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ABSTRACT

A barrier that limits the performance of anion exahe membrane (AEM) direct chloro ethanol fuel scell
(DCLEFCS) is that state of the art AEMs do not wallthe fuel cell to operate at high temperature (C9.
Here we describe an alkaline DCLEFC that employsaton exchange membrane (CEM) and show that ypis of
CEM-DCLEFC can stably discharge with a high powensity at an operating temperature as high €90
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INTRODUCTION

Anion exchange membrane direct chloro ethanol fiedls (AEM-DCLEFCs) have received ever-increasing
attention, mainly due to increased performance resalt of fast electrochemical kinetics at both #imode and cathode in
alkaline media [1] [2]. Typical like a proton excigee membrane (PEM) based fuel cell, an AEM-DCLE&€omposed of
an anode, an AEM and a cathode, as shown in fibar€®n the anode chloro ethanol reacts with hydmions (OH that

migrate from the cathode according to:

EtOH
EICH ¢ Q, OH o,
—_ — - — Na e

"'1 Anode Cathade "] Anode Cathode "'l Anode Ca‘.hudel' &
CHCOOH (4 CH,COONa CH,CO0Na (o) NaOH

Figure 1. Schematic of Anion and Cation Exchange Mabrane Direct Chloro Ethanol Fuel Cells
2CH, CLCH,OH +240H —4CQ, + 17 HO+ CL,0+24¢€, EJ = -0.52V Q)

The produced electrons pass through an externetriekd load and arrive at the cathode. Note that above

reaction is based on the assumption that the fimatluct is carbon dioxide. It has been proven thih existing
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electro catalysts at low temperatures the finatpob of the ethanol oxidation reaction (EOR) isdominated by acetic
acid with a rather small amount of €{3,4]. On the cathode, Qeacts with water and electrons to form hydrote
(OH), i.e

60, + 12H,0 +24€ —»240H E2 = -0.32V )

Combining the EOR given by eq (1) and the oxygelucdon reaction (ORR) given by eq(2) result incaerall
reaction in an AEM-ADCLEFC:

2CH, CLCH,OH +11/2Q —4CO, + 5 H,O+ 2CLE® = 1.05V ©)

With state of the art AEMs and the electrodes fatméth relevant ionomer material, previous investign
[5][6]. Showed that the performance of AEM-DCLEF®as generally low, To increase the AEM conductiatyd to
further enhance the EOR kinetics, a base, (e.g. KOBOH) need to be added to the chloro ethanoltisolun
state- of- the- art AEM —DCLEFCs [7]. As NaOH isdad to chloro ethanol solution, anions G#ill are formed at the

anode according to:
12NaOH—12N4d +120H (4)

In addition to those that migrate from the catholee fuel cell system with an added base is showfigure 1b,
in which the increased OH-concentration at the anmat only increases the PH value at the anodegliiespeeding up
the kinetics of the EOR, but also improves the AEdhductivity. For this reasons, it has been dematestthat the
addition of a base to chloro ethanol solution a@mmendously boost the cell performance [8-11]. @& dther hand,
it is noticed from egn (4) that in the fuel cellssgm shown in figure 1b, there also exit cations Bathe anode.
The presence of cations Nat the anode leads us to think that it is alscsibptes to use a cation exchange membrane
(CEM) to conduct cations Ndrom the anode to the cathode to close the inkainzuit. As such, a new fuel cell system
shown in figure 1c is devised. Here after, we refierthe system shown in figure 1c as the CEM-DCLEFC
The electrochemical reactions in the CEM-DCLEFCs as follows. At the anode, OH- dissolved from these,
as indicated in equ.4, reacts with chloro ethawsobading to equ (1). At the cathode there exist teaction: i) Qreacts
with water and electrons to produced OH- accordmgeqn.(2) and ii) the produced OH- combines tanfrillaOH.
In summary, the above discussion suggest thahfoctirrent membranes based alkaline DCLEFCs sysidman added
base to the anode there exist two options for gté membranes: AEM or CEM. Accordingly, two difént fuel cell
systems are formed: one is the AEM-DCLEFCs showtigare 1b and the other is the CEM-DCLEFCs shown i
figure 1c. Question that arise are whether thislpg@roposed CEM-DCLEFCs work or not, and if yeswhib perform as

compared with that of the AEM-DCLEFCs. The objeetof this work was to answer these questions.

EXPERIMENTAL

Fuel Cell Setup and Instrumentation

Each MEA was fixed between an anode and a catHodefield. Both flow field were made of 316L stadsis
steel plate, in which a single serpentine flow ateyl.0mm wide,0.5mm deep, and 1.00mm, wide grodmwyetthe wire-cut
technique. At the anode, an aqueous fuel solutioriaining 3.0 M chloro ethanol and 5.0M NaOH was ifgo the flow
channel by a peristaltic pump at a flow rate ofd.tnin [9] at the cathode, 99.7 % pure oxygen apiant pressure with a

flow rate of 100 standard cubic cm/p, (sccm) was féthout humidification. Additionally, the cell neperature was

| Index Copernicus Value: 3.0 - Articles can be sernb editor@impactjournals.us |




| An Alkaline Direct Chloro Ethanol Fuel Cell with a Cation Exchange Membrane 135 |

measured with a thermocouple located at the anodert collector, and two electrical heating rodsrevinstalled in the
cell fixtures to control the operating temperatuxa.Arvin BT2000 electrical load interfaced to angouter was employed
to control the condition of discharging and rectivd voltage- current curves. The voltage currentises were collected
by consecutive current step from the zero curremtigh current. For each discharging current palahg the 1-V curve,
a 30-s waiting time was needed to obtain the stabliage at the last second. The internal resistasfcthe cell was
measured by the built- in function of the Arbin BJO®. Anode polarization data for this present figdl were obtained by
employing an Hg/HgO (MMO) reference electrode. Gdthpolarizations were derived by subtracting armpalarization
values from the respective cell polarization dafa. measure the ionic conductivities of both the ChAkd AEM,
selected membrane were dipped in 5 M NaOH solutiad,then washed by DI water to remove the alkaalaetion from
the membrane surface. Prior to measurements, eastkept at a desired temperature for at least b0 AC impedance
was tested in a frequency range of 100 KHz-10Hh wit amplitude of 5mV using auto lab PGSTAT30 etedtemistry
workstation(Eco Chemie B.V, the Netherlands). Betimples were measured at least three times, anaverage

value was then obtained. The ionic conductivity wetermined by:

o=45 (5)

RS

Whereo is ionic conductivity (S cf), d is the thickness of membrane (cm), R is thasueed impedance of the

membrane®) and S is the area of membrane {cm
Membrane Electrode Assembly

Two membrane electrode assemblies (MEAS) one witAEBM and other with CEM, were prepared in this kvor
The AEM (A201) with a thickness of 28um, was praddy Tokuyama, while the CEM was a Nafion 211 memés,
(25 mm thick), which was treated as a cation cotwtud@he procedure of treating the Nafion membranekided: [12].
i) immersing it in 10 wt% NaOH solution: ii) heagjrit to 8C for 1h and iii) washing it by dionized (DI) watseveral
times. Both AEM- and CEM- MEAs had the same anaut® @athode and the same active area of 1.0*1.0rbencathode
was a single- side electrode consisting of a fe-AdkHYPERMECTM__ catalyst (ACTA) with a loading ofdlmg cn¥,
which was attached to a baking layer made of cadioth (ETEK). The anode was formed by following thteps:
i) a catalyst ink was prepared by mixing a homenmfadii/C with a loading of 1.0mg ¢mchloro ethanol as the solvent
and 5 wt% PTFE as the binder [13]. ii) The anod®lgst ink was stirred continuously in an ultrasobath for 20 min.
such that it was well dispersed; and iii) the anozhalyst ink was brushed into a piece of nickeanfio

(Hohsen Corp. Japan) that served as the backieg. lay

RESULTS AND DISCUSSIONS

Cell Performance at 98 C

Previous studies [16] showed that state of thé\BiMls became unstable when the operating temperbtagame
higher than 68C. However, CEMs (e.g. Nafion) are stable below °000To confirm this point, we tested the
AEM and CEM-DCLEFC at . During the experiment we found that the AEM-DEEcould not discharge stably at
90°C and its cell performance kept degrading all iheet However, the CEM-DCLEFC could run very stabhyd the
measured performance was repeatable. In the foitpwire chose the best performance of the AEM-DCLEF-€ompare
with that of the CEM-DCLEFC.
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Figure 2 shows a comparison of the cell performaeteveen the AEM-DCLEFC and CEM-DCLEFC a’@0
It can be seen that the CEM-DCLEFC vyield a peakeratensity of 135mW ctf) which is higher than the best value of
the AEM-DCLEFC (115 mW cif). The performance difference between the AEM-DCCE#d the CEM-DCLEFC can
be explained by the measured anode and cathodetipbhown in figure 3b. Like the case af@pthe anode potential of
the CEM-DCLEFC is lower than that of the AEM-DCLERCthe whole range of current density, and thédice in the
anode potential between the AEM-DCLEFC and the ABGI-EFC is gradually enlarged with the current dbnsi
however the situation for the cathode potential9&iC is different from that 6C: the cathode potential of the
CEM-DCLEFC is almost the same as that of the AEMEEEC in the whole range of current densities &C9Mue to the
similar ohmic loss of the AEM-DCLEFC (31%&) and the CEM-DCLEFC (3506 this result can mainly be attributed to
the fact that at such a high temperatur€’@0the permeation rate of NaOH through the AEM banhigh. As in the
CEM-DCLEFC where the NaOH produced at the catha@elawer the cathode potential, the permeated N&O#d the
anode to the cathode in the AEM-DCLEFC can alsacedhe cathode potential.

In summary, the performance tests show that the CEMEFC could discharge stably with a higher power

output at 98C, but the performance of the AEM-DCLEFC kept delgrg at high temperatures.
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Figure 2: Performance of the AEM and CEM-DCLEFC at90°C,
(a) Polarization and Power Density Curve, (b) Anodand Cathode Potentials

Cell Performance Cell at 66C

Figure 3 shows a comparison of the cell performanesveen AEM-DCLEFC and CEM-DCLEFC at %0
It can be seen that the CEM-DCLEFC can yield a ppawer density of 100mWcmwhich is higher than the
AEM-DCLEFC (90MW cn¥). The performance difference between the AEM-DCCE#hd the CEM-DCLEFC can be
explained by the measured anode and cathode pdtesttown in figure 2b. Note that as the voltage thode
potential —anode potential, a higher cathode piatesitd a lower anode potential mean a higher gelt# can be seen that
the anode potential of the CEM-DCLEFC is lower thiaat of the AEM-DCLEFC in the whole range of cumréensities
and the difference in the anode potential betwéenGEM-DCLEFC and the AEM-DCLEFC becomes largethvén
increase in current density. The reason why CEM-BEC yield a lower anode potential than AEM-DCLEF@ed is
explained as follows. As mentioned above, the fpralduct of the EOR is predominated by acetic &Cid;COOH) in the
alkaline DCLEFC system according to: [3] [4].

CH, CLCH,OH+ 4NaOH-CH, CLCOOH + 4N4 + 46 +3H
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Figure 3: Performance of the AEM and CEM-DCLEFC at60°C,
(a) Polarization and Power Density Curve, (b) Anodend Cathode Potentials

In AEM-DCLEFC as Néions neither reacts not migrate to the anodé€, ddéacentration at the cathode can be
maintained at the feed value (5.0 M). In the CEMLEBEC, however, Naions can migrate through the membrane to the
cathode, which in turn increase the chloro ethadsbrption on the active sites, thereby improvirganode performance.
Also as the Namigration rate linearly increase with the curreensity, the anode potential of the CEM-DCLEFC is
lowered with the current density as shown in figRibe It should be recognized that the OH- concéptraat the anode can
also affect the EOR kinetics. In this regard the-@bihcentration at the anode of the CEM-DCLEFC Isarhigher than
that at the anode of the CEM-DCLEFC due to the tlaat OH- lons can migrate from the cathode toathede in addition
to the OH- lons resulting from the added alkaliisTieasoning suggests that the EOR kinetics ofAEM-DCLEFC is
faster than that of the CEM-DCLEFC. However a prasistudy showed that when the added alkaline drck®.0M the
effect of OH- concentration on the EOR kineticsdoae negligible.[9].

Let us now focus our attention on the cathode piaeshown in figure 2b. It is shown that the catbgotential
of the CEM-DCLEFC is lower than that of the AEM-DEEC at high current densities. It should be memibthat the
cathode potential loss includes the cathode ovemngial and the internal resistance loss (ohmis)lo®n the other hand,
the lower cathode potential is mainly attributedtte fact that NaOH is produced at the cathodé®fQEM-DCLEFC and
its production rate is proportional to the currdansity. Previous study [14] [15] showed that thespnce of NaOH in the
cathode of the alkaline DCLEFC system lowered tRR(inetics and reduced the cathode active sideh®wther hand,
the internal resistance of the CEM —DCLEFC (34@Jvis higher than the AEM-DCLEFC (247€v) at 60C, lowering the
cathode potential in the CEM-DCLEFC. At low currefensities (< 200mA cH) the cathode potential for both cell are
almost the same, mainly because at low currentitie=sishe NaOH production rate in the cathode ef @EM-DCLEFC
and the ohmic loss are low. In summary, the perféoree shown in figure 2 confirm that the alkaline I EEC which uses
a CEM works and its power output is slightly highiean that of the AEM-DCLEFC at 80.

Constant Current Discharge Behaviors

Figure 5 show that the constant current dischargetuavior of AEM —DCLEFC at 9G. It can be seen that the
AEM-DCLEFC underwent strong fluctuation with an ditygle as large as 150mV during the whole discheygirocess.
figure 5b confirm that the periodical fluctuatiamthe voltage of the AEM-DCLEFC are mainly causgdlbctuation in

the cathode potential. The possible reason foropmnce fluctuation is explained as follows. Wenfduhat the amount
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of solid NaOH particle at the outlet of the cathdlbev channel was significantly higher when the AEMCLEFC was
tested at 9. This fact suggest that the permeation rate o©OMahrough the AEM becomes more serious at
high temperature operation. As mentioned abovepthsence of NaOH at the cathode will lower the G&fetics and
cover the active sites, thus lowering the cathoddopmance of the alkaline DCLEFC system.[14] [18]ith time,
NaOH particle can gradually accumulate in the cd¢hflow channel, causing the local pressure of eryfjlow to
increase. As in increase in gas pressure incréasgats solubility, the reversible potential andnexge current density for
oxygen reduction [21]. However when the amount afOW particle is accumulated to a critical values txygen flow
stream will blow out the accumulated particles frtima flow channel, the oxygen pressure will droph® normal value
and the cathode potential will also undergo a ralpap, as shown in figure 5b. In addition, the AEV&eriously degraded
at 90C, as a result of the nucleophilic attack and Haffnelimination mechanisms, rapidly reducing the éachange
capacity (IEC) of the AEM. [17] [18]. Therefore tlkegraded AEM can also cause performance fluctuatioing the

constant current discharging process.

The constant current discharging behavior of theVdBECLEFC is shown in figure 6. It can be seen ttred
CEM-DCLEFC can run stably during 3-h continuousragien, which is mainly attributed to the fact thlhé CEM can
withstand a relatively high temperature operatighich tends to reduce the NaOH permeability throthghCEM and thus
enhance the operating stability. In summary, tisellteshown in figure 5 and 6 further suggest that€EM-DCLEFC can
discharge stably with a higher power output &C9®ut the AEM-DCLEFC cannot run stably at high pemature.
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Figure 4: Constant Current Discharging Behavior ofthe AEM-DCLEFC
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(a) Voltage (b) Anode and Cathode Potential
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lonic Conductivitis

Figure 5 shows ionic conductivities of the AEM aBEM at 60 and AT as the function of the time period in
which the membranes had been soaked in 5.0 M Naihiian. Generally the charge carrier in the AEMpiedominated
by the anion (OB, [17]. While cation (N is the main charge carrier in the CEM [12]. Indze seen that the AEM shows
higher ionic conductivities than the CEM does Atth60 and 98C within 10 days, indicating that the capability of
transporting the OH- through the AEM is higher thieansporting the Nathrough the CEM in 5.0 M NaOH solution.
This result is consistent with the measured interegistance for both AEM-DCLEFC and CEM-DCLEFGsatand 96C,
respectively. It is interesting to note that theidgoconductivities of the AEM at 8Q are lower than those at%Din 5.0 M
NaOH solution. This is because highly alkaline emwinents can cause a considerable decrease iarticeconductivities
of the AEM due to nucleophilic attack and Hoffmdiménation mechanism, especially at elevated teruee.[17] [18].
However the CEM (e.g Nafion) can be stable in argjralkaline environment [19] e.g. Nafion membrangployed in the
chloro- alkali industry.[20] therefore the CEM-DCEE is a promising alternative to the alkaline DCKEBystem,

especially at elevated temperatures.
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Figure 6: lonic Conductivities of AEM and CEM

CONCLUDING REMARKS

In this work, we have proposed a new type of DCLER& employ a CEM as the ion conductor. Subsedyent
we showed that this type of DCLEFC can steadilgliisge with a high power density at an operatingp&rature as high
as 90C. In contrast, as the AEM-DCLEFC become abnorr8(¥C. The significance of the present work lies in fdet
that for the first time it reveals that alkaline DEFCs can also use cation exchange membranes é&sntltenductor to
replace original anion exchange membranes. The stdking feature of this CEM-DCLEFC is that it caperate at
relatively high temperature which provides plenfyreom for boosting the fuel cell performance. @lcse like other
existing type of fuel cell, there are still somelgiems such as the formation of NaOH on the cathlibdeneed to be
addressed in the future.
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