode will directly improve the fuel cell efficiency.
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Electrocatalytic activity of Pd-Pt and Pd-Au alloy nanocatalysts for

EG oxidation in alkaline medium

Esmaeil Habibi

Nanotechnology Research Center, Urmia University, P.O. Box 57159-404931, Urmia, Iran

e.habibi@urmia.ac.ir

Abstract: In the present study, Pd-Pt and Pd-Au alloy nanocatalysts were synthesized by using
electrochemical reduction method and used for EG electrooxidation by using different
electrochemical techniques such as: Cyclic voltammetry (CV), chronopotentiometry (CP) and
chronoamperometry (CA). The results were compared with those obtained on Pd nanocatalyst.
Scanning electron microscopy (SEM) and X-ray diffraction (XRD) were also employed to
physicochemical survey of the electrocatalysts. This study showed that Pd based alloy catalysts
compared with Pd catalyst have higher catalytic activity for EG electrooxidation.

Keywords: Ethylene Glycol, alkaline fuel cell, palladium, platinum, gold, electrooxidation

1. Introduction

A direct alcohol fuel cell (DAFC) that uses ethylene glycol (Eg) as a fuel is an attractive alternative
to the methanol fuel cell, just because Eg is a diol alcohol that can be massively obtained from
biomass [1]; it is less toxic and less volatile than methanol and has a high specific energy close to
that of methanol [2]. Moreover, the partial oxidation of Eg without C—C bound breaking (into oxalate
species) leads to the generation of eight electrons instead of 10 for the complete oxidation of it to
CO», which means a faradic efficiency of 80% [3].
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In recent years, considerable attentions have been attracted in the development of alkaline alcohol
fuel cells (AAFCs) [4]. So, research on the anodic electrocatalysts of AAFCs becomes a realistic
topic. It is well known that Pt is the best anodic material for alcohol oxidation at a sufficient rate in
fuel cells, but apart from its high cost, it can be easily poisoned by CO-like intermediate species that
come from incomplete oxidation of alcohols.

The electrooxidation of Eg was studied extensively on the noble metal-based catalysts [5] and
showed that its electrooxidation on the Pt can be conducted to the generation of formate from a
poisoning path [6]. On the other hand, Eg electrooxidation on the Pd based catalysts at low potentials
mainly causes the formation of oxalate in alkaline solution from a nonpoisoning path.

In our previous work, considering the interesting features of CCE such as renewable surface, high
conductivity, stability, high porosity, wide operational potential window and good mechanical
properties we used it as a support for electrochemical deposition of Pt, Pd and Au nanoparticles in
EG electrooxidation [7]. Here, the effciency of Pd-Pt and Pd-Au for electrooxidation of Eg was
studied.

2. Experimental:

2.1. Chemicals
Methyltrimethoxysilane (MTMOS) was purchased from Fluka. Methanol, EG, HPtCls, PdCly,
AuCl3, NaOH and graphite powder of high purity all were obtained from Merck. All solutions were
prepared with distilled water.

2.2. Apparatus
The measurements were carried out using a Potentiostat/Galvanostat Autolab. This was then
interfaced with a personal computer and controlled by GPES 4.9 and FRA 4.9 software. The
morphology and structure of Pd nanoparticles deposited on CCE were characterized by SEM (LEO
440i Oxford) and X-ray diffraction (XRD) using a Brucker AXF (D8 Advance) X-ray power
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diffractometer with a Cu Ka radiation source generated at 40 kV and 35 mA. A conventional three-
electrode cell was used at room temperature. Pd-Pt|CCE and Pd-Au|CCE with a geometrical area of
0.119 cm? and different amounts of catalysts were used as working electrode. A saturated calomel
electrode (SCE) and a platinum wire were used as reference and auxiliary electrodes respectively.
Catalyst preparation

The working electrode were fabricated at two sections: First, CCE was prepared by using sole gel
processing method as described in our previous work [7] and second, the Pd, Pd-Pt and Pd-Au
nanoparticles were electrochemically deposited on the surface of CCE from an aqueous acidic
solution containing PdClz, PdCl> + H2PtCle or PdCl> + AuCls. Electrodeposition was performed
potentiostatically.

3. Results and Discussion

The surface morphology of catalysts was examined by SEM. Fig. 1 shows the globular particles of
Pd-Au (A) and Pd-Pt (B) alloy catalysts that with high density and well-dispersion are being formed
on the electrode surface. Most likely, the particulate structures in this figure are not the individual
catalyst crystallites. They are clews consisting of crystallite aggregates. The XRD patterns of alloy
nanoparticles were also showed in this figure. The sharp peak at 54.8 belongs to carbon ceramic
matrix. Moreover, the characteristic peaks of Pd alloys (111), (200) and (220) planes are defined
very well which confirms the fcc crystal structure of alloy catalysts and also confirm the formation of
Pd-Pt and Pd-Au alloys.
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Fig. 1. SEM image and XRD pattern of modified electrodes

EDX spectra of Pd-Pt (A) and Pd-Au (B) catalysts were also indicated in figure 2. These results
confirmed the distribution of Pd-Pt and Pd-Au on the CCE surface.

Au - E

2 k| 4 5
Energy / KeV Energy / KeV

2 3 4 5 [

Fig. 2. EDX spectra of Pd-Au (A) and Pd-Pt (B) catalysts.
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Electroctalytic activity of alloy catalysts for EG electrooxidation was examined with CV technique
and corresponding results for optimum proportions of alloy components were showed in figure 3A. It
is clear that Pd-Pt alloy has highest electrocatalytic activity for EG electrooxidation. Fig. 3B shows
the CVs of EG electrooxidation at the surface of Pd based alloy catalysts with different proportions
of alloy components. It can be concluded that equal proportions of Pd with Pt in Pd-Pt alloy and Pd
with Au in Pd-Au alloys have the best catalytic activity for EG electrooxidation.

65 65
] . Eq Pdi-PI3
] EgPd A i |..... EgPd1—Pt1 B
] . 55
1 |- S, a ] |-~ —eora
] kil ] Eg Pd1-Aut
45 15y |- - -EgPazau
1 . _EgPdi-Au3
@ 1 o .
; ] 35 4
é 35 4 E ]
E 25 A
~ ] — ]
15 3 153
5 4 5 3
5 . -5 . .
-1 04 02 08 1 04 0.2 08
E /Vvs. SCE

E /Vvs. SCE
Fig. 3. CV of different modified electrodes in 0.3 M NaOH + 0.5 M EG

In order to evaluate the electrocatalytic activity of the catalysts and the poisoning of the active
surface under continuous operation conditions, long-term chronoamperometry experiments were
performed. Figure 4 shows the chronoamperograms of Pd, Pd-Au and Pd-Pt modified CCE in 0.3 M
NaOH containing 0.5 M EG after stepping the electrode potential to -0.2 vs. SCE. As can be seen in
the Fig. 4, in all curves, the currents dropped rapidly at first, and then the currents became relatively
stable. The current of plateau at Pd-Pt alloy electrocatalyst is higher than that on Pd-Au and Pd
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catalysts. This can be probably attributed to the good poisoning resistance of Pd-Pd in comparison

with Pd-Au and Pd catalyst.

40
A
3 Pd,Pt,|CCE
o V'f/‘-z_ sop  2PdiAuICCE
°c ' ' 1 Pd|CCE
2 20
1]
0 r
0 500 1000

t/s

Fig. 4. Long-time amperometric response of different catalysts for EG electroxidation

4. Conclusions
The Pd based alloy nano-particles modified carbon-ceramic electrodes were synthesized by

potentiostatic deposition method and their electrocatalytic activity for the oxidation of EG were
studied by using different electrochemical methds. The results indicated that Pd-Pt alloy catalyst
compared with Pd catalyst has better electrocatalytic activity for EG electrooxidation.
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Synthesis and Characterization of Fe doped Li(Lio.2:Mnos4Nio.125C00.125)O2 as the

cathode materials For Battery Applications
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Abstract: In this paper, the nanoparticles of Li(Lio.21Mno.54Nio.125C00.125-x)FexO2 (x=0%, 0.01%,
0.025% 0.05% ) were prepared by sol-gel method, and the structural and chemical properties of the
samples were investigated .These properties of samples characterized by X-ray diffraction (XRD),
field-scattering microscopy (FESEM), X-ray energy spectroscopy (EDS), thermogravimetric analysis
(TGA), differential thermal analysis (DTA), infrared spectroscopy (FTIR), and the results of
characterization were investigation and reveled crystalline structures for pure and impure
nanoparticles. The reflection peaks indicate that the samples have standard a-NaFeO: layered
structure with the space group R3m, except for the super lattice ordering between 22°-25°. The
FESEM images for pure and impure samples have shown that these nanoparticles have Hexagonal
structures. The particle size of nanopowders in the range of 50-80 nm the chemical analysis of EDS
has proven the presence of Ni, Mn, Co and Fe in the samples. TG /DTA measurements showed
weight loss in nanopowders of pure and impure. In infrared spectroscopy (FTIR), the connection

bonds and chemical elements used in these nanopowders have been investigated.
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Key words: lithium-ion battery, Li[Lio.21Mnos4Nio.125C00.125-x]FexO2, cathode, sol gel, impurity,

nanopowders.

1. Introduction:

Today, the lithium ion battery as a justly new member in the battery technology has been widely
studied due to its promising applications in the field of laptops, cell phones, digital cameras and
hybrid electric vehicles [1-3].Other cathode materials such as spinel LiMn2Os [4] and olivine
LiFePO4 [5] have been successfully applied in lithium ion batteries, but they typically have very low
capacities and also usually do not perform very well. Among all the cathode materials of LIBs the
novel Li-rich Mn-based layered solid-solution system adjusted as Li>MnO3.LiMO2(M=Co, Ni and
Mn) has recently become the focus of researches because of its higher capacities(over 250 mAh/g
good rate performance and improved safety comparing to conventional LiCoO2 cathode materials[6].
Although this kind of cathode material has many attracting advantages, it has a poor rate
performance and is subject to voltage decay after long cycling. Over the past few years, many
effective methods have been performed to enhance the electrochemical performance of layered
lithium cobalt nickel manganese oxide material, such as new synthesis methods bulk doping [7,8],

surface coating [9] and composite material designing.

Different from the typical synthesized method, including co precipitation method [10], solid-state
method [11], and hydrothermal method [12], here in, nanopowders is prepared by a facile sol-gel
method, for study properties of this cathode materials.

The sol-gel method has many advantages; for instance, it can achieve the molecular-level mixing of
the raw materials and precursors, it requires relatively low temperature treatment, small and narrow
diameter distribution of products can be produced, simple equipment and easy operation are needed
and so on [13].
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In this work Li(Lio.21Mno.54Nio.125C00.125.x)FexO2 was prepared by a sol-gel method using the citric
acid as the chelating agents. The structural and chemical performances of these nanoparticles were

investigation.
2. Experimental details

Preparation of materials: Li(Lio.21Mno.54Nio.125C00.125-x)FexO2 nanopowders for (x=0% , 0.01%
0.025% and 0.05%) were prepared with the precursors of pristine and Fe-doped samples from pure
materials of CoN20s.4H20, NiN20s.6H20, C4HsMnO4.4H20, Li(NOz) and Fe(NOz)3.9H20 by sol-
gel method in which citric acid was used as a chelating agent as the synthesis method. Firstly mixture
was dissolved in to agueous solutions, and then citric acid was dropped slowly into aqueous solution
under stirring at 75-80°C until gel-like was obtained. The molar ratio of citric acid to total metal ions
was unity. The gel was dried at 120°C in vacuum oven for 12 hour. The resulting gel precursor was
decomposed at 500°C for 5 hour in air to eliminate the organic substances. The decomposed powders
heated at 850°C for 6 hour. The crystal structure of the as-prepared Li(Lio.021Mno.54Nig.125C00.125-
x)FexO2 powders with different percent Fe (0.01%, 0.025%, 0.05%, were characterized by XRD with
a D8 Advance Bruker YT diffractometer using CuKa radiation in the 26 range of 10° and 80°. The
size and morphology of the sample was investigated using FESEM performed on MIRA3TESCAN-
XMU microscope equipped with a Thermo NORAN system 6 X-Ray microanalysis system
supported by a NanoTrace LN-Cooled Si (Li) detector for Energy-dispersive X-ray Spectroscopy
(EDS) analysis. The TG/DT analysis for pure nanopowders was performed on an STA PT1600
TG/DTA (LINSEIS) using a heating rate of 10°C/min in air. The infrared spectra were recorded
using Fourier-transformed infrared spectrophotometer (AVATAR 370, Thermo Nicolet) in

transmission mode in the wave number region between 4000 cm™ and 500 cm™.

3. Results and discussion:
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Figure 1(a, b) shows the TG/DTA curves of the pure and doped with 0.025% Fe dry gel. The weak
endothermic peak at about 260°C in the DTA curve, which corresponds to a weight loss of 15% in
the TG curve, is for the removal of residual water molecules in the pure nanopowders dry gel. In the
range of 300-500°C, a weight loss of 80% is detected, which accompanies a strong exothermic Peak
at 320°C. This weight loss as to the decomposition and combustion of clathrate [14, 15].Above
500°C, there is neither any obvious weight loss nor endothermic/exothermic peak. With the presence
of impurity of Fe in pure crystals, these curves are almost identical but an exothermic peak of about
180°C has been seen, that possibly related to the decomposition of hydroxyl group in these powders.
The second weight loss is probably due to the formation of the Li (Lio.21Mno.54Nio.125C00.125-x)FexO2
crystal in 450-500°C Therefore, in the next one experiment in pure and impure of nanopowder the

pre-calcinations temperature was selected at 500°C.
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Figure 1: a) TG/DTA curves of the pure dry gel b) TG/DTA curves of the Fe doped pure dry gel

The XRD patterns of the pristine and Fe doped of nanopowders are shown in Figure 2. The structure
of pure and doped with Fe reveled good crystallinity with Preferred Peaks of (003) and (104). All the
reflection peaks indicate that the samples have standard o-NaFeO; layered structure with the space
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group R3m, except that the weak peaks in the 20 range of 20-25" identified as the (020) and (110)
reflection are attributed to the monoclinic Li2MnOz phase (C2/m space group)[15]. No extra
diffraction peaks from related secondary phases or impurity are founded in these structures. the
diffraction patterns show clear splitting of the hexagonal characteristic doublets of (006)/(102) and
(108)/(110); and formation of cation ordered phase and indicate the good structure of layered oxides
[16].
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. 8000
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Figure 2: XRD patterns of (Lio.21Mnos4Nio.125C00.125-x)FexO2 nanopowders with different Fe content (0%, 0.01%, 0.025%
and 0.05)

The morphologies of the layered composites before and after Fe modification are revealed in Figure
3. It is found that the Fe-doping does not change their morphologies and All the pure and impure
with Fe materials have a similar morphology and it can be seen that the as-prepared homogeneous
nanoparticles have a nearly spherical and hexagonal morphology with the size in the range of 50-80
nm which would simplify the intercalate and deintercalate process for Li+ and improve ion

conductivity and rate performance. The EDS images of these samples (take x=0.01% as an example)
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are showed in Figure 4 and It can be seen that the Fe elements are distributed in the samples
homogenously.
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Figure 3: FESEM images of a) pure nanopowders, b) nanopowders with 0.01% Fe
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Figure 4: EDS images of Li(Lio.21Mno54Ni0.125C00.125.x) FexO2 nanopowders for (x=0 and 0.01%)

Figure 5 are shown the FTIR spectra of Li(Lio.21Mno.54Nio.125C00.125-x)FexO2 nanopowders (take
x=0% and 0.01% as an example) recorded in between 500 and 4000 Cm™. As can be seen in figure 5,
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for pure nanopowders one peak at 3297.76 Cm, is the fingerprint of hydration in the collected
powder. Two peaks at 1486.95 Cm™ and 1436.40 Cm reveled Li»COzand the groups of CH- and

CHa. Peaks below 1500 Cm* confirm the presence of metal oxygen in vibration frequencies [17].
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Figure5: FTIR spectra of Li(Lio.21Mno.ssNio.125C00.125)FexO2 nanopowders (x=0% and 0.01%)
4. Conclusion:

In this paper, Li(Lio.21Mno.54Ni0.125C00.125x)FexO2 nanopowders with (x=0%, 0.01%, 0.025% and
0.05%) has been successfully synthesized by a sol-gel method using citric acid as chelating
agent.XRD, FESEM, FTIR and TG/DTA were employed to study the structural, chemical and
thermal properties of prepared nanopowders. The structural results for pure and impure nanopowders
showed the single phase layered with the super lattice structure originating from the monoclinic
LioMnOgz and the as-prepared pure and impure of nanopowders have a nearly hexagonal morphology
with an average diameter of approximately 50-80 nm in FESEM analysis. TG/DTA measurement for
pure and impure nanopowders showed the between 300-500°C, a weight loss of 80% is attributed to

the thermal decomposition of the ingredients to form Li(Lio.21Mno.54Nio.125C00.125)O2. FTIR spectra of
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Li(Lio.21Mno.54Ni0.125C00.125x) FexO2 nanopowders (for x=0% and 0.01%) showed Peaks below 1500
Cm! confirm the presence of metal oxygen in vibration frequencies. Finally, this study is helpful for
the production of Li(Lio.21Mno.s4Nio.125C00.125-x) FexO2 nanopowders with different percents Fe(x=0%,

0.01%, 0.025%, and 0.05% ) as cathode material for rechargeable lithium-ion batteries.
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Properties Assessment of Synthesized Sulfonated Poly (ether sulfones)
Containing Coupling Agent as Proton Exchange Membranes for Fuel Cell

Application

Shahram Mehdipour-Ataie!, Maryam Mohammadi!, Maryam Oroujzadeh?

Faculty of Polymer science, Iran Polymer and Petrochemical Institute, P.O. Box 14965/115, Tehran,
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Abstract: With respect to that in fuel cell field, researchers have focused on performance
improvement and also membrane as electrolyte is one of the key components which determines fuel
cell efficiency, in this study we synthesized random sulfonated copoly (ether sulfones) based on
sulfonated and non- sulfonated bisfluorophenyl sulfone (BFPS), bishydroxyphenyl sulfone
(bisphenol S) and decafluorobiphenyl (DFBP) as coupling agent (sulfonation degree (DS)= 35%,
45%, 55%) via nucleophilic aromatic substitution polycondensation reaction to obtain polymers with
higher properties and performance. FTIR and H NMR characterizations confirmed the successful
synthesis of sulfonated monomer and copolymers. TGA and DSC results showed excellent thermal
properties of membranes. Mechanical properties of membranes were in accordance with molecular
weight estimation from dilute solution viscometry. lon exchange capacity (IEC), water uptake and
oxidative stability measurement resulted in IEC in the range of 1.04-1.54 meq/g, (8.8-28.8)% water
uptake and reasonable long life in Fenton test.

Keywords: Fuel Cell; PEM; Synthesis; Coupling agent.
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1. Introduction

Polymeric fuel cell due to the advantages including ecofriendliness, high efficiency, and various
applications have attracted a lot of attention. The polymeric membrane as an electrolyte is the key
component that determines the fuel cell performance. Thus the choice of appropriate polymer to
obtain long-life time and good performance is necessary. The most common polymeric membranes
like Nafion, Selemion, Hyflon, and Aquivion in spite of their unique mechanical and conductivity
suffer from limitations including high production price, low Tg, and high methanol permeability. So
researchers have focused on alternative membranes that most of them are from sulfonated poly
(arylene ether) family. These sulfonated polymers can be synthesized from a vast category of
monomers and synthetic routes [1-3]. One of these routes that we have applied in this research is to
add a coupling agent as a chain extender to improve properties [4-6]. In this way, we synthesized
sulfonated dihalide and in the following random copoly (ether sulfones) based on diol and dihalides
and coupling agent with three DS. Finally, characterizations and measurements to choose the best

sample were carried out which are explained in detail.
2. Experimental:
2.1. Chemicals

BFPS (recrystallized from toluene, 20% w/v and vacuum dried at 60 °C) and bisphenol S
(recrystallized from toluene/methanol mixture with a ratio of 1 to 3, 20% w/v and vacuum dried at
60 °C) as monomers, DFBP as coupling agent (it was used as received, vacuum dried at 30 °C),
K2COz as weak base in polycondensation reaction (vacuum dried at 120 °C), anhydrous dimethyl
acetamide (DMACc) and toluene as solvent and azeotrope respectively, and Oleum 30% as
sulfonating agent were supplied by Merck company. All other materials and solvents were of
analytical grade.

2.2. Apparatus
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FTIR (4000-400 cm™) and *H NMR spectrometer (DMSO-d6 was used as solvent), TGA (heating
from room temperature to 700 °C with heating rate of 10 °C/min), DSC (heat/cool/heat pattern
initiated from room temperature with a rate of 5 °C/min, N), tensile machine (according to
ASTM D-882, extension rate: 5 mm/min).

3. Results and Discussion
3.1. Synthesis of sulfonated monomer and characterization

Synthesis of sulfonated BFPS (sBFPS) was done by applying 20 mmol of BFPS, 12 ml of Oleum
30% and steps and conditions which are shown in fig. 1. Via electrophilic reaction. Obtained
monomer vacuum dried at 120 °C.

H NMR and FTIR spectra, as shown in figs. 2, 3, confirmed successful synthesis and complete
purification of monomer. In FTIR spectrum, the bands at 1037 cm™ and 1079 cm™ are related to

sodium sulfonate (SOsNa) groups.

SOsH 1 sced water Maly5 S0;3Ma

SoU B SN By B — S S Sve

4 Ma,B0; elimination

5. ethanol remaenal

6. 2-propanal

Fig. 1. Sulfonation reaction.
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Fig. 2. 'H NMR spectrum of sulfonated monomer.
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Fig. 3. FTIR spectrum of sulfonated monomer.
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3.2. Synthesis of random copolymers and characterization

To obtain polymers with better mechanical properties as a result of higher molecular weight,
during nucleophilic aromatic substitution reaction non-stoichiometric of bisphenol S and dihalides
(4 mmol to 3.9 mmol) i.e. excess amount of diol, and subsequently adding DFBP as coupling
agent to chain extension, were applied and random copolymers with different DS (S-35%, S-45%,
and S-55%) were achieved. Details of reaction mechanism and condition are shown in fig. 4.

As shown in fig. 5 the bands at 1026 cm™ and 1076 cm™ are related to SOsNa groups. The intense
peak at 1250 cm™ and two bands at 1105 and 1350 cm™ are related to ether and sulfone bonds

respectively which confirm polyether sulfone formation.

K,CO;
DMAc 155°C, 3 hrs

Tolouene

Tolouene | 180°C, 3 hrs

| 0@1@;@0@0@1@@5@0@:@0 od

Fig. 4. Polycondensation reaction.

o P 1 =APAAEY | P ouing Sl pozl 488 g ddab 0l pgle 635551 (w0 o 5 s8uEsl S 80l 4
http:/lconf.isc.gov.ir/ifc96

g & : 43
Email: iranecs@gmail.com



dlﬂﬁff_/’/a% 3]

.ut

r:" uV Iy

ol 5 o S 3D

10t Iranian Fuel Cell Seminar | 20 February 2019 | 174Y xéul

S-35%

S-45% 12521150

Transmittance (%)

1243 1152

T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500 0
Wavenumber (cm-1)

Fig. 5. FTIR spectra of copolymers.

3.3. Membrane preparation

Membranes were prepared using solution casting of 15% w/v of the polymer solution in DMAC.

Prepared membranes as seen in fig. 6 were clear and flexible with a thickness of 40-50 um.

Fig. 6. Membranes prepared for tensile test.
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To acidify membranes, they placed into 4 (M) H2SOa4 solution for 48 hours, then washed with
dipping them into DI water for 24 hours. The membranes vacuum dried at 60 °C for one night.

3.4. IV measurement

IV of samples as an estimation of molecular weight was measured by an Ubbelohde (type I)
viscometer and 0.5 g/dl solution of polymers at 30 °C.

As reported in table 2 all of the samples have high acceptable IV which is in accordance with
mechanical properties.

3.5. Thermal properties

As reported in table 1, Tg values from DSC experiment in comparison of S-35% and S-45%
samples is dependent to DS and this is related to bulkiness and entanglements of SOzH groups
which make difficult the rotations. On the other hand in S-55% in spite of DS increase, Tq

decreases that can be attributed to free volume generated by much content of SO3H groups.

Table 1. DS, thermal and mechanical properties of copolymers.

Tensile Elongation at
Polymer T4 (°C) Tiow (°C)
strength (MPa) break (%)
S-35 264.2 254.1 22 7.45
S-45 271.3 460.7 69.8 8.93
S-55 102.6 458.3 65 7.36

Td=10% values from TGA analysis (table 1) confirm the high thermal stability of polymers. As see
in TGA curves in fig. 7 weight loss of polymers occurs in 4 steps including; water loss,
degradation of SOsH groups and main chain degradation from lowest to highest temperature
respectively. The copolymer containing 45% of sBFPS showed the highest stability among two
other samples because of the existence of SOzH group has an opposite effect, i.e., on one hand,
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hydrogen bonding formation increases thermal stability and on the other hand SOsH group is a
weak bond so much content of this group decreases stability.

weight remained (%)

0 100 200 300 400 500 600 700 800
Temperature (0C)

Fig 7. TGA curves of copolymers.
3.6. Mechanical properties

As shown in fig. 8 all samples have demonstrated the thermoplastic behavior of materials in
stress-strain curves of the tensile test. As reported in the table 1, S-45% have the most strength
and elongation at break in comparison to two other polymers.
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Fig. 8. Stress-strain curves of copolymers.

3.7. Water uptake measurement

In order to measure water uptake, weight change of polymers in distinct intervals calculated
according to eq. 1 in which Wy, and Wy are sample weights in dry and wet condition respectively.

The results after 24 hours are reported in the table 2.

water absorption (%) = W x 100 (1)

According to the results of water uptake measurements in the table 2 it is obvious that as the
content of SO3H groups increases water uptake increases accordingly. Furthermore for estimation
of stability of membranes in aqueous media weight change of samples for one month followed

and no more change observed.
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Polymer DS (%) n (dl/g) IEC (meq/qg) Water uptake Y O>-(i-dative
(%) stability (day)
S-35 35 1.46 1.06 8.8 0.46 11
S-45 45 1.76 12 14.4 0.66 11
S-55 55 2.99 1.54 28.8 1.04 0.5
3.8. IEC

To measure IEC, a certain amount of acidified membranes were placed into a NaCl (2 M) solution
for 24 hours, in the following titrated by NaOH (4 mM) solution and finally according to eq. 2,
IEC values were calculated:

|EC - VNaOH X I\/INaOH (2)
weight of dry sample

Where Vnaon and Mnaon are volume and molarity of NaOH solution.
Besides that, applying IEC and water uptake results, the hydration number which defines number
of H20 molecules per SOsH group, calculated for each sample too and is reported in the table 2.

_ water  absorption (%)
IEC(meq/g) x18.02

(3)

As excepted with increasing SOzH groups, IEC of membranes and also A increases (table 2).
3.9. Oxidative stability

In this test samples were put into a solution of 3% H.O containing 3 ppm FeSO4 and changes in
color, appearance and etc. as a function of time were recorded as oxidative stability. The results
are reported in the table 2 shows acceptable long life of polymers.

4. Conclusions
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In this study, we synthesized random copoly (ether sulfones) with DS=35%, 45%, 55% via
nucleophilic aromatic substitution applying coupling agent to achieve polymers with higher
molecular weight which results to better mechanical properties. For polymer synthesis, synthesis
of sulfonated monomer was done. Spectrometric results confirmed the successful synthesis of
monomer and polymers. Results of thermal and mechanical properties besides IV, water uptake,
IEC and oxidative stability measurements showed that copolymer with DS=45% can be a good

candidate for more investigation and performance evaluation in fuel cell media.
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Abstract: The nanopowders of Li(Lio.21Mno.54Nio.125C00.125x)FexO2 (x=0% , 0.01% , 0.05%, 0.075
and 0.10% ) (Fe doped-LMNC) were prepared by sol-gel method. The thermal, structural and
chemical properties of the samples were investigated by thermogravimetric analysis (TGA),
differential thermal analysis (DTA), X-ray diffraction (XRD), Field Emission Scanning Electron
Microscopy (FESEM), X-ray energy spectroscopy (EDS), and infrared spectroscopy (FTIR).The TG
/IDTA measurements showed weight loss in nanopowders of pure and doped samples. The XRD
results reveled crystalline structures for pure and Fe powder nanoparticles.doped-LMNC, It was
found that the layerd structure of the Fe doped-LNNC materials were not changed up to % 0.05 Fe
but for the higher Fe doping concentration the additional peak, which are related to the formation of
the secondary phase of LiMn2O4, have been observed in the structure.The FESEM images for pure
and doped samples have shown to be agglomerated with relatively spherical particles size of smaller
than 50 nm. Image tools software was used for illustrating the distribution of particle size of
nanopowders.The connection bonds and used chemical elements in these nanopowders have been

investigated by The Infrared spectroscopy (FTIR),
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Key words: nanoparticles, lithium-ion battery, cathode, sol gel, doping.

1. Introduction

During the past decades, lithium ion batteries are receiving considerable attention as power source
for electric vehicles (EVS), hybrid electric vehicles (HEVS), and large electric power tools [1-8]. In
a recent period of time, layered lithium-rich materials xLioMnO3(1-x)LiMO2(M=Co, Ni, Mn2Ni1,
Mny3NiyzCous, etc) are being intensively studied for better cathode materials owning to their high
capacity (>200mAh/g) and low cost in comparison with LiCoO> and LiFePO4 [9-10]. Among all the
cathode materials of LIBs, the xLi[Liy3zMn23]O2-(1-x)LIMO2 (M= Mn, Co, Ni, etc.) is a promising
material because of its high reversible capacity following an “activation” process [11-13].

Doping has also successfully been used for improving Li-rich layered materials [14-16].The
transition element in the oxide materials can be substituted by metal elements such as Al [17], Zr
[18], Mo [19], Fe [20] and those doped materials show higher cyclic performance and structural
stability surface modification. mong the various methods of synthesis, The sol-gel method provided
the small particles. This method is easy and the availability of the synthesis is preferable to other
methods. In this paper, undoped and doped nanopowders of Li(Lio.21Mno54Nio.125C00.125-x)FexO2 were
prepared with different doping concentration Fe impurity by sol-gel method. Fe doping content is of
great important to the structure and chemical properties of Li(Lio.21Mno52Nio.125C00.125-x)FexO2 sol-
gel. Li2MnOs-based materials with high Fe content above 10% show the obvious coexistence of
layered phase (hexagonal crystal system) and cubic rock-salt phase(cubic crystal system) [11,12].

2. Experimental details

Li(Lio.21Mng 54Ni0.125C00.125-x)FexO2 nanopowders for (x=0% , 0.01% 0.05%, 0.075% and 0.10%)
were prepared with the precursors of pristine and Fe-doped samples from pure materials of
CoN206.4H,0, NiN206.6H20, C4HsMnO4.4H20, Li(NO3) and Fe(NOz3)3.9H20 by sol-gel method in

which citric acid was used as a chelating agent during the synthesis method. Firstly mixture was
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dissolved in to aqueous solutions, and then citric acid was dropped slowly into aqueous solution
under stirring at temperature of 75-80°C until gel-like was obtained. The molar ratio of citric acid to
total metal ions was unity. The gel was dried at 120°C in vacuum oven for 12 hour. The resulting gel
precursor was decomposed at 500°C for 5 hour in air to eliminate the organic substances. The
decomposed powders heated at 850°C for 6 hour. The crystal structure of the as-prepared
Li(Lio.021Mno54Nio.125C00.125-x) FexO2 powders were characterized by The TG/DTA analysis for pure
nanopowders using a heating rate of 20°C/min in air. The nanopowder was characterized under a X-
ray diffraction system .( XRD,D8 Advance Bruker YT) using CuKa radiation in the 26 range of 10° -
80°. The size and morphology of the sample was investigated using Field Emission Scanning
Electron Microscopy (FESEM) performed on MIRA3TESCAN-XMU microscope equipped with a
Thermo NORAN system 6 X-Ray microanalysis system supported by a NanoTrace LN-Cooled Si
(Li) detector for Energy-dispersive X-ray Spectroscopy (EDS) analysis. The infrared spectra were

recorded using Fourier-transformed infrared spectrophotometer (AVATAR 370, Thermo Nicolet).

3. Results and discussion

Figure 1(a, b) shows the TG/DTA curves of the pure and Fe-doped dry gel. The weak endothermic
peak at about 260°C in the DTA curve, which corresponds to a weight loss of 15% in the TG curve,
is for the removal of residual water molecules in the pure nanopowders dry gel. In the range of 300—
500°C, a weight loss of 80% is detected, which accompanies a strong exothermic Peak at 320°C.
This weight loss was due to decomposition and combustion of clathrate[21,22]. Above 500°C, there
is neither any obvious weight loss nor endothermic/exothermic peak. With the presence of impurity
of Fe in pure crystals, these curves are almost identical but an exothermic peak of about 180°C has
been seen, that possibly related to the decomposition of hydroxyl group in these powders. The
second weight loss is probably due to the formation of the Li (Lio.21Mnos4Nio.125C00.125-x)FexO2
crystal in 450-500°C. Therefore, the pre-calcinations temperature was selected at 500°C for both

pure and doped nanopowders.
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Figure 1: a) TG/DTA curves of the pure dry gel b) TG/DTA curves of the Fe doped pure dry gel

The XRD patterns of the pure and Fe doped nanopowders are shown in Figure 2. The structure of
pure and doped with Fe reveled good crystallinity with preferred peaks of (003) and (104). All the
reflection peaks indicate that the samples have standard a-NaFeO> layered structure with the space
group R3m, except that the weak peaks in the 20 range of 20-25 identified as the (020) and (110)

reflection. That are attributed to the monoclinic Li2MnOgz phase (C2/m space group)[21]. The layerd
structure remains unchanged up to % 0.05 Fe but for the higher Fe concentration the additional peak,
which are related to the formation of the secondary phase of LiMn2Os, have been observed in the
structure, and it confirms that there is the cubic structure in addition to the hexagonal. [11,12]. The
diffraction patterns show clear splitting of the hexagonal characteristic doublets of (006)/(102) and
(108)/(110); and formation of cation ordered phase and indicate the good structure of layered oxides
[22].

All diffraction peaks are sharp and well-defined, suggesting that the prepared samples are well-
crystallized. Their crystal sizes calculated from the refection peaks of (003) by using the Scherrer
equation

D(hKI= KA/BCOSO eevvvenneerennneerrnnnnnnnn. (1)
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where D(hkl) is the crystallite size, K is Scherrer’s constant corresponding to the quality factor of the
apparatus measured with a reference for single crystal (0.9 for spherical particles), A is the
wavelength of the X-ray, B is full-width at half-maximum (FWHM), and 0 is the Bragg angle. The

evaluated data are presented in Table 1.
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Figure 2: XRD patterns of (Lio.21Mnos4Nio.125C00.125.x)FexO2 nanopowders with different Fe content (0%, 0.01%, 0.05% ,
0.075 and 0.10)

Tablel: The FWHM values for of (Lio.21Mnos4-xNio.125C00.125)FexO2 with (x=0% , 0.01%, 0.05%, 0.010%).

preferred | FWHM i,
peak
111

0% (003) 0.302 294
Fe 0.01% (003) 0.26 34 1.11
Fe 0.05% (003) 0.255 328 1.01
Fe 0.1% (003) 0232 313 0.985
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3. It is found that the Fe-doping does not change their morphologies and All the pure and doped

samples with Fe have a similar morphology. It can be seen in Figure 3, that the as-prepared

homogeneous nanoparticles have a nearly spherical and hexagonal morphology with the size in the

range of <50nm, which would simplify the intercalate and deintercalate process for Li+ and improve

ion conductivity and rate performance.

Fe 0% Y@
)
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View field: 1.38 pm Det: InBeam
SEM MAG: 100 kx | Date(mvdy): 0121118
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Figure 3: FESEM images of a) pure nanopowders, b) Fe 0.01, ¢) Fe 0.05, d) Fe 0.10
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Image tools software was used for illustrating the distribution of particle size for pure and 0.01% Fe-
doped nanopowders. The particle size distribution was illustated in figure 4. Particles size
distribution for pure nanopowders are observed in the range of 31nm. By adding the Fe doping the
particle size are increased within the range of 46-60nm. and It was found that the particle size has

increased with increasing Fe concentration.

| Fe 0%)

50 60 70 80 90
20 30 40 50 60 Length(nm)

Length(nm)

Figure 4: Particles of distribution for Li(Lio.21Mno54Nio.125C00.125-x) FexO2 hanopowders for (x=0 and 0.01%)
Figure 5 are shown the FTIR spectra of Li(Lio.21Mno.s4Nio.125C00.125x)FexO2 nanopowders (with
x=0% , 0.01% and 0.10) recorded in between 500 and 4000 cm™. As can be seen in figure 5, for pure
nanopowders apeak at 3297.76 cm™ is the fingerprint of hydration in the collected powder. Two
peaks at 1486.95 cm™ and 1436.40 cm™ reveled Li>COzand the groups of CH, and CHs. Peaks below
1500 cm™ confirm the presence of metal oxide in vibration frequencies [23]. Three peaks in the
region of 1646.31, 1384.22 and 1867.47 Cm™ are observed with the addition of impurities in 0.01%
Fe, respectively, that corresponding to CHsOCO,Li, CH,-CHs and (COs)2. It was found that with
increasing Fe doping up to 0.10% peak in region of 1646.31cm™ [24,25].
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Figure5: FTIR spectra of Li(Lio.21Mnos4Nio.125C00.125.x)FexO2 nanopowders (x=0% ,0.01% and 0.10)

4.Conclusion:

In this paper, Li(Lio.21Mno.54Nio.125C00.125x) FexO2 nanopowders with (x=0%, 0.01%, 0.05%, 0.075%
and 0.10%) has been successfully synthesized by a sol-gel method using citric acid as chelating
agent. TG/DTA, XRD, FESEM and FTIR were employed to study the structural, chemical and
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thermal properties of prepared nanopowders. TG/DTA measurement for pure and impure
nanopowders showed the between 300-500°C, a weight loss of 80% is attributed to the thermal
decomposition of the ingredients to form Li(Lio.21Mno.54Ni0.125C00.125)O2. The structural results for
pure and impure nanopowders showed the single phase layered with the super lattice structure
originating from the monoclinic Li.MnOs The FESEM analysiss results show that The as-prepared
pure and doped nanopowders have a nearly hexagonal morphology with an average diameter of
approximately 30-50 nm. With increases Fe doping the average size of nanoparticles are increased.
FTIR spectra of Li(Lio.21Mno.s4Nio.125C00.125-x)FexO2 nanopowders (for x=0% and 0.01%) showed
Peaks below 1500 Cm™ confirm the presence of metal oxide in vibration frequencies. Finally, this
study is helpful for the production of Li(Lio.21Mno.54Nio.125C00.125.x) FexO2 nanopowders with different
Fe concentration (x=0%, 0.01%, 0.05%, 0.075% and 0.10% ) as cathode material for rechargeable

lithium-ion batteries.
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Abstract: PEM fuel cells have the ability to be operated with open-end and dead-end modes. At the
open-end mode the extra reactants are essential for obtaining the specified current density. The extra
reactants remove accumulated water in anode and cathode channel to prevent flooding. This issue at
the dead-end mode that impurities remove from channels at the specified period of times is very
important. Therefore, a deep understanding of the processes of accumulation of water in the channel
and water transport at the time of discharge and setting of discharge time for removing the water and
impurities without leaving a considerable amount of reactive gas to outlet environment is inevitable.
There are different methods for investigation of water management such as: neutron radiography, gas
chromatography, capturing use of X-ray and capturing use of inferred ray. Due to high cost and
many hazards these methods at most cases cannot be used. In this papera transparent PEMFC stack
as a simplest, cheapest and the most suitable method for investigation of water management is
recommend. Designing and manufacturing this type of PEMFC stack require special techniques. In

o P 1 =APAAEY | P ouing Sl pozl 488 g ddab 0l pgle 635551 (w0 o 5 s8uEsl S 80l 4
http:/lconf.isc.gov.ir/ifc96

Email: iranecs@gmail.com 60



Sl
:L ’r}" u.zb

Ol (g o shiwoms g

10t Iranian Fuel Cell Seminar | 20 February 2019 | 1*4Y xaul

this paper, the design steps are explained with details. The performance of PEMFC stack at open-end
and dead-end mode is compared. The results have shown that for steady-state operation, the
maximum time possible for closing the output valves is 5 seconds and the minimum time required to
open it is 5 seconds.

Keywords: PEMFC stack; Water formation; Purge duration; Dead-end mode.

1.Introduction

Due to its notable advantages like high energy conversion efficiency, high power density, quick start-
up, and low environmental pollution, Proton exchange membrane fuel cell (PEMFC) is considered as
the main alternative power source for automobiles, steady power stations and submarines [1-3].

In such PEM fuel cell systems, pure hydrogen is normally used as the fuel, and unused hydrogen is
discharged along with inert gases into the atmosphere. For a given output power, in order to
maximize the efficiency and safety, these systems should consume as little fuel as possible and
minimize the emission of hydrogen to the atmosphere.

The ratio of hydrogen usage to the total supplied hydrogen in a fuel-cell is known as the fuel
utilization. Therefore, for a 100% fuel utilization (or in dead-end mode), the amount of hydrogen fed
into the anode would be the same as the flow rate of hydrogen required for the electrochemical
reactions. However, in dead-end operation, there is a high risk of fuel starvation at the outlet of the
fuel cell, which can result in unstable cell voltages and cell degradation [4-6]. The major causes of
fuel starvation are the accumulation of liquid water at anode and cathode sides [6-7].

If the cathode holds too much water, Liquid water back-diffusion occurs from cathode to anode,
causes in flooding at catalytic active sites [8]. The fuel utilization of a PEM fuel-cell system can be
improved by employing a suitable hydrogen recirculation method or by designing a stack that avoids
flooding.
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Several studies have been carried out on improving the fuel utilization. Nishikawa et al. [9]
demonstrated a fuel utilization of 96% for a 5 kW-class PEM fuel cell stack that adopted an internal
counter-flow humidification and stack separation method; the stack was divided into two blocks such
that the exhaust hydrogen gas exiting the first block was fed into the second one after being
separated from liquid water. Uno et al. [10] proposed a pressure swing recirculation system that
operated using two check valves and fluid control devices without any recirculation pumps. Besides,
they investigated the performance of this system in a single fuel cell; the operation of the single cell
was stable over 10 h, but the cell voltage of the single cell fluctuated somewhat with the pressure
changes.

Jong Won Choi et al. [11] studied terms of power generation characteristics and the purge
characteristics for various operating conditions in a cathodic dead-end PEMFC. They applied the
pulsation effect for augmenting the mean purge interval, and as a result the smaller

amount of un-reacted oxygen released. They reported, by increasing frequency and the amplitude,
mean purge interval increased and the amount of wasted oxygen reduced. However, they didn't
investigate the anodic dead-end PEMFC but they stated that similar results can be expected for it.
Jong Won Choi et al. [12]also investigated how to improve the fuel efficiency of an anodic dead-end
mode fuel cell for portable power generation. They reported a periodic purge process in anodic dead-
end operation is required to avoid anode flooding caused by back diffusive water from the cathode.
They introduced a hydrogen pulsation method and experimentally attempted to minimize the purge
frequency. Their experimental results indicated that pulsation reduces partial pressure of the water
vapour in the anode channel, increasing the interval between purges by approximately three times,
thus improving overall efficiency.

There are different methods for investigation of water management such as: neutron radiography, gas
chromatography, capturing use of X-ray and capturing use of inferred ray. Due to high cost and
many hazards these methods at most cases cannot be used. According to mentioned problems, a
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transparent PEMFC as a simplest, cheapest and the most suitable method for investigation of water
managementis recommending.

In this paperall manufactured components are presented and explained with details. The performance
of PEMFC at dead-end mode is studied and the effect of purge time on performance of stack at time
base approach is analysed. This applied design increased hydrogen and oxygen utilization, which
consequently a higher performance has been achieved.

2.Experimental:

Designing Transparent PEMFC

Fig. 1 shows the schematic of the proposed design for a PEM fuel-cell stack without any hydrogen
and oxygen recirculation devices. Liquid separators were used to remove liquid water from the
hydrogen and oxygen. The MEA of PEMFC will be able to work at the best mode when the reactant
gases are humid, so external humidifiers are used to humid the reactant gases before entering to the
PEMFC. As well as the purge valve is used for removing the impurities and accumulated water at the

dead end mode. Designed and fabricated transparent PEM fuel cell stack are presented in Fig. 3.

Electronic
Load

Fig. 1: Process flow diagram of applied test bench
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a) b)
Fig. 2: a) The designed and b) manufactured PEMFC stack

3.Results and Discussion

Figure 3 compares voltage and power of single cell [13] and 3cell stack. Due to uniform pressure

distribution and control of stack temperature a significant promotion in performance of stack is seen.
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Fig. 3: Comparison of voltage and power of stack and single cell.
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The polarization and power curve of stack at dead-end and open-end is compared in Fig.4. The figure
shows that using applied design and adjusting proper purge parameters (closing purge valve=5s and
opening purge valve=5s) the dead-end mode can follow the open-end mode polarization curve. So,

due to consumption of less fuel, the efficiency of dead-end mode is bigger than open end mode.
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Fig. 4: Polarization curve at dead-end and open-end mode

Adjusting purge parameters was done at the single cell. The closed time period of purge valve and
purge time was 5s and 1s consequently. At the stack the closed time keep constant and try to obtain
proper time for purge time.The results of test show that the optimum time for purge is 5s. With this
purge duration times the stability of voltage and current density is seen.

In Fig. 5 variation of stack current at the constant voltage of 2.1 V with purge time of 2s is depicted.
As it can be seen, due to water accumulation and low purge time the current during dead-end test is
decreasing continually. This trend continued for purge time of 3 and 4s. The result showed that the

minimum time for purge duration with permanent variation is 5s (see Fig.6).
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Fig. 5: Variation of current at constant voltage of 2.1 V (Purge time=2s, closing purge valve=5s)
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Fig. 6: Variation of current at constant voltage of 2.1 V (Purge time=5s, closing purge valve=5s)
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In Fig. 7 the water formation at the lower half part of PEMFC stack at dead-end mode is shown. The
result show that up to i=200 mA/cm? produced water is in the form of separate droplet and there is
no film water and slug flow. As it expected, accumulating of water in the lower half part is more
sensible than the upper half part. So, reducing number of channel at the lower part for increasing
velocity and water removal is essential. By increasing current density to 300 mA/cm? the film water
and in some cases slug flow is seen at the lower half part of flow field. At the higher current density
the produced water occupy the channels and by decreasing active area, significant reduction of

current density will be happened.
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b) =100 mA/cm2
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e) =700 mA/cm2

f) =900 mA/cm2

4.Conclusions

PEM fuel cells have the ability to be operated with open-end and dead-end modes. At the open-end
mode the extra reactants are essential for obtaining the specified current density. A deep
understanding of the processes of accumulation of water in the channel and water transport at the
time of discharge and setting of discharge time for removing the water and impurities without
leaving a considerable amount of reactive gas to outlet environment is inevitable. In this
paperdifferent parameters such as: water production and removal at dead-end mode and discharge
parameters is tested and evaluated. As regards that water management at dead-end mode becomes
more important with increasing the number of cell, for the first time a transparent PEMFC stack with
dead-end cathode and anode is designed, manufactured, fabricated, tested and evaluated. The optimal
and proper time for opening and closing the exhaust valve for obtaining uniform fluctuation of
voltage and current density is achieved 5s and 5s for stack, respectively. The results showed
thataccumulating of water in the lower half part is more sensible than the upper half part.So,
reducing number of channel at the lower part for increasing velocity and water removal is
essential. The result show that up to i=200 mA/cm? produced water is in the form of separate droplet

and there is no film water and slug flow. By increasing current density to 300 mA/cm? the film water
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and in some cases slug flow is seen at the lower half part of flow field. At the higher current density
the produced water occupy the channels and by decreasing active area, significant reduction of

current density will be happened.
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Abstract: Electrooxidation of several fuel compounds was studied using metallic nanoparticles such
as Au, Pd, Pt, AuPd and AuPt synthesized by electrodeposition. Scanning electron microscope
(SEM) images and X-ray diffraction (XRD) data showed that monometallic (Au, Pd and Pt) and
alloys of bimetallic nanoparticles of AuPd and AuPt were formed. The catalytic performance of the
prepared electrodes was investigated in acidic, alkaline and neutral media (100 mM phosphate
buffer, pH 7) by cyclic voltammetry and the results were compared. The performance of the
electrocatalysts towards electrooxidation of most common fuels that use in fuel cell were studied.
Keywords: Nanostructure; Electrodeposition; Fuel cell; Electrooxidation; Acidic medium.

1.Introduction

As energy consumption is growing, consideration of supplying accessible, highly efficient and

environment-friendly power sources is greater. Fuel cells are remarkable alternatives that transform
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chemical energy to electricity. Electrooxidation and electroreduction processes to generate higher
energy have been always a challenging subject for researchers. Electrooxidation of fuels and
reduction of oxygen are the main reactions that occur on the electrocatalysts [1]. Fuels which are
different in fuel cells consist of small molecules of methanol in direct methanol fuel cells (DMFCs),
ethanol in direct ethanol fuel cells (DEFCs), hydrogen in proton exchange membrane fuel cells
(PEMFCs), etc. Pt is the most common used catalysts in anode and cathode compartments of fuel
cells but the main barriers in the commercialization of fuel cells are limited sources of Pt in nature
and its high cost. Besides, electroreduction of oxygen which shows a sluggish electron transfer
kinetics associated with the cathode reaction, has encouraged researchers to be looking for a high
performance and cost-effective alternative catalyst to replace Pt. It has been estimated the cost of
anode and cathode catalyst in fuel cells is about 30 — 50% of the manufacturing cost of the fuel cell

that indicates the importance of finding valuable materials for catalyst compartments [2, 3].

2.Experimental:

2.1. Chemicals

All fuels comprising methanol, ethanol, propanol, butanol, ethylene glycol, glycerol and KOH,
H.SOs were of analytical grade. Gold, platinum and palladium salts were purchased from

SigmaAldrich. All solutions were prepared using distilled water (18 MQ cm).

2.2. Apparatus

The surface morphology of the bare and modified electrodes was characterized by a scanning
electron microscope (Leo Supra 50 VP) equipped with energy dispersive X-ray spectrometer (EDX).
An eDAQ EA 161 potentiostat connected to e-corder 410 (4-channel recorder) equipped by EChem
software v2.1.0 were used for the electrochemical experiments. A conventional three-electrode
electrochemical cell was used for the cyclic voltammetry and chronoamperometry where an
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Ag/AQCI (sat. KCI), a platinum wire and a bare/modified carbon electrode were used as the
reference, auxiliary and working electrodes, respectively.

3.Results and Discussion

Many compounds have been used as fuels in fuel cells. Alcohols such as methanol [4], ethanol [5],
ethylene glycol [6], glycerol [7] and glucose [8] are the mostly-used fuels for fuel cells. Amongst the
fuels, methanol and ethanol have been used more as fuels, despite their toxicity and volatility.
Electrooxidation of 1-propanol, 2-propanol and 1-butanol have also been studied. Ethylene glycol,
glycerol and glucose are the simplest diol, triol and polyol, respectively that have received much
attention in fuel cells and catalysis because they are less volatile and toxic (compared to ethanol and
methanol). Besides alcohols, much interest has been devoted to other compounds as fuels such as
urea, formic acid, formaldehyde [9, 10]. Efficiency of the fuel cells depends on several factors such
as electrode materials and energy generated from the electrooxidation of the fuels. A fuel can be
partly or completely oxidized during the electrooxidation process. Complete oxidation of the fuels is
not easy since the C-C bond has to be broken (except for methanol).

Electrodeposition technique was used to prepare metallic nanostructured catalyst on a carbon-based
electrode. A constant potential of —200 mV was applied for 120 s to deposit metallic particles on
carbon electrode. The prepared metallic nanoparticles were electrochemically characterized by cyclic
voltammetry. The electrochemical surface area (ECSA) values that were calculated from cyclic
voltammograms.

Figure 1(a-f) shows the SEM images of the bare carbon-based electrode and monometallic (Au, Pd
and Pt) and bimetallic (AuPd and AuPt) nanoparticles deposits on carbon. Figure 1(g and h) is the
EDX of the prepared AuPd and AuPt nanoparticles. The XRD patterns of the electrodeposited

nanoparticles have been shown in figure 1i.
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Fig. 1. SEM images of (a) bare PG, (b) AuNPs/PG, (c) PANPs/PG, (d) PtNPs/PG, (e) AuPdNPs/PG and (f) AuPtNPs/PG.
EDX analyses of (g) AuPd and (h) AuPt electrocatalysts. (i) XRD patterns of the metallic electrocatalysts on the PG.
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The electrooxidation of some organic compounds that are used as fuels in fuel cells have been
studied by cyclic voltammetry and the results are shown and compared in figure 2. The study have

been conducted in acidic, alkaline and neutral media.

Peak current density, A cm™

Fig. 2. Multibar chart of the electrooxidation peak current densities of several fuel compounds on diff erent
electrodes in 0.1 M NaOH. The peak current densities were obtained by sweeping potential in the range of —
600-800 mV at scan rate of 100 mV s

4. Conclusions

Au, Pd, Pt, AuPd and AuPt electrocatalysts were electrodeposited on the pencil graphite as a carbon-
based material by applying a constant potential in the acidic electrolyte. The electrodes indicated
stability during the experiments as no leaching was observed. The bare PG and metallic
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nanoparticles electrodeposited on the PG electrodes were used in this work to compare the ability of
the electrodeposited nanoparticles toward the electrooxidation of the most common fuels in the
acidic and alkaline media. PG did not show any activity in the acidic (except to benzyl alcohol) and
alkaline media. The catalytic performance of the electrodeposited monometallic and bimetallic
nanoparticles varied from medium to medium and fuel to fuel. The fuels mostly present better results
in the alkaline medium rather than the acidic electrolyte.
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Abstract: Electrocatalytic activities Pt and Pt_Sn nanoparticles supported on Multiwall carbon
nanotubes and Vulcan carbon were examined for methanol oxidation reaction. The Pt/C, Pt_Sn/C,
Pt/MWCNT, Pt Sn/MWCNT catalysts were synthesized using a deposition_ reduction technique
with sodium borohydride. The electrocatalysts were characterized by EDS, XRD, FESEM and cyclic
voltammetry. The Pt_Sn/MWCNT electrocatalyst with an atomic ratio Pt/Sn (3:1) in MOR exhibited
a higher forward peak current density and a lower peak potential during cyclic voltammetry
compared to other electrocatalysts. Then the effect of glassy carbon electrode (GC) surface
modification by a thin layer of polyaniline was investigated. The results showed that in present a thin
layer of polyaniline and platinum-tin electrocatalytic particles supported on multiwall carbon
nanotube (GC/polyaniline/Pt-Sn/CNT) the oxidation of methanol in aqueous acid media is
considerably enhanced.

Keywords: Electrocatalyst; Platinum; Polymer; Tin; Methanol Oxidation

Introduction
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Low temperature direct alcohol fuel cells (DAFCs) are extremely attractive as power sources for
transportation, mobile and portable applications because it is not necessary to convert the fuel in a
reformer into hydrogen [1]. However, alcohols are very difficult to electro_ oxidized completely and
up to now methanol has been considered the most promising fuel, because it is more efficiently
oxidized than other alcohols and thus direct methanol fuel cells (DMFCs) have been developed for
the portable power market. The methanol oxidation reaction (MOR) by itself is rather slow and
requires active catalytic sites for adsorption and oxidation of methanol [2]. The high activity and
stability of platinum metal, especially in acidic environments, makes it a suitable catalyst for electro-
oxidation of many small organic molecules [3]. The performance of Pt for the methanol oxidation is
still rather poor, but it is possible to enhance its activity by introducing a second metal, like Ru or Sn
[4]. The formation of bimetallic alloys changes the structural and electronic properties of Pt catalyst,
allowing desired reaction pathways [5]. Compared with platinum, Sn can active water at lower
potentials so that some OH species is formed at low potentials on Sn sites and then the adsorbed CO
reacts with adsorbed OH species to produce CO>. On the other hand, a higher platinum dispersion on
a suitable support should enable a decrease in the amount of platinum used in the DMFC active layer
without performance loss and decrease the amount of adsorbed linear CO species. It is widely
accepted that the catalytic performance of metal catalysts depends on not only their geometry and
dimension, but also their supports. Therefore, numerous research efforts focused on the development
of novel supports to improve dispersion, activity and stability of catalysts with a reduced cost. Pt or
Pt _based alloys, supported by carbon materials are commonly used catalysts in direct methanol fuel
cells (DMFCs) in acidic solution [6-7]. Carbon nanotubes (CNTs) are considered an attractive
supporting material due to its high electrical conductivity, large specific surface area, good thermal
and chemical stability [8-10]. One way of getting a better distribution of the catalytic particles is to
disperse the material within a convenient electron conducting matrix [2]. Polyaniline (PANI) with

porous structure and high surface area is a particulary attractive material as catalyst support.
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Polyaniline can have a specific interaction with Pt that helps to reduce the absorbance of CO on Pt
particles, which is a major factor leading to the poisoning of Pt catalyst [11].

Experimental

Electrocatalyst preparation

Pt/C, Pt-Sn/C, PMWCNT, Pt-Sn/MWCNT catalysts with the Pt/Sn atomic ratios 3:1 were prepared
using HapPtCls. 6H20 (Aldrich), SnCl,. 2H20 (Merck) as the metal source and carbon Vulkan XC72
and Multiwall carbon nanotubes as the supports. Catalysts were synthesized by deposition_ reduction
technique in liquid phase using NaBH4 (Merck) as reducing agent.

The supports were dispersed into deionized water under magnetic stirring for 30 min at 40°C.

Calculated amounts of HzpPtCle. 6H20 and SnCl2.2H20 solutions were added to the above mixture
and sonicated for 1h. A freshly prepared 0.1M NaBH3 solution (in 1M NaOH) was added drop by
drop into the above solution under vigorous stirring in four portions of the same volume. The
portions were added after 30 min one from the other. The mixture was stirred for 2h, the obtained
mixture was cooled up to room temperature, filtered and washed with ultrapure water. The formed

powder was dried in a vacuum oven at 70°C for 3h. Pt catalysts were also prepared by the NaBH4

reduction process.
Physical characterization
Structural characteristics of the synthesized powders were investigated by XRD (Ds ADVANCED

BRUKER) using Cu ka as the radiation source. For XRD, the working voltage and current were

maintained at 40 kv and 40 m A, respectively. Field-emission scanning microscope (FESEM) was
used for the microscopic observation of as_prepared catalysts. Energy diffraction spectroscopy
(EDS) was adopted to analyze the atomic ratio of Pt to Sn in the bimetallic alloy.

Electrochemical measurements

An electrochemical instrument (Autolab ) and a conventional three electrode test cell with a
saturated calomel electrode (SCE) as the refrence electrode, platinum wire as the counter electrode
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and a glassy carbon electrode as the working electrode were used for the electrochemical
measurements. The MOR activity was measured also by CV in 0.5 M CH3OH with 0.1 M H2SO4 as
electrolyte at room temperature with a scan rate of 50 mVs™. Catalyst inks were prepared as follows:
catalyst powder (5 mg) was dispersed in Nafion, ethanol and water the mixture was sonicated for 30
min to obtain a homogeneous ink. 10 micro liter of the catalyst inks from each kind of catalyst was

then coated onto a freshly polished glassy carbon electrode and was dried at 60°C for 10 min.

Electrode modification
Electrode was derivatized with Polyaniline by electropolymerization of 0.04M aniline in
0.5M H2SO. Electrode was cycled repeatedly from -0.2 to +0.9 V at 50 mVs? until the desired

coverage of polymer was obtained.

Results and discussion
The X_ Ray diffractograms of the electrocatalysts are shown in Fig (1). There were no obvious peaks
for Sn or its oxides in the XRD patterns of all PtSn catalysts. It was also found from the XRD

patterns that there was an obvious 28 shift to lower angle for PtSn catalysts, which became more
obvious as the Sn content increased. The 28 of the Pt(220) peak for PtSn has angle shift lower than

that for Pt. The lower angle shift of the Pt peaks and the absence of XRD peaks for Sn and its oxides
account for the alloy formation and the interaction between Pt and Sn [12].
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Fig. 1. XRD patterns of Pt/C (a), Pt_Sn/C (b), PUMWCNT (c), Pt-St/MWCNT (d).

FESEM images of the Pt/C, Pt-Sn/C, Pt/MWCNT, Pt-Sn/MWCNT catalysts are shown in Fig (2),

which showed that the nanoparticles are uniformly on the surface of carbon supports.
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Fig.2. FESEM images of Pt/C (a), Pt_Sn/C (b), Pt-Sn/MWCNT (c), Pt MWCNT(d).

Energy-dispersive X-ray spectroscopy (EDS) results of PUMWCNT, Pt-Sn/MWCNT are depicted in
Fig (3). The results confirm that both platinum and Tin species are present on the surface of multi-

wall carbon nanotubes.
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Fig.3. EDS analysis of P/MWCNT (a), Pt_Sn/MWCNT (b).

The electrocatalytic activities of the different catalysts during the oxidation of methanol were
compared by cyclic voltammetry experiments at room temperature. Fig (4) illustrates the forward
and backward CV profiles of MOR for Pt/C, Pt-Sn/C, PUMWCNT, Pt-Sn/MWCNT in 0.5 M CHzOH
+0.1 M H2SO04 solution. The activity of Pt catalysts for the methanol oxidation can be represented by
the magnitude of the forward anodic current peak. The onset potential for oxidation, the peak
potential and the peak current density are all often used to evaluate the catalytic activity of an
electro-catalyst. As shown in Fig (4): The synthesized Pt_ Sn/MWCNT catalyst had the peak
potential which was about 055 V, lower than the peak potential for Pt/C,
Pt_ Sn/C, P/MWCNT electrocatalysts. The synthesized Pt_ Sn/MWCNT exhibited the highest
current density as compared to that other catalysts. This confirms improved kinetics of methanol
electro_ oxidation upon Sn addition and the effects of multiwall nanotubes as the support.
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Fig.4. CVsof Pt/C, Pt_Sn/C, Pt/ MWCNT , Pt-S//MWCNT in 0.5M CH3OH and 0.1 H,SO,,
It is well known that the ratio of the forward anodic peak current () to the backward anodic peak

current (I), lglb, could be used to describe the catalyst tolerance to incompletely oxidized species
accumulated on the surface of the electrode [13-16]. A higher ratio indicates more effective removal
of the poisoning species on the catalyst surface [15,17 ]. In table(1),the ratio of I¢l, for

Pt Sn/MWCNT is only 1.6 m A Which is higher than other catalysts.

Table. 1. comparing the CVs of synthesized electrocatalysts

Catalyst I (md) | I,(mA) E}{V] I 7 (m4)
b

Pt/C 0.16 |0.125 0.62 1.28

Pt-Sn/C 0.3 0.225 0.59 1.33

Pt/MWCNT 0.23 |0.160 0.57 1.40

Pt-Sn/MWCNT 0.37 |0.230 0.55 1.60

According to Fig (5), displays the cyclic voltammogram of the GC/PANI/Pt_Sn/MWCNT in 0.5 M
CH3OH + 0.1 M H2SO;4 solution. The results showed that in present a thin layer of polyaniline and
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platinum-tin electrocatalytic particles supported on multiwall carbon nanotube (GC/polyaniline/Pt-
Sn/CNT) the oxidation of methanol in aqueous acid media is considerably enhanced. In this work,
the forward peak current density of the GC/PANI/Pt_Sn/MWCNT is 1/2 mA, higher than that of
platinum, platinum_ tin electrocatalysts supported on multiwall carbon nanotube and Vulkan carbon.
It is obvious that alloying Pt with Sn and the presence PANI and multiwall carbon nanotube, both
improved the activity for methanol oxidation. This catalytic enhancement may be due to the
following reasons: (i) increase of the lattice parameter in the presence of the PtSn alloys enhanced
the adsorption and dissociation of methanol while it also increased the activity of methanol oxidation
at lower potentials. (ii) Formation of OH groups through water activation on the Sn species at lower
overpotentials than on Pt, which is a key step for the oxidative removal of the adsorbed CO; thus,

adsorbed CO oxidation on PtSn electrocatalyst is possible at lower potential than on pure Pt [2, 19].
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Fig.5. CV of GC/PANI/ Pt_Sn/MWCNT in 0.5M CH30OH and 0.1 M H,SO, at a scan rate of 50 mVs™.
Conclusion

Pt, Pt_ Sn nanoparticles on multiwall carbon nanotubes and Vulkan carbon have been successfully
synthesized using a deposition-reduction technique with sodium borohydride. The results show that
GC/PANI/Pt_Sn/MWCNT is a more suitable electrocatalyst for methanol oxidation compared to
other catalysts studied here. Sn species improve the kinetics of OHags formation and result in higher
tolerance of the electrode against poisoning species, especially COags. The nanotubular materials act
as conducting material that improves electron transfer between catalyst particles and nanotubes and
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also act as accessible mesoporous network for catalytic particles. Polyaniline with porous structure
and high surface area improves catalytic activity for methanol oxidation.
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Investigation of parameters affective on MFC operation
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Abstract: Bioenergy is a renewable energy that plays an indispensable role in meeting today’s ever
increasing energy needs. Unlike biofuels, microbial fuel cells (MFCs) convert energy harvested from
redox reactions directly in to bioelectricity. MFCs can utilize low-grade organic carbons (fuels) in
waste streams. In recent years, MFCs have also been used in the electrolysis mode to produce
bioproducts in laboratory tests. Micro organisms actively catabolize substrate, and bioelectricities are
generated. MFCs could be utilized as power generator in small devices such as biosensor. Besides
the advantages of this technology, it still faces practical barriers such as low power and current
density. In the present article different parts of MFC such as anode, cathode and membrane have
been reviewed and to overcome the practical challenges in this field some practical options have
been suggested MFCs research has intensified in the past decade and the maximum MFCs power
density output has been increased greatly and many types of waste streams have been tested.
However, new breakthroughs are needed for MFCs to be practical in wastewater treatment and
power generation beyond powering small sensor devices. To reduce capital and operational costs,
simple and robust membrane less MFCs reactors are desired. This review is an update on the recent
advances on MFCs designs and operations.

Keywords: Microbial fuel cell; Biosensor; Biocatalyst; Anaerobic anode; Bioelectricity
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Introduction:
During the past centuries, fossil fuels in the process of industrialization and economic growth helped.
But it is clear that this type of fuel can establish a sustainable global economy. Due to limited energy
resources environmental problem of the use of these pollutants Higher efficiency of energy
conversion methods, as well as the use of polluting fuels produced from renewable energy sources
and the possibility has not been possible nonrenewable matters Wide efforts to replace the electricity
generation methods is ongoing. Direct conversion of fuel into electrical energy fuel cell technology,
tilt, promising new approach for energy sidestep environmental pollution. Microbial fuel cell system
usually consists of two anodic and cathodic compartment which are separated by a membrane for
proton exchanger. Electrons from the cathode through an external circuit and the protons pass
through the membrane to be [1,2]. MFC is an emerging technology that uses biofilms as catalysts to
convert chemical energy in organic (and some inorganic) matter directly in to electricity [3,4]. MFC
has adistinct advan tagein that it can utilize low-grade biomass or even wastewater, which is
otherwise not utilized, toproduce bioelectricity Among the factors influencing the rate of electron
transfer from bacteria to the electrode in the anode chamber measurable impact on the performance
of the cell. Intermediates used in microbial fuel cell is often toxic and expensive compounds [5,6].
Therefore, long-term use of microbial fuel cell-mediated economically not cost effective. But in
microbial fuel cells used in the immediate microorganisms are electro-chemically active, in other
words, microorganisms capable of electrons in the absence of chemical mediators to the electrode
surface transport. production of organic food consumption is driven directly out of the cell. Most of
these bacteria are anaerobic categories are optional. And species (shewanella) Shewanella,
(Geobacteraceae), and Esherichia coli (E.coli) bacteria that are generally immediately transmit
electrons. As noted, micro-organisms as baokatalyst are used in microbial fuel cell, which can be

used in pure form or blended [7,8]. Parameters were studied to enhance electricity [9].

Experimental:
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Microbial fuel cell system in tests of a two-part cell includes an anode, and catod an aerobic were
used separately. Containers made of glass, plexiglass capacity of 1000 mL which each of 750 ml

were used.

Figl: Microbial fuel cell picture

The anode and cathode both made of flat, graphite. The electrodes must be removed before use for
minor metals and impurities were for 48 hours and then washed with deionized water [10].

To measure the output voltage of the air cathode microbial fuel cell with a data recording device was
used. Since the voltage changes considered in short time intervals, so the software designed for the
device, register the input voltage interval was defined ten minutes [11].

At the beginning of the production of synthetic wastewater sodium acetate dissolved in 300ml
phosphate buffer at PH= 7 settlement and it 10ML dissolved metals, minerals and vitamins added
secondary and minor creature Most studies substrates such as glucose, sucrose acetate as a carbon
source for the bacteria. Since the cells - is used. Microbial fuel using acetate as carbon source, can be
achieved more, the sodium acetate was used in this study [12].

Results and discussion:
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With the arrival of sewage into the reactor pressure rose rapidly and then actually produced was a
constant flow of electron transfer between the electrode surface is based on microbial fuel cell. On
the other hand, glucose substrate that can easily be decomposed by microorganisms. pH using
phosphate buffer solution at pH = 7 kept and cathode compartment is filled with buffer solution. The
initial cell voltage, after the inoculation of microorganisms in less than 42(mv) was then increased.
Nearly 24 hours after inoculation rate maximum open circuit voltage and the amount has been stable
during the study period. The maximum open circuit voltage of about 750 mv is registered. in fig 2
show that After 36h balanc voltage hard set than badge formation bacteria constant balance.
Microbial Source: The first step in this research is suitable microbial source selection and gain
optimum temperature conditions for the growth of microorganisms. Anaerobic wastewater treatment
plants and sewage Jerusalem hospitals as two distinct microbial source medium is inoculated. And
then mixed anaerobic growth curves in different conditions including ambient temperature (20 ° C)
to 140 ° C were evaluated in the same way that data is an aerobic mixed at temperatures of about 60
° C Best has shown growth. And at 20 ° C, the lowest growth was observed.in fig4d show that
Microbial Source: The first step in this research is suitable microbial source selection and gain
optimum temperature conditions for the growth of microorganisms. Anaerobic wastewater treatment
plants and sewage Jerusalem hospitals as two distinct microbial source medium is inoculated. And
then mixed anaerobic growth curves in different conditions including ambient temperature (20° C) to
140 ° C were evaluated in the same way that data is anaerobic mixed at temperatures of about 60 ° C
Best has shown growth. And at 20 ° C, the lowest growth was observe.
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Fig.2. microbial fuel cell voltage curve
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Fig.3. The stirring or rotation examined Which is distinguished from around 100(v) to 400(v) was followed in the

rotation came to a constant voltage. It is known in the diagram
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Fig.4.voltage the temperature curve

Conclusions:

This work presents an overview of MFC technology, including issues such as new materials for use
in the main components of these devices (cathode, membrane and anode), types of configurations
and MFC modeling. The results of recent studies suggest that MFCs will be of practical use in the
future and will become a preferred option among sustainable bioenergy processes. Many scientific
works have demonstrated that this technology offers potentially promising prospects for wastewater
treatment and power generation but also for applications such as water desalination, metal recovery
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and dye removal. New low cost materials are being developed and applied in MFCs in order to
improve their efficiency.
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Optimization of the contact pressure distribution in PEM fuel cells
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Abstract: A finite element model is developed to investigate the influence of the assembly pressure
of proton exchange membrane fuel cell (PEMFC) single cell components especially the membrane
electrode assembly (MEA). A new design end plate consists of two separate plates like a cylinder
and a piston and the applied pressure exerted pneumatically to the fuel cell assembly. This end plate
distributed the contact pressure more uniform than the conventional bolts and nuts clamping
mechanism and causes to reduce the stress concentration. The contact pressure distribution over the
MEA for some different pneumatic chamber size is investigated and optimized using finite element
method. The results are compared with the contact pressure distribution achieved by simple steel end
plate. It is obvious that the pneumatic clamping mechanism acts better that those of simple
conventional bolts and nuts clamping mechanism.

Keywords: PEM fuel cell; Finite element method; Contact pressure; Clamping Mechanism.
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1. Introduction

Proton exchange membrane fuel cells (PEMFCs) are recognized as environmentally friendly power
sources for residential, portable and transportation applications [1]. Researchers revealed that around
59% of the total power losses are due to the contact resistance between bipolar plate and gas
diffusion layer (GDL) in PEMFCs [2]. The most important factor influencing the contact pressure
distribution over the active area is the clamping pressure. The clamping mechanism provided the
sealing pressure at various interfaces, decreased the contact resistance between interfaces, increased
the security, connected between all components, provide excellent electrical conductivity and proper
pressure distribution.

Only few researchers worked on the design of the clamping mechanism to improve the contact
pressure between the components. Boguslaw et al. [3] designed a clamping system with compression
bands. In their design each end plates consist of a pair of plates with stacks of disk springs interposed
between them. Yu et al. [4] a new design of asymmetric composite sandwich endplates which are
made of carbon fiber reinforced composite and glass fiber reinforced composite with a pre-curvature
generated by the residual thermal deformation, which will yield the required pressure distribution in
the stack when the endplates are fastened by the clamping device. In all mentioned works the
researchers used the technique to apply the clamping force on central area of the components against
conventional bolts and nuts clamping system. Toshiyuki [5] invented the endplate that consist of a
pair of plates which can move in a direction toward and away from each other, and a plurality of
resilient members independent of each other which are arranged in parallel or in series with each
other. The resilient members can be coil springs, coned disk springs and members made from elastic
materials. This clamping system can distributes uniformly the tie rods force to the stack. Stephen [6]
used a pair of plates for upper end plate that one of them contains a plurality of threaded bores
extending over the entire surface area. By adjusting the screws in the bores the proper contact
pressure achieved. James et al. [7] explained the clamping system that consists of the load members

on top of the end plate to exert the pressure at the central area of them. In this manner, each tie rod
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extends from the load member along the outside of the stack and is connected at its other end to a
leaf spring that rests on the outer surface of the end plate. Wang et al. [8] designed a hydraulically
pressurized pocket end plate with a thin wall which transmitted the hydraulic pressure inside the
pocket to the bipolar plates.

The non-uniform contact pressure can result in hot spots formation in membrane electrode assembly
[9, 10], which might have a detrimental effect on the electro-chemical performance and life of the
PEMFC. Chang et al. [11] experimentally examine the effect of the clamping pressure on the electro-
physical properties of a carbon paper GDL such as porosity and gas permeability. They also examine
the effects of clamping pressure on the electrochemical performance of a PEMFC. Wen et al. [12]
investigated the effects of different combinations of bolt configuration and clamping torque on the
performance of a single PEMFC and a 10-cell stack. They showed that the uniformity of the contact
pressure distribution, the ohmic resistance and the mass transport limit current had highly linear
correlations with the mean contact pressure. They also proved that increasing the mean contact
pressure improved the uniformity of the contact pressure distribution and reduced the contact ohmic
resistance.

The goal of this study is to improve and develop the pneumatic clamping mechanism using finite
element method. In addition, the comparison between the conventional clamping mechanism and the

pneumatic mechanism is investigated.

2. Description of the design

Fig. 1 shows the schematic of the novel design of the clamping mechanism composed of two end
plates. Each end plate is made up of two components which outer part and inner part play the role of
cylinder and piston, respectively. The sealing between the two components of each end plate is
performed using o-ring gasket. These components are assembled to create the pneumatically
pressurized pocket end plate. The air pressure inside the pocket is transmitted to the different

components of PEM fuel cell.
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Fig. 1: Schematic diagram of the pneumatic clamping mechanism.

3. Finite element model

Contact pressure distribution is concerned with the rigidity of the components. Thus, increasing the
end plates rigidity results in an increase of the uniformity of contact pressure distribution. However,
for conventional clamping mechanism increasing rigidity leads to an increase in end plate volume
and weight. In pneumatic clamping mechanism the gas pressure exert to the components [13].
Therefore, optimizing the pressure chamber size causes to improve the contact pressure distribution
over the active area of PEMFC.

Fig. 2 shows the finite element model of single cell for both new and conventional bolts and nuts
clamping systems. As shown in Fig. 2(a) one eighth of the conventional bolts and nuts clamping
system has been modeled do to its symmetric condition. Fig. 2 (b) illustrated the quarter of the single
cell model, which one of the end plates modeled based on the new and the other modeled like the
conventional bolts and nuts clamping system. Without missing any precision in simulation, only the
moving plate modeled for simplicity. For conventional bolts and nuts clamping system the clamping

pressure exerted through concentrated force by rigid washers on top of the moving plate (Fig. 2).
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(@ (b)

Fig. 2: Finite element model of the single cell, (2) Conventional bolts and nuts, (b) Pneumatic clamping.

The contact properties are assumed to be penalty with the friction of 0.1. In other contact surfaces
when one of the two interaction surfaces is belong to sealant material the contact pressure is defined

0.3. The components property and dimension which are used in modeling of the PEMFC are stated in

table 1.
Table 1. Properties and dimensions of the PEMFC components.
Module of Poisson’s  Density Dimensions
Components Material
P elasticity (MPa) ratio (Kg/m*) (mm)
Bipolar plates ) 295*295*3.5
_ Graphite 5100 0.25 2100
Cooling plates 295*295*3.5
Current collectors Copper 100000 0.33 8900 295*295*5
Stainless steel 316L 209000 7800
End plates . 0.35 350*350*50
Aluminum 70000 2700
GDL [14] Carbon paper 10 0.25 400 202*202*0.235

EPDM (Ethylene-Propylene-Diene Monomer) 60 Shore A which is a kind of elastomer is used as
fuel cell sealant. The method of determination EPDM properties which is used in software stated in

our previous work [11]. The pneumatic model which is meshed in the Abaqus software is illustrated
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in Fig. 3. In this figure the chamber size which can changed to obtain the optimize contact pressure

distribution is shown.

chamber size

Fig. 3: Meshed pneumatic clamping mechanism using Abaqus software.

4. Results and Discussion
In this section the contact pressure distribution contour over the active area is investigated and the

optimizing the chamber size is done. Fig. 4 illustrated the contact pressure for PEM single cell using
FEM. This figure shows the contact pressure results of the new design of clamping mechanism for

the chamber size 236 mm X 236 mm.
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Fig. 5: Contact pressure distribution contour over the MEA of PEM single cell for pneumatic clamping mechanism

with the chamber size 236 mm = 236 mm.

Fig. 7 shows the contact pressure distribution over the MEA for the pneumatic chamber size

236 mm X 236 mm. The contact pressure measured in three different directions; along the x axis

(X-Direction), along the y axis (Y-Direction) and along the diagonal axis of the MEA (D-Direction).
These three directions are shown in Fig. 6. As shown in Fig. 7 the amount of contact pressure have
not very significant changes in the mentioned directions. The amount of the contact pressure for the
D-Direction is critical. Thus the contact pressure for this direction is investigated to find the optimum

chamber size.
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Fig. 7: contact pressure distribution over the MEA for pneumatic clamping mechanism with the chamber size

236 mm = 230 mum.

Fig. 8 demonstrated the contact pressure distribution over the MEA along the D-Direction for simple
steel end plate and four different pneumatic end plate chamber size. The pneumatic endplate

chamber size is 132 mm, 125 mm, 118 mm and 111 mm for pneumatic 1 to 4, respectively.
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Fig. 8: Contact pressure distribution over the MEA along the D-Direction.
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5. Conclusions

In this paper, the pneumatic clamping mechanism has been improved and optimized using finite
element simulation to have the better contact pressure distribution over the surface. A three
dimensional finite element simulation is used to optimize this clamping system and compare it with
conventional bolts and nuts clamping mechanism. It is concluded that new clamping system can
distribute the clamping pressure more uniform than the conventional clamping system. Also, the
contact pressure can changed extensively with changing the chamber size of the pneumatic clamping
mechanism. Hence, investigating the chamber size is an important object to have the proper

clamping mechanism.
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Astract:Microbial fuel cells (MFCs) are bioelectrochemical systems which can degrade organic
materials and are increasingly seen as potential contributors to low carbon technologies, particularly
in energy recovery from and treatment of wastewater. In the last years, noticeable growths in MFC
technology have been seen, although, significant challenges still exist before the MFC can be ready
to commercialization. Towards MFC commercialization different scale-up studies were performed
and these studies indicate that scaling-up MFCs is possible, but it is important to improve power
output with new designs that can be used in large scale applications. The present work deals with the
design stacked microbial fuel cell (MFC) to generate electricity from wastewater.

Keywords: MFC Stack, Renewable Source, Design, Membrane

1.Introduction
During the last few decades, there has been an increasing request for renewable energy sources
which has caused the research in alternative energy technologies. The threats of CO2 emission from

fossil fuels to climate change calls for a clean energy production approach utilizing biomass [1]. The
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MFC technology has been expanded for energy generation and pollutant removal based on
bioreactions of microbial cells. These devices convert chemical energy to electrical energy through
the catalytic action of microorganisms in the anode. A membrane uses as a separator of the anode
and cathode chambers [2].

The benefits of this technology include non-contamination, high energy efficiency, mild operating
conditions, strong biocompatibility, and great application potential in various areas, which have
received a great deal of attention from researchers. With respect to the design, growing attention is
dedicated to small-scale devices, due to easy fabrication and the possibility to precisely manipulate
the fluid dynamic conditions.

On the other hand, it has been proven that the most viable way for scaling-up the technology is to
arrange multiple MFC units in stacks [3]. As such, miniature MFC designs are particularly
noteworthy because they can facilitate the volume [4].

It has been known for several years that microorganisms or enzymes can be used to produce
electricity in MFCs. The idea of using MFCs in an attempt to produce electricity was first conceived
by M. C. Potter in 1911. In 1931, Barnet Cohen drew more attention to the area when he created a
number of microbial halves fuel cells that, when connected in series, were capable of producing over
35 volts, though only with a current of 2 milliamps [6]. In 1963, more work on the subject came with
a study using hydrogen produced by the fermentation of glucose by Clostridium butyricum as the
reactant at the anode of a hydrogen and air fuel cell. Significant progress on the

understanding of electron transfer mechanisms, development of efficient bio electrocatalytic
interfaces and development of novel, low cost, and durable electrode materials, has already been
achieved but there is nevertheless ample room for improvement and work to be done, before
reaching industrialization of MFCs. Kim et al. detected that some electrochemically active species of
bacteria did not need the mediator molecule to transport electrons to the electrodes and developed the
mediatorless MFC, which significantly improved the commercial possibility of MFC by removing

the expensive mediator chemicals needed for electron transport [7,8]. The first efforts at stack MFCs

o P 1 =APAAEY | P souing juiSdl ool sy ‘rog.wo.ii._.b‘aﬂlgngco;Sﬁuls‘ouM.;.ﬁpolSﬂgla:wlﬁﬂa

http:/lconf.isc.gov.ir/ifc96

Email: iranecs@gmail.com 106



B 2
:ﬁr}' OAZ’)

Ol (g o shiwoms g

10t Iranian Fuel Cell Seminar | 20 February 2019 | \¥4Y xéul )

were performed on 1 L scale MFCs, including a 12 pair cassette-electrode MFC, obtaining high
organic matter removal rates and power production. Jiang et al. also worked a stacked MFC of 16 L
with urban wastewater obtaining low removal rates with low electricity production due to the
precipitation of calcium and sodium carbonates in the cathode which increased the internal resistance
[9,10,11]

In this context, we provide here a model that by functionally integrating mass transport phenomena
bio-electrochemical processes at the steady-state. This study aims to scale-up stacked MFCs. The
present study has been carried out to evaluate the performance of stacked MFCs operating during
wastewater treatment and electricity production.

2.Experimental:

2.1. Stacked MFC design

The stacked MFC included of four anodic and cathodic compartments (10 x 10 cm each one). The
stacked MFC was made of Perspex. It was prepared by Iran market. The system consists of Perspex
frames. The frames are placed between the plates and form two reaction compartments, separated by
a cation exchange membrane (CEM). To ensure the system is air-tight, rubber gaskets are fitted

between the plastic parts. The end plates are held together by four threaded rods. The four stacked

MFCs were configured by installing two anodes (graphite plate,4*5cm) on the inside of the wall to
share the anolyte, and two cathodes (graphite plate,4*5cm) (Figl).
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Figure 1 Stacked Fuel Component Pieces
Between each anode and cathode pair was inserted a separator (Carbon Paper, USA;

120*120*0.35mm) to maintain the anaerobic conditions of the anolyte. In the frames, both a sample
port and two inlets were constructed. Using copper wiring, the four chamber-pairs are connected in

series(Fig2).

1
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_Figure 2 Stacked MFC Design
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2.2 Apparatus
The potential between anode and cathode was measured by using a multimeter (MS8218, Hong
Kong) and recorded every 10 minutes through a pc. To monitor the pH of the anode chamber, it was
measured by pH meter (AZ86502, Taiwan).

3.Results and Discussion

Only a good cell design will allow a good stack performance. Every part of the stack MFC requires
careful consideration. For design the stack MFC, some parameters should be calculated:

3-1 Stack size

The first step in designing a fuel cell stack is to obtain the power requirements. The stack is then
designed to meet those requirements, and the maximum power, voltage, and current are often known.
The power output of a fuel cell stack is a product of stack voltage and current:

Wec= V. |

The maximum power and voltage requirements are dependent upon the application. It is helpful to
know the current and power density when designing a fuel cell stack. These are often unavailable
initially but can be calculated from the desired power output, stack voltage, efficiency, and volume
and weight limitations. The current is a product of the current density and the cell active area:

1= 1*A cenl

The actual fuel cell performance is determined by the pressure, temperature, and humidity based on
the application requirements, and can often be improved (depending upon fuel cell type) by
increasing the temperature, pressure, and humidity, and optimizing other important fuel cell
variables. The ability to increase these variables is application-dependent because weight and cost
play important factors when optimizing certain parameters.

The cell potential and the current density are related by the polarization curve:

V cen=f (i)

3-2 The number of cells
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The number of cells in the stack is often determined by the maximum voltage requirement and the
desired operating voltage. The total stack potential is the sum of the stack voltages or the product of

the average cell potential and number of cells in the stack:

Neeli

Vsr.' = Z Vt =V cell >I<j’l‘irmsl'ii
i=1

The cell area must be designed to obtain the required current for the stack. When this is multiplied by
the total stack voltage, the maximum power requirement for the stack must be obtained. Most fuel
cell stacks have the cells connected in series, but stacks can be designed in parallel to increase the
total output current [12]

3-3 Stack configuration

The finiteness of fossil fuels and threats of climate change, there is a need to develop sustainable
energy technologies that can power the world’s future economies and societies. The MFC has been
intensively studied in recent years, and as a result, the power density of lab-scale stack MFCs at the
milliliter scale has been increased up [13]. The stack must be sturdy and able to withstand the
necessary environments. To make a substantial contribution to a sustainable energy supply, however,
we should also increase the scale of stack MFCs orders of magnitude beyond the currently studied
lab-scale MFCs. When designing a stacked MFC, it is important to ensure optimal contact between
electrodes and substrate and to minimize the distances between electrodes. The electrolytes became
depleted in substrates in the first units which led to less performant units at the end of the stack
[1,14]. So far, the preferred stack MFC organization is the

serial alignment of multiple MFC units because it has repeatedly been found to be slightly more
performant than parallel assemblies. In parallel stacks, energy losses were detected under closed
circuit conditions [15].

Miniaturized scale stack based MFC modules inherently produce favorable conditions for high
current/power generation because of a large surface-to-volume ratio of carbon paper membrane and
efficient mass transport due to the smaller scale and short proton/electron transfer distances. The
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series and parallel electrical connectivity of stacked MFCs have been investigated as a mechanism to
increase the overall voltage and current output and show a multi-module stack as a flexible tool to
achieve desired power and voltage levels required [12,17,18,19].

4.Conclusions

Stack MFCs are a promising green technology for the earth seriously influenced by principal
problems related to traditional energy sources. According to our studies, we predict that the
maximum current and power generation in the stack of MFC were 950 mA.m? and 1000 mW.m?,
respectively. The idea of generating electricity in biological fuel cells theoretically exists, but as a
practical method for energy production, it is quite new. However, stack MFCs are yet to be accepted
by the market, being essential to show its robustness and reproducibility. To summarize, shared
electrolyte stack MFCs are clarified MFC constructions and therefore are considered for low-cost
electricity generation in wastewater treatment plants. All information is of a great significance for
future developments of the technology because it is a real first step in the characterization of the
robustness of the bioelectrochemical technology.
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Abstract: The oxidation resistance of interconnect plates used in solid oxide fuel cells (SOFCs) can
be improved by using a protective/conductive coating layer. In this study, a Ni-Co-CeO2 composite
coating was deposited on Crofer 22 APU steel substrate through the electroless method. Inorder to
evaluate the oxidation resistance and measuring the oxidation activation energy, coated and bare
samples were exposed at 700, 800, 900 and 1000°C temperatures for 50 hours. The results showed
that Ni-Co-CeO2 composite coating improved the oxidation resistance of Crofer 22 APU steel. Also,
the results showed that Ni-Co-CeO2 composite coating during oxidation, reduced the oxidation
activation energy of coated samples (75 KJ mol™?) compared to bare samples (126 KJ mol™).
Keywords: Activation energy, Solid oxide fuel cell, Ni-Co-CeO, composite coating, Oxidation

1.Introduction

Solid oxide fuel cells (SOFCs) are one of the future generation energy resources that convert the
energy of chemical reactions without combustion into electrical energy [1]. Reducing in the
operating temperature of the lanthanum chloride (LaCrO3) SOFCs from 1000 ° C to 600-800 ° C,
caused this materials replaced by commonly metals such as stainless steel [2-5]. Among these alloys,
high temperature oxidation resistance alloys such as ferritic stainless steels are good choice due to
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their low cost, availability, high electrical conductivity, and thermal elasticity with ceramic
components. [6-10].

Due to high operating temperature of the fuel cell, the oxidation and growth of the chromium layer is
inevitable and can be as thick as a few micrometers. This layer reduced the electrical conductivity
because the chromium layer has a high electrical resistance compared to the substrate [11].
Chromium evaporation from the metal interconnect can also lead to a dramatic drop in the efficiency
of the solid oxide fuel cell. In interconnect that forms chromium oxide layer, formation of gaseous
Cr®" components generated by the reaction of water and oxygen molecules diffuse at the cathode
surface and by the formation of chromium or other unwanted compounds such as SrCrOa, reduced
the active surface of the electrode. Therefore, the efficiency of the fuel cell is dramatically reduced.
Since the vapor pressure of these components is directly related to the partial pressure of oxygen, the
probability of occurrence of this phenomenon on the cathode side is higher due to the high oxygen
partial pressure. This phenomenon is known as cathode poisoning [11, 12].

One of the methods for forming a coating with the distribution of particles and uniformity of
thickness is the use of electroless method. The deposition of ions in an aqueous solution by chemical
reduction on a substrate is called electroless plating [13, 14]. This method occurs spontaneously on
the surface of the metals and the thickness of the coating, as long as the chemical composition of the
solution does not change increased with linearly manner. By Using this method, metals such as
copper, nickel, iron, cobalt, silver, gold, platinum and palladium can be deposited which among this
metals nickel and copper widely used [15].

Ebrahimifar and Zandrahimi deposited cobalt coating using a pack cementation method on an AlSI-
430 ferrite substrate. The results showed that cobalt coating changed to CoFe2O4and CoCr204
spinals during oxidation, which improved oxidation resistance and electrical conductivity. For cobalt
coated and uncoated substrates after 200 hours at 800 °C isothermal oxidation, a specific surface
resistance was reported. Thickness of the cobalt coated samples (1.27 um) was lower than uncoated
substrate (4.059 n) which improved the limitation of the rate of anion diffusion during isothermal
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oxidation. In another study by Ebrahimifar and Zandrahimi, the constant parabolic oxidation rate was
evaluated during various types of oxidation tests for the Fe-17% Cr Crude spinel . To evaluate the
oxidation rate of cobalt spinels, AISI-430 steel coated with cobalt was subjected to isothermal
oxidation at 800 °C for 1000 hours. The constant parabolic oxidation rate for uncoated steel was
between 0 and 150 hours higher than that obtained for cobalt coated samples. The surface of the
uncoated specimens was laminated and broken after 1000 hours of oxidation, while the cobalt coated
samples had a non-cracked surface. [16-18]

In a study by Deng et al, cobalt was deposited on a UNS 430 steel substrate using electroplating
method. In this study, cobalt coating was converted into Co2CrOas, Co304, CoCrFeO4 and CoCr204 at
800°C temperature. After 1900 hours of oxidation at 800 ° C, cobalt coating showed lower ASR than
non-coated samples. Cobalt spinels have higher oxidation resistance and electrical conductivity
compared to chromium and silica oxides [19].

The aim of this study was to investigate the oxidation resistance of Ni-Co-CeO. coated-Crofer
22APU at different temperatures.

2.Experimental

2.1. Substrate preparation

To deposit a Co-Ni-CeO, composite coating on a Crofer 22 APU steel, Crofer 22 APU steel sheet
cut into 1x1 specimens. The chemical composition of this steel is shown in Table 1.

Specimens were polished up to 1200 mesh with sand paper, degreasing using electropolish method in
phosphoric acid solution, washed with acetone and to obtain microscopic roughness, etching applied
in a chloride, 25% nitric acid and 5% nitric acid solution, and in the end rinsed with distilled water.
All these steps were performed according to ASTM G1 and ASTM G4 standards.

Table 1: Chemical composition of Crofer22APU stainless steel based on EDX analysis

Element Fe C Cr Mn Si Ni Al Ti La
Concentration Bal 0.01 227 038 0.02 002 0.02 0.07 0.06
(W1t9%)
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The coating solution with chemical compositions and concentration is shown in Table 2.

Table 2: Chemical composition and concentration of electroless plating baths

Chemical composition  Concentration (g/I)
Cobalt(Il) sulfate 50
Nickel(Il) sulfate 20
Sodium hypophosphite | 15

Trisodium citrate 50
Ammonium chloride 50
Ceria 10

From various tests, the optimized conditions for coating deposition was 80° C temperature and
pH=8. In this study, DC power source used for the electropolishing, stirrer heater also used for
mixing, and for reaching solution temperature to optimized temperature. A digital balance with 4
digit sensitivity was used for weighing of samples.

3.Results and Discussion
3.1.Calculation of oxidation rates at different temperatures

The chemical composition of as coated specimens is shown in table 2.

Table 3: Chemical composition of as coated samples

Element Composition%
Co 20.31
Ni 23.69
CeOy 56
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Parabolic factor parameters and oxidation resistance during isothermal oxidation for Co-Ni-CeO>
coated and uncoated samples in static air at four temperatures of 700, 800, 900, and 1000 °C for 20
and 50 hours was investigated. Figures 1, 2, 3 and 4 show square weight gain for coated and
uncoated Crofer 22 APU as a function of oxidation time at 700, 800, 900 and 1000 ° C. weight gain
values of all coated samples in different amounts of oxidation were more than the non-coated

samples. The following equation is used to calculate the weight gain values [18]:
(AW /4A)* = Kpt

In this equation, Kp is the oxidation rate, A is the cross-sectional area of sample, AW changes in

weight and t is time.
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Figure 1. Square of mass gain for uncoated and coated samples at 700 °C

o P 1 =APAAEY | P ouing Sl pozl 488 g ddab 0l pgle 635551 (w0 o 5 s8uEsl S 80l 4
http:/lconf.isc.gov.ir/ifc96
Email: iranecs@gmail.com

118



-

Sl
:£ r}“ u%)

Sl 55 o s it

10t Iranian Fuel Cell Seminar | 20 February 2019 | 174Y xéul

—8—Bare —@—Coated

7.00E-06
. PE-‘:X-I- A Yy o
6.00E-06 '_//"E—P‘.
5 O0E-06 Jermreresest T
[}
<
= 4.00E-06
I
= 3.00E-06
=]
(==
2.00E-06
1.00E-06 VE x4 AE Vym®
............................ |
0.00E+00 '
0 10 20 30 40 50 60
Figure 2. Square of mass gain for uncoated and coated samples at 800°C
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Figure 3. Square of mass gain for uncoated and coated samples at 900 °C
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With regard to the square of mass gain verses time variations, with the calculating of gradient of each
plot, the oxidation rate of each sample was obtained at different temperatures. Table 4 shows the

amount of oxidation rate at different temperatures for a sample with and without coating.

Table 4. Oxidation rate values at various temperatures
Coated Bare
Oxidation rate at 700 °C Kp=2.11x10! Kp=1.41x101?
Oxidation rate at 800 °C Kp=2.68x10% Kp=6.7x1013
Oxidation rate at 900 °C Kp=3.7x1013 Kp=8.33x10"®
Oxidation rate at 1000 °C Kp=8.33x10%3 Kp=3.01x1012

In Crofer 22 APU steel due to the high chromium content, the chromium layer's growth rate
increases when temperature increased from 700 to 800 °C, therefore at 700 °C, the oxidation rate of
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the coated sample is greater than bare sample. But at higher temperatures, due to the increased
growth rate of the chromium layer, the oxidation rate of the bare sample was more than the coated
sample [17].

In the early stages, the oxidation rate for the coated sample was greater than bare sample, which can
be due to fine particles of CeO> that act as a nuclear site and increase the Cr.O3 growth stage
(oxidation step) at the initial oxidation time. After this time, the same layer reduces the movement of
chromium ions and acts like a barrier and reduces the oxidation rate (second stage oxidation) [18].
The other reason for rapid oxidation in the first step was oxidation of nickel and cobalt phase [18].
Since nickel and cobalt are metallic phase, therefore they transform to the oxide phase during
oxidation and increases the amount of oxide mass [19]. When nickel and cobalt completely

transform to stabilized oxide phases, the weight gain decreased.

3.2. Calculation of oxidation activation energy
The following equation was used to calculate the energy of activation [18]:
_Eu]

Kp = H’".s'ex;t:.'(F

In this equation, Kp is the oxidation rate, K * is a constant number, Eo is the energy of activation, k is
the Boltzmann's constant and t is time.

Figure 5 shows the log Kp graph in terms of T, whereby the value of the energy of the activation is
obtained using the line gradient.

The oxidation activation energy for coated samples and non-coated samples obtained 75 and 126 KJ
mol* respectly. The lower amount of oxidation activation energy of the coated samples leads to a
higher oxidation resistance of these specimens than uncoated samples, and this is lower due to the
presence of Ni-Co-CeO, composite coating on coated samples [19].

Localized oxidation energy decreased with decreasing temperature, and oxidation rate gradually

decreased. This may be due to the thickness of the oxide layer that affects the oxidation resistance.
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Also, the lower amount of oxidation activation energy in the coating samples indicates the lower
thickness of the oxide layers formed on these specimens and thus the greater resistance of the

oxidation-coated coatings [18].
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Figure 5.Logarithmic diagram of oxidation relative to time reversal.
4.Conclusion

The deposition of Ni-Co-CeO, composite coating, increase oxidation resistance of Crofer 22
APU stainless steel at high temperatures, which is used as a interconnect in solid oxide fuel cells.
The parabolic oxidation constant for coated samples at 800, 900, and 1000° C temperatures was
lower than uncoated samples.

The oxidation activation energy for coated samples and non-coated samples obtained 75 and 126

KJ mol™? respectly.
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Lower amount of oxidation activation energy of coated samples is due to the high resistance of
the this composite coating to oxidation compared to the non-coated samples.
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Study of parabolic rate constant of Mn-Co-CeO> coated AISI 430 steel for SOFC
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Abstract: Oxidation resistance of solid oxide fuel cells interconnects can be ameliorated by use of a
protective, effective, relatively dense and well adherent spinel coating. In this study the
electrodeposition method was employed to coat AISI 430 ferritic stainless steel. Isothermal oxidation
and cyclic oxidation were applied to evaluate the parabolic rate constant (kp). The formation of Mn-
Co oxides during oxidation improved oxidation resistance. The Mn-Co-CeO, coated samples
demonstrated lower kp in each test and it indicate that the coating layer has acted as a mass barrier
against the outward diffusion of cations specially Cr.

Keywords: Solid oxide fuel cell; AISI 430 ferritic stainless steel; Mn-Co-CeQO2; parabolic rate

constant
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1. Introduction

Solid oxide fuel cells (SOFCs) are classified as intermediate temperature (650—800 °C) fuel cells.
Individual planar SOFCs are connected in a stack with electronically conducting plates called
interconnects. The desirable properties of interconnects include mechanical stability at the operating
temperature, thermal and chemical compatibility with the electrode materials, low cost and ease of
fabrication. On the anode side, interconnects are exposed to highly reducing conditions, while on the
cathode side they are exposed to highly oxidizing conditions. The highly oxidizing environment is
conducive to oxide growth that can reduce the conductivity of the interconnect. Several factors are
associated with oxide formation—oxide thickness, conductivity of the oxide and adherence of the
oxide to the substrate. Based on these factors, different methods have been proposed to extend the
lifetime of interconnect materials. Various alloy compositions have been studied, but the general
consensus is that no single alloy can fully satisfy all the SOFC operating requirements and resist
oxide formation. Recently, chromia-forming ferritic stainless steels, which have a thermal expansion
coefficient close to that for the yttria-stabilized zirconia (YSZ) SOFC system, have become of
interest to SOFC developers because of their relatively low cost and ease of manufacturing. These
steels, however, form relatively thick chromia (Cr203) scales at high temperatures. Although this
oxide scale protects the underlying metal from further exposure to the corroding gases [1-6], the
scale has very poor electrical conductivity and, thus, increases the resistance of the system. In
addition, if the scale does not adhere well to the substrate, additional oxide will form and the
conductivity will decrease further. One approach to improve the oxide growth resistance of stainless
steel interconnects is to apply a coating that may reduce the rate of oxide formation as well as modify
the properties of the oxide that is generated by the substrate.

Recent research, however, has concentrated on the application of protective/conductive coatings.
Numerous techniques have been developed to apply coatings to ferritic stainless steels. These
include slurry coatings[7-10], anodic electrodeposition [11], cathodic electrodeposition of

particular metals or alloys, followed by annealing/oxidation in air [12-15]. The latter method
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has been attracting attention due to its low cost, ease of fabrication, good adhesion between
the deposited coating and substrate and extensive application.

The objective of the current work was to obtain the parabolic oxidation rate constant in
isothermal oxidation and cyclic oxidation for Mn-Co-CeO. coated specimens which were coated by

electroplating method to investigate the role of formed layer on the substrate against oxidation.

2. Experimental procedure

Coupons of AISI 430 stainless steel, measuring 10 mm x 5 mm x 2 mm with chemical composition
of 17.4% Cr, 0.92% Mn, 0.85% Si, 0.12% C, 0.02% S, 0.03% P with Fe as remaining were used as
substrates. Specimens were polished from 320-grit sic paper up to 1200-grit, ultrasonically cleaned
in ethanol and dried. In order to deposit Mn-Co-CeO2 composite coating onto the substrate,
electroplating method was employed. For the direct current (DC) electrodeposition process, a
one-compartment cell was used. Platinum foil was used as the anode and it was placed in
the same compartment as the working electrode. All experiments were carried out in 100 ml
electrolytes prepared with deionized water. Ammonia hydroxide or 20 vol% H2SOs4 was used
to adjust the electrolyte pH. The optimum electrolyte composition for co-deposition of Mn
and Co was 0.50 M MnSO4 + 0.10 M CoSOs + 1.0 M H3BOs + 0.70 M gluconate+ 0.10
M (NH4)2SO4. In addition, the best current density, pH, and deposition time were 250
mAcm?, 2.5, and 20 min, respectively (Table 1). After coating treatment, the samples were
removed from the cell and ultrasonically cleaned in ethanol to clean the surface and then weighed
using an electronic balance. The isothermal oxidation was done at 800 °C for 100 hours in static air.
The coated and uncoated samples were also subjected to cyclic oxidation. Each cycle contained 1 h
heating in the furnace at 800 °C and 15 minutes cooling in free air. After each test the coated and
uncoated samples were weighed and weight changes was calculated. The parabolic rate constant for
each oxidation test was calculated using parabolic kinetics law. X-Ray diffraction (XRD) was used
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to identify phases formed in the surface layer of as-coated specimens with a Philips X’Pert High
Score diffractometer using Cu Ko (4 = 1.5405 A).

Table 1. Chemical compositions and operating conditions for Mn-Co-CeO; electrodeposition.

Manganese sulfate, tetrahydrate (MnSQ04.3H,0) 110 gL

Cobalt sulfate, heptahydrate (CoSO..7H20) 28 gL*
Cerium oxide (CeO>) 4 gLt
Boric acid (HsBOs) 60 gL*
Ammonium sulfate (NH4)2SO4 13 gLt
Temperature 25 °C
Current density 600 mA.cm™

pH 2

Time 40 min

3. Results and discussion

3.1. Microstructure of Mn-Co-CeO; coating

Figure 1 shows SEM surface morphology (a) and point EDS analysis (b) of a Mn-Co-CeO- coated
sample. The deposited layer has good adherence to the substrate with no void, pore and
discontinuity. Peaks of Mn and Co confirm the deposition of manganese and cobalt. Also Peaks of

Ce and O indicate the deposition of CeOa.
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Fig. 1. SEM surface morphology (a) and point EDS analysis (b) of as Mn-Co-CeO, coated sample

3.2. Evaluation of parabolic rate constant in isothermal oxidation

Figure 2 shows the weight gain of Mn-Co-CeO> coated AISI 430 alloy samples as a function of
oxidation time at 800 °C, compared with that of the uncoated ones. All the Mn-Co-CeO, coated
samples exhibited lower mass gain compared with bare substrates in all of the times. In both cases,
the square of the weight gain increases linearly with the isothermal oxidation time, satisfying the

parabolic kinetics law described by

(P =kt ()

A

where AW is the weight gain, A is the sample surface area and t is the oxidation time. The slope of
the straight line represents the parabolic rate constant ke in terms of the weight change. The parabolic
rate constant is an intrinsic property of an oxidation-resistant alloy and typically used to measure its
oxidation resistance. The experimentally obtained kp of the Mn-Co-CeO, coated AISI 430 alloy is
1.9x107" g cm™ s7! after 100 h oxidation, which is considerably lower than that of the uncoated

one (kp = 4x102 g?cm™s™!).
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Fig. 2. Mass gain as a function of oxidation time in isothermal oxidation for coated and uncoated samples

The oxidation rate reduced by Mn-Co-CeO: coating layer, which is consistent with the expectation
according to the oxide scale characterization. It is clearly shown that the coating protects the
substrate effectively from oxidation at high temperatures. The formation of Mn-Co oxides and the
presence of CeO improved the oxidation resistance. The result of weigh changes and kp illustrate
that this scale acts as an effective barrier against outward diffusion of Cr cation and inward diffusion

of oxygen onion, because it redounded to decrease the weight gain in coated substrates [16].

3.3. Evaluation of parabolic rate constant in cyclic oxidation

Figure 3 shows the weight gain of Mn-Co-CeO> coated and uncoated samples as a function of cyclic
oxidation. Each cycle include 1h heating and 15 minutes cooling in air. For obtaining the parabolic
rate constant in cyclic oxidation the number of cycles should be converted to the oxidation time by
following equation

Oxidationime(minutes) 1)

t = Cyclenumba x
60minutes
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kp can be obtained by equation (1).
The experimentally obtained kp of the Mn-Co-CeO, coated AISI 430 alloy in cyclic oxidation is
2.67x10713 g?cm™ s7!, which is remarkably lower than that of the uncoated one ( kp = 8.15x107'? g2
cm *s1). The lower kp in Mn-Co-CeO> coated samples in respect with uncoated samples indicates
that oxidation rate is lower than uncoated ones. Results of cyclic oxidation exhibited that Mn-Co-
CeO> coated substrates demonstrate a good resistance against the spallation and cracking which
caused to the lower oxidation rate and lower value of parabolic rate constant. The formed oxides on
the substrate have good resistance against the cyclic oxidation which exhibit the good thermal

expansion coefficient (TEC) matching of Mn-Co-CeO> coated layer with substrate [17,18].

3.5
Un coated y=0.053x-0.135
3 R?=0.945
*
)5 & Coated y=0.014x-0.088
) * R2=0.924
2
1.5 4 Uncoated samples

B Mn-Co-Ce02

0 T T 1

20 40 60

(Weight gain/area)? (mg2/cm?)

-0.5 [P

Oxidation time (hours)

Fig. 3. Mass gain as a function of oxidation time in cyclic oxidation for Mn-Co-CeO; coated and uncoated samples

Conclusions
1. The lower values of kp (parabolic rate constant) is because of the more oxidation resistance.
2. Mn-Co-CeO, composite coating resulted to the lower parabolic rate constant (1.9x107"* g cm™

s ') compared to bare samples in isothermal oxidation (4x107'2 g cm™s™).
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3. In cyclic oxidation the Mn-Co-CeO: coated samples exhibited a good resistance against spallation
and cracking and it redounded to the lower values of parabolic rate constant (2.67x107'3 g2 cm™ s™!)
compared to uncoated samples(8.15x107'2 g2 cm™s™).

4. The lower values of Mn-Co-CeO> coated samples k, emphasize that the Mn-Co-CeO. coating

could improve the oxidation resistance of interconnects.
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Study of Cr20s oxide layer thickness of AISI 430 steel with a Mn-Co-CeO>

composite coating for SOFC interconnect applications
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Abstract: Most current research has concentrated on solid oxide fuel cells (SOFCs) to resolve the
contact resistance and cathode-chromium-poisoning problems associated with application of ferritic
stainless steels as interconnects. In this study AISI 430 ferritic stainless steel was coated through
electrodeposition method. Isothermal oxidation and cyclic oxidation were applied to evaluate the
oxide layer thickness which was created during these tests. Results showed Mn-Co-CeO, composite
coating improved oxidation resistance. The increase of oxidation time and cycle number enhanced
the oxide thickness. Also the Mn-Co-CeO- coated substrate oxide thickness (0.83 pum) was lower

compared with uncoated ones (3.57 um) during isothermal oxidation test.

Keywords: Solid oxide fuel cell; AISI 430 steel; Mn-Co-CeO coating; Cr.03 thickness
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1. Introduction
Intermediate temperature solid oxide fuel cells (SOFCs), typically operate in the temperature range
of 650-800 °C. A single cell consists of an anode and cathode separated by a solid, oxygen-ion
conducting electrolyte. In order to obtain sufficient output voltages for practical applications, single
cells are electrically connected in series by interconnects to form a fuel cell stack. A suitable
interconnect material must satisfy many requirements under SOFC operating conditions, including
the following: high electrical conductivity, high thermal conductivity, sufficient high temperature
mechanical strength and creep resistance, thermal expansion coefficient compatibility with the other
stack components and chemical stability [1]. However, in order for SOFC commercialization to be
possible, the interconnect must also be inexpensive

and relatively easy to fabricate. Although ceramic interconnects have a higher resistance to
oxidation, metallic interconnects are more ductile, less expensive and significantly easier to
manufacture. Ferritic stainless steels containing 16-26 wt% Cr are particularly promising due to their
low cost, machinability and thermal expansion coefficient compatibility with other stack materials.
The main problem with the use of ferritic stainless steels as interconnect materials is their inadequate
high temperature oxidation resistance. Under SOFC operating conditions, ferritic stainless steels
form a poorly conductive oxide layer which increases the electrical resistance of interconnect,
resulting in a decrease in fuel cell performance. In addition, the oxide scale is susceptible to spalling
during normal fuel cell operation, in particular during thermal cycling encountered at start-up and
shutdown. One of the most effective approaches to improve the interconnect properties is to apply
surface coatings to provide better conductivity, reduced scale growth and Cr volatility [2].

Most recent research, however, has concentrated on the application of protective/conductive
coatings. Numerous techniques have been developed to apply coatings to ferritic stainless
steels. These include slurry coatings [2-5], anodic electrodeposition [6], cathodic electrodeposition

of particular metals or alloys, followed by annealing/oxidation in air [7-10]. The latter method
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has been attracting attention due to its low cost, ease of fabrication, good adhesion between
the deposited coating and substrate and extensive application.

The objective of the current work was to obtain the oxide layer thickness in isothermal oxidation and
cyclic oxidation for Mn-Co-CeO: coated and uncoated samples to investigate the effect of time and

cycle number and on the thickness of oxide layer.

Table 1. Chemical composition of AISI 430 stainless steel

Element C Cr Mn Si P S Fe

Concentration (wt.
%)

012 174 092 085 0.02 0.03 Bal

2. Experimental procedure

AISI 430 stainless steel specimens measuring 10 mm x 10 mm x 2 mm were used as substrates. The
composition of AISI 430 stainless steel is listed in Table 1. The specimens were ground through
1200-grit SiC paper, ultrasonically cleaned in ethanol and dried. To produce Mn-Co coating on
Crofer 22 APU, electroplating was carried out. For the direct current (DC) electrodeposition process,
a one-compartment cell was used. Platinum foil was used as the anode and it was placed in the same
compartment as the working electrode. All experiments were carried out in 100 ml electrolytes
prepared with deionized water. Ammonia hydroxide or 20 vol% H>SO4 was used to adjust the
electrolyte pH. Bath electroplating with composition of 0.5 M MnSQO4 + 0.10M CoSO4 + CeO2 5 g/L
+ 1 M H3BOs + 0.7 M NaCgH1107 + 0.1 M (NH4)SOs at pH=3 and current density of 600 mA.cm
was used to electrodeposition of Mn-Co-CeQ> coating. In order to evaluate the oxide layer thickness
the isothermal oxidation was done at 700 °C for 200 hours in static air. The coated and uncoated
samples were also subjected to cyclic oxidation. Each cycle contained 1 h heating in the furnace at

800 °C and 15 minutes cooling in free air. After each test samples were weighed and weight changes
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were calculated. The oxide layer thickness for each oxidation test was calculated using weight
changes, sample surface area and formed compositions density during oxidation tests. X-Ray
diffraction (XRD) was used to identify phases formed in the surface layer of as-coated specimens
with a Philips X’Pert High Score diffractometer using Cu Ka (4 = 1.5405 A).

3. Results and discussion

3.1. Evaluation of oxide layer thickness in isothermal oxidation

5 uncoated and Mn-Co-CeO> coated were prepared in order to carry out the isothermal oxidation
resistance. Mn-Co-CeO, coated and uncoated AISI 430 copuns were subjected to isothermal
oxidation in static air at 800 °C for 100 h. Weight measurement was performed after 5, 10,
20, 50, 80and 100 h.

The area specific resistance (ASR) of the oxidized alloy is dependent on the thickness and electrical
conductivity of the oxide scale because the resistance of the oxide is much greater than that of the
alloy.

Oxide layer thickness values is defined as follows:

Lo AW
Axp

where AW is the weight gain, A is the sample surface area and o is chromia density (5.21 g/cm?3).

Figure 1 shows the oxide layer thickness as a function of time at 800 °C. The oxide thickness profile
shows parabolic trend for both samples and the calculated thickness for Mn-Co-CeO, coated and
uncoated specimens was obtained 0.83 um and 3.57 um respectively after 100 h oxidation at 800 °C.
The oxidation resistance of coated samples is remarkably improved because in all the times the oxide
thickness of these samples is lower than the uncoated ones. The Mn-Co-CeQO; coating layer acts as a
protective barrier and improves oxidation resistance by limiting the outward diffusion of Cr cation
and the inward diffusion of oxygen onion but in bare samples the oxide layer grows without any
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protective barrier [10]. It is obvious that the oxide thickness increases by increasing the oxidation
time. It refers to the oxidation time that in longer times, oxidation reactions influence the more

thickness of coating layer [11,12].

4
” /“
T 3
= /
w25 Uncoated samples
g /
= 2
£ / —#— Mn-Co-Ce02 coated
o 12 / samples
=]
3 1 / /
0.5 —
0 /—.—_.I//I- T T 1
0 20 40 60 80 100
Time(h)

Fig .1. Oxide thickness as a function of time in isothermal oxidation

3.2. Evaluation of oxide layer thickness in cyclic oxidation

Figure 2 shows the oxide layer thickness as a function of cycle number. 50 cycles were exerted on
the samples. The calculated thickness for Mn-Co-CeO; coated and uncoated specimens was obtained
0.56 um and 3.46 um respectively after 50 cycles. The Mn-Co-CeQO; coated samples oxide layer
thickness in all the times is lower than the uncoated ones. Lower oxide thickness indicates that the
Mn-Co-CeO2 coating layer which consisted of spinel compositions could have acted as a protective
layer against diffusion of ions and it resulted to the less mass gain and therefore less oxide thickness.
Also in cyclic oxidation the resistance of Mn-Co-CeO; coated samples against spallation and
cracking was remarkably better than the uncoated ones which indicate the excellent thermal
expansion coefficient (TEC) match of coated layer with substrate [13,14]. Spallation and cracking
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simplifies the diffusion of cations and onions, therefore the oxide layer grows with higher rate

[15,16].
4
3.5 ,-/
3
E 25 /
7 . / —o— Uncoated samples
2 15 —u—{Min-Co-CeO2 coated-
=
= 1 / samples
o> I e —
0 T T T T T 1
0 10 20 30 40 50 60
Cycle number
Fig .2. Oxide thickness as a function of cyclic number
Conclusion

1. The oxide layer thickness on the surface of samples exhibits the resistance of surface against
oxidation.

2. The Mn-Co-CeO, coated samples oxide layer thickness during isothermal oxidation was
remarkably lower than uncoated ones and it is the consequence of protective Mn-Co-CeO: as a
coating layer.

3. In cyclic oxidation the growth of oxide layer on Mn-Co-CeO> coated samples was accomplished
by a low rate because of Mn-Co-CeO: resistance against spallation and cracking.

4. The lower values of oxide layer thickness in each test emphasize that the Mn-Co-CeQO2 coating
layer could have acted as a protective barrier against oxidation by limiting the outward diffusion of

Cr cation and inward diffusion of oxygen onion.
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Preparation and evaluation of sulfonated polysulfone membrane for proton
exchange membrane fuel cells
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Abstract: Polysulfone is known as one of the most suitable polymers to use instead of commercial
fluorinated membranes in proton exchange membrane fuel cells (PEMFCs). In this paper, a
sulfonated polysulfone (SPSU) membrane was prepared and its physicochemical properties were
investigated. To achieve this goal, at first, the polymer was sulfonated with chlorosulfonic acid in the
presence of nitrogen at 50°C. The degree of sulfonation was obtained by H-NMR analysis.
Sulfonated polysulfone membrane was prepared by a solution casting method using NMP as a
solvent. Different properties of the prepared membrane were investigated by ion exchange capacity
(IEC), water uptake (WU), and swelling ratio, and proton conductivity. The obtained results showed
the prepared SPSU had appropriate properties to use as proton exchange membrane for fuel cell
applications.

Keywords: Proton exchange membrane, Polysulfone, Sulfonation degree, Water uptake.

Introduction

Fuel cells have many benefits, including high efficiency and appropriate environmental properties, so

gradually replacing fossil fuels as a green and clean energy source [1]. Among all types of fuel cells,
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the proton exchange membrane fuel cells are most widely used due to their high flexibility. These
fuel cells are the best options for transportation applications due to their high power density, fast start
time, high efficiency, low operating temperatures and ease of use, and safety [2]. Nafion membrane
is widely used in PEMFC due to high proton conduction and appropriate mechanical stability.
However, Nafion has some disadvantages, including low performance at higher temperature and high
gas permeability, so different studies have been conducted to develop some of new PEMs with low
cost and appropriate performance for the Nafion replacement [3]. Different researches have focused
on hydrocarbon based membranes because of their low cost, good thermal, mechanical and chemical
stabilities, and low gas permeability. Based on the recent researches, one of the appropriate
candidates for hydrocarbon based membrane is polysulfone based membranes. In the present study,
PSU sulfonation is confirmed by H-NMR spectroscopy. SPSU membrane was cast by N-Methyl 2-
Pyrrolidone (NMP) as a solvent. To investigate the membrane properties, different tests such as

proton conduction, IEC, and water absorption were investigated.

Experimental section

Sulfonated polysulfone was prepared by a sulfonation reaction using chlorosulfonic acid at specific
conditions. Prior to the reaction, polysulfone polymers were dried in a vacuum oven at 100°C for 12
hours. The sulfonation reaction was performed in a three-neck flask with 50 mL of dichloroethane
for 1 hour at ambient temperature, and then at 50°C. After that 6 mL of chlorosulfonic acid was
dissolved in 10 mL of dichloroethane, and the obtained solution was added to the main polymer
solution. This reaction continued for 4 hours. After precipitation, the polymer was washed with
distilled water several times until neutral pH was obtained. The final filtered powder was dried at
80°C for 12 hours in an oven and finally at 80°C for 12 hours in a vacuum oven. The image of the
prepared sulfonated polysulfone is shown in Fig. 1.
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Fig. 1. Photograph of sulfonated polysulfone

The resulting sulfonated polymer was mixed with NMP solvent for 24 hours, and then was cast on
the glass and dried at 80°C for 30 hours. Figure 2 shows the image of prepared membrane. The
thickness of the prepared membrane was measured by a digital micrometer provided by Mitutoyo
and it was 220+10 pm.

Fig. 2. Prepared sulfonated polysulfone membrane.

The ion exchange capacity (IEC) was determined by titration method and nuclear magnetic
resonance spectroscopy (H-NMR) was used to calculate the degree of sulfonation. The water uptake
test is also performed for the prepared membrane. Water uptake was calculated by taking the
difference between the wet and dry weights of the prepared membranes. The dry weight of
membranes was measured after vacuum drying of the samples at 100°C for 24 h. After that, the
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prepared membranes were equilibrated with DI water at 25°C in 24 h. The samples were then
removed, dried with tissue papers, and then weighed. The water uptake and the swelling ratio were

calculated by the changes in weight, area, and thickness between fully hydrated and dry membranes

as follows:
W,.. —W
Water uptake (%) = —=t——9 +100 1)
Wdry
Areaswelling (%) = Aet =Ry 109 @)
Ary
Thickness change (%) = % %100 3)
ry

where Wwet and Wary are the weights of wet and dry samples, Awet and Aqry are the areas of wet and

dry membranes, Lwetand Lary are the thickness of wet and dry membranes, respectively.

Results and discussion

H-NMR was used to calculate the degree of sulfonation (DS) [4], that using the following figure
(Fig. 3), the calculated degree of sulfonation was 58%. DS depends on several factors, including
sulfonating solvent, reaction time, reaction temperature, and polymer concentration. The
concentration of chlorosulfonic acid and reaction temperature were maintained at 0.6 mL and 50°C,

respectively.
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Fig.3. H! NMR spectra of sulfonated polysulfone

It was observed that during the polymer sulfonation, the concentration of the -SOsH group increased,
which improved the water absorption of sulfonated membrane. By conducting the sulfonation
reaction, the water absorption paths continuously were formed and grown, which led to an increase
in water uptake. The obtained results were 30% water uptake, 40% area swelling and 46% thickness
swelling, which confirms the idea that explained. Proton conductivity of the prepared membrane at

room temperature was 31.88 mS.cm™.
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Application of Ni-doped Zn-based metal organic framework as an electrode

material for supercapacitors
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Abstract: Metal-organic frameworks (MOFs) have attracted intense attention due to their various
application in the energy storage and conversion field. Herein, Ni-doped TMU-22 was synthesized
through sonochemical method as an electrode material for supercapacitor. The supercapacitive
behavior of synthesized material was evaluated using cyclic voltammetry (CV) and galvanostatic
charge/discharge measurements in 0.5M K>SOs as electrolyte. The Ni-doped TMU-22 exhibited
outstanding specific capacitance of 25.28 F.g™* at a discharge current density of 1 A.g™*. The specific
capacitance retention is about 80.22 % after 300 cycles. We expected that this work would open up a
new door for MOF applications in the supercapacitors electrode material.

Keywords: Ni-doped TMU-22; supercapacitor; metal-organic frameworks; MOFs
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1LINTRODUCTION

Due to the forthcoming crises of the environmental issues and exhaustion of fossil resources,
development of advanced energy storage/conversion technologies and devices is necessary [1].
Supercapacitors are energy storage devices have aroused a lot of attention in last decade for their
high power density, moderate energy density, short charging time, good operational safety and long
cycling life [2-6]. ES application areas include power electronics, memory protection, battery
enhancement, portable energy sources, power quality improvement, adjustable speed drives (ASDs),
high power actuators, hybrid electric vehicles, renewable and off-peak energy storage, and military
and aerospace applications [7]. However, supercapacitors still suffer from the low energy density,
which limited their use for practical applications [1]. To be competent for these applications, the
improvement of the capacitive performance, and decrease the fabrication cost for electrode materials
is essential [8].

Up to now, various kinds of electrode materials have been studied for supercapacitors like carbon
based materials (such as activated carbon, graphene, CNTs), metal oxides/hydroxides (such as
NiO/Ni(OH)2, MnO2, Co304/Co(OH)2, RuO2, V20s), metal sulfides ,conduction polymers and their
composites[9].

In recent years, the search for new functional materials led to the discovery of metal—organic
frameworks (MOFs) [10]. Metal-organic frameworks(MOFs) have attracted a lot of attentions due to
their high surface areas, high thermal and mechanical stability, open metal sites in the skeleton, large
pore sizes, tunable options and organic functionality [11], which have been applied widely in
different applications such as gas storage, separation, catalysis, clean energy [12]. Furthermore, the
application research of MOFs in supercapacitors has seen rapid development [13].

Up to date, various MOF-based SCs have been developed, and generally these SCs can be classified
into three categories:

a. utilizing pristine MOFs
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b. destroying MOFs to afford metal or metal-oxides

c. pyrolyzing MOFs to give microporous carbons [14].
Even though, the lack of electrical conductivity (¢) in most MOFs is still an unsolved problem [10]
and as a result, it is challenging to build effective SCs based on MOFs [14] but the large specific
surface area of MOFs has inspired many researches to explore their electrochemistry, in particular in
applications such as SCs [10].

In the present study, Ni doped TMU-22 was employed as supercapacitor electrode material and it’s

electrochemical properties were investigated in detail.

2. EXPERIMENTAL SECTION

2.1. Chemicals, Reagents and Apparatus

All chemicals for the synthesis were commercially available from Sigma-Aldrich and Merck and
used as received without further purification. The infrared spectra were recorded on a Nicolet Fourier
Transform IR, Nicolet 100 spectrometer in the range 500-4000 cm™ using the KBr disk technique.
X-ray powder diffraction (PXRD) measurements were performed using a Philips X’pert
diffractometer with monochromated Cu-k, radiation (A=1.54056A). The simulated XRD powder
pattern based on single crystal data was prepared using Mercury software [15]. The electrochemical
properties of Ni-TMU-22 electrodes were investigated using a three-electrode configuration in 0.5 M
K2S04 aqueous solution at room temperature with graphite as the counter and Ag/AgCl electrode
that purchased from Azar electrode, Iran Co. as a reference electrode. Cyclic voltammetry (CV),
galvanostatic charge—discharge (GCD) measurements, and electrochemical impedance spectroscopy
(EIS) were performed with a Potantiostat/Galvanostat model of Autolabl102 PGSTAT 30 (Echo
chemie, B. V., Netherlands).The EIS data were collected in the frequency range from 100 KHz to 10
mHz.

2.2.Preparation of bpta: bpta obtained from the reaction of 4-aminopyridine(1.882 g,20 mmol) and
2.84 ml of TEA (20.4 mmol) and 50 ml of dry THF. Then, terephtaloul chloride (2.030 g, 10mmol)
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was added. The reaction mixture was stirred and heated under reflux for 24h at 75 °C. After the
completion of the reaction, the resulting yellow suspension was filtered, dried under ambient
conditions, and poured into an aqueous saturated solution of Na,COs (40 ml). Finally, the resulting
white solid was filtered and dried, obtaining the pure ligand bpta in ca.73% yield.

2.3.Preparation of Ni doped TMU-22: Zn(CH3CO2)2-2H,O (0.219 g,1 mmol), Ni(CH3CO2).-4
H>0(0.176 g,1 mmol) H20ba(0.258 g,1 mmol), bpta (0.5 mmol) and DMF (50 ml) was sonicated for
3 min. Obtained crystals washed by DMF and dried at room temperature. This compound was
activated by a solvent-exchange step. Ni-doped TMU-22 was immersed in acetonitrile for 3 days
which its solvent change with fresh acetonitrile every 24 h. After 3 days, the acetonitrile was
decanted and the crystals were dried at 150 °Cunder vacuum for at least 12h.

2.4.Preparation of the working electrode: The working electrode was prepared by mixing the active
material (Ni-doped TMU-22, 80 wt%), activated carbon (15 wt%) and polytetra fluoroethylene (5
wt%). The mixture was then coated onto a graphite grid (1*1 cm?) and dried at 70 °C overnight. The
typical mass load of active material is about 0.5 mg.

3. RESULTS AND DISCUSSION

3.1. Characterization of TMU-22.

The sonochemical reaction of the bpta and H2oba with Zn(CH3CO3)2-2H20 Ni(CH3CO2)2-4 H20 in
N,N-dimethylformamide (DMF) afforded Ni-doped TMU-22 crystals .The experimental XRD
pattern of the synthesized Ni-dopedTMU-22 was in good agreement with the simulated one which
confirms the successful preparation of Ni-doped TMU-22 (Fig. 1a). For Ni-TMU-22, the strong
vibrations at 1699 and 1600 cm™ correspond to the asymmetric stretching vibration of the -COO"
group, whereas its symmetric stretching vibrations appear at 1406 and 1336 cm™ (Fig. 1b). The
difference of frequency between asymmetric and symmetric stretching vibration is more than 200
cm indicating the bidentate-bridging coordination mode of the -COO" group [16].
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Fig. 1. (a) PXRD of Ni-doped TMU-22: simulated and Ni-doped TMU-22. (b) FT-IR spectra of Ni-doped TMU-22.

3.2. Electrochemical properties of Ni-doped TMU-22.

The electrochemical and the capacitive properties of the Ni-doped MOF were studied by cyclic
voltammetry (CV), galvanostatic charge-discharge, cycling life measurements and electrochemical
impedance spectroscopy (EIS) using a three-electrode configuration in 0.5 M K.SOs aqueous

solution at room temperature(Fig2).

Fig. 2. Schematic drawing of the electrochemical cell that WE, RE, CE are working, reference and counter electrodes,

respectively.
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Cyclic voltammetry (CV) analysis is used to determine the capacitance behavior and the operational
potential limit of the material under investigation.

Fig. 3a .depicts the cyclic voltammogram of Ni-doped MOF at a scan rate of 10 mVs™. The Ni doped
TMU-22 electrode show similar CV profile with a slightly twisted rectangular shape and does not
show any redox behavior which confirms that the Ni-doped MOF undergoes electrochemical double
layer capacitance behavior. Fig. 3b represent the galvanostatic charging—discharging curves between
the potential window of -100-600 mV at different current densities. All these curves are linear and
symmetric, implying good reversibility and high charge discharge efficiency [17]. The specific
capacitance (SC) of the Ni-doped TMU-22 was calculated using the following equation:

C= (IAt)/(mAV)

where I (mA) is working current, At (s) represents the discharge time, AV (V) is the voltage range,
and m (mg) is electrode mass. Accordingly, the specifc capacitance can reach 25.28 F-g at a current

density of 1A-g™.

1
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Fig. 3. (a) Cyclic voltammograms of TMU-22, in 0.5M K,SO, electrolyte at a scan rate of 10 mVs™.
(b) Galvanostatic charging—discharging cycles of TMU-22, in 0.5M K,SO. electrolyte at different current densities.

Furthermore, the electrochemical stability or the cycle life of the Ni-doped TMU-22 was examined

by the continuous charge-discharge measurements over 500 cycles. Fig 4. shows the specific
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capacitance variation for the Ni-doped TMU-22 as a function of cycle number at the current density
of 1 A-g?! within a voltage range between -100 and 600 m V in 0.5 M K3SO electrolyte that
provides capacity retention of 80.22% and 72.7 % over 300 and 500 charge-discharge cycles,
respectively.
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Fig. 4. cyclic performance of the Ni-doped TMU-22 for 500cycles at current density of 1 A.g™.

To study the ion transport behavior and electrochemical resistance of the Ni-doped TMU-22
electrode, EIS were performed as shown in Fig. 5. Impedance spectroscopy were performed in 0.5 M
K2SO; at a frequency range between 100 KHz to 10 mHz. The curve is composed of a semicircle at
high frequency followed by a line at the low-frequency. The resistance (Re) in the equivalent circuit
(see inset in Fig.5), which includes the combinational resistances of the electrolyte resistance,
intrinsic resistance of active materials and contact resistance at the active material/current collector
interface, can be earned by the intercept with the real axis at high frequency. The semicircle is
connected with the charge transfer resistance (Rct). Additionally, the Zw, which expresses the
Warburg impedance, is related to ion diffusion and transfer between electrode and electrolyte [18].
According to the fitting, the calculated Re, Rct and Zw of the electrode are 0.7701, 1.3 and 0.81,
respectively.
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Fig. 5. Nyquist electrochemical impedance spectra of the Ni-doped TMU-22 electrode immersed in 0.5M
K2S04 solution from 1mHZ to 100 KHz.

4. Conclusions

In summary, we have successfully prepared Ni-doped TMU-22 via sonochemical synthetic route for
the potential supercapacitor application. Ni-doped TMU- was employed as an electrode material for
supercapacitor and exhibited electric double layer capacitance behavior in K>SOs medium. The
specific capacitance value for the Ni-doped MOF electrode with 15wt% carbon black was 25.28 F.g*
at a current density of 1A.g*? from galvanostatic charge discharge studies. The reduction in the
specific capacitance was observed only 6 % after 50 cycles, and then remained stable for further
cycles (500 cycles tested in this work).This study clearly demonstrates that Ni-doped MOF is a new
candidate for electrochemical capacitor applications and opens the door for further investigation with
MOF and their composites (with different dopants like graphene, carbon nanotubes and conducting
polymer) as an electrode material for electrochemical energy storage devices.
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i | e el f R(t) E(N®)
1 30124 4.16207E-05 | 0.900658 0.104625737
2 30195 4.27016E-05 | 0.897665 0.107954736
3 30269 4,38503E-05 | 0.894463 0.111528447
4 30289 4.41647E-05 | 0.893582 0.112512923
5 30607 4.93861E-05 | 0.878719 0.129286301
6 30662 5.03317E-05 | 0.875977 0.132411829
7 30679 5.06266E-05 | 0.875118 0.133391948
8 30826 5.32255E-05 | 0.867486 0.142151312
9 31446 6.51342E-05 | 0.830872 0.185275239
10 31633 6.90065E-05 | 0.818331 0.200483156
11 31893 7.4579E-05 0.79967 0.22355159
12 31924 7.52567E-05 | 0.797347 0.226460059
13 31972 7.63113E-05 0.79371 0.231032612
14 32030 7.75935E-05 | 0.789246 0.236671666
15 32181 8.09697E-05 | 0.777275 0.251955258
16 32230 8.20759E-05 | 0.773281 0.257107713
17 32418 8.63602E-05 | 0.757449 0.277794009
18 32777 9.4652E-05 0.72496 0.321633608
19 32781 9.47447E-05 | 0.724581 0.322156245
20 32841 9.6135E-05 | 0.718855 0.330090641
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21 33274 0.000106069 | 0.675068 0.392935889
22 33295 0.000106542 | 0.672836 0.396248302
23 33612 0.000113511 | 0.637948 0.44949284

24 33708 0.000115539 | 0.626953 0.466877563
25 33795 0.000117336 | 0.616823 0.483167502
26 34165 0.000124425 | 0.572068 0.558492911
27 34803 0.000133685 | 0.489494 0.714378473
28 35030 0.000135767 | 0.458898 0.778923852
29 35147 0.000136542 | 0.442966 0.81425903

30 35246 0.00013703 | 0.429423 0.845309772
31 35427 0.000137498 | 0.404571 0.904927623
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41 37659 9.37112E-05 | 0.130014 2.040137444
42 37669 9.33415E-05 | 0.129078 2.047357187
43 38009 8.03853E-05 | 0.099527 2.307359143
44 38058 7.8476E-05 | 0.095634 2.347251897
45 38487 6.17566E-05 | 0.065564 2.724775447
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- Anode catalyst layer
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- Air breathing passive DMFCs
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