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Abstract

Fuel cells produce electricity without involving combustion processes. They generate no noise, vibration or air pollution and are therefore
suitable for use in many vibration-free power-generating applications. In this study, a mini alkaline fuel cell signal detector system has been
designed, constructed and tested. The initial results have shown the applicability of such system for used as an indicator of signal disturbance
from cellular phones. A small disturbance even at 4 mV cm™!, corresponding to an amplitude of 12—18 mG in terms of electromagnetic field,
can be well detected by such a device. Subsequently, a thermodynamics model has been developed to provide a parametric study by simulation
to show the likely performance of the fuel cell alone in other environments. As such the model can provide many useful generic design data
for alkaline fuel cells. Two general conclusions can be drawn from the present theoretical study: (i) fuel cell performance increases with
temperature, pressure and correction factor, Cy; (ii) the temperature factor (E/T) increases with increasing temperature and with increasing

pressure factor.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

A fuel cell is an electrochemical device that produces
electricity via inverse electrolysis. A chemical reaction and
electrical charge transfer occurs within the fuel cell. This is
very similar to the way a battery produces electricity. Unlike
a battery, a fuel cell produces electricity as long as there is a
continuous supply of fuel. No combustion however, nor noise
generation takes place in the fuel cell.

The aforesaid advantages have encouraged the application
of fuel cells in the signal sensing applications. For instance,
Kim et al. [1] used a polymer electrolyte membrane (PEM)
fuel cell for the detection of ethanol gas concentration. A
two-electrode sensor cell for CO detection in a hydrogen-
rich gas had been investigated by Planje et al. [2]. Fuel cell
sensors for breath testing and environmental monitoring by
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gas discrimination have been investigated by Bull et al. [3].
These efforts have encouraged the present application for
signal detection in cellular phones.

With the growing interest in fuel cells, the alkaline fuel
cell (AFC) is said to be one of the most promising candidates
[4]. The long lifetime and the possibility to use non-noble
catalysts [4—6] give it advantages over other types of fuel
cell system. It is considered that the kinetics of oxygen
reduction is superior in an alkaline solution than in acid,
which allows the use of less expensive catalysts to obtain
an equivalent reaction rate [3,7]. Also, compared with other
fuel cells, the reaction in the AFC occurs at a relatively low
temperature.

The number of anecdotal reports of symptoms experi-
enced by hand-phone users due to electromagnetic effects
and the low-level radio frequency fields around the world
is increasing [8—10]. These symptoms include headaches,
dizziness, warmth or tingling around the ear and face, and
difficulties in concentrating, see Chia et al. [8]. It is believed
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Nomenclature

AFC  alkaline fuel cell

Cs overall cell gain/loss factor, Cy = (nF/AS)
(0E/JE) pfrom Eq. (6b)

E voltage

EMF electromotive force or ‘theoretical’ open-
circuit voltage of a cell determined under
convention-defined standard conditions

E/T temperature factor

E° EMF at standard pressure and temperature

F Faraday constant, the charge on one mole of
electrons, 96,485 C mol ™!

G Gibbs free energy

hg enthalpy of formation per mole

H enthalpy

In(P»/P1) pressure factor

n number of cells in a fuel cell stack

PEM  polymer electrolyte membrane

r polarization resistance,  cm?

R molar or ‘universal’ gas constant,
8314.3Tkg~! mol~!

S entropy

T temperature

Greek letters

Nactwal  cell efficiency

Lf fuel utilization coefficient, defined as ratio of
mass of fuel reacted in a cell to mass of fuel
input

that if such undesired disturbances could be detected, identi-
fied and measured, these could provide a better understand-
ing of the hazards. Also, disturbance identification is useful
in providing safety control measure, especially at electrical
signal-sensitive areas. Standard guidelines and safety limits
of electromagnetic exposure allowed in various countries are
summarized in Table Al in Appendix A.

Waste
as

G
Air
Cathode l

In the present study, an affordable, non-noble material for
the construction of AFC electrodes of the AFC has been used.
The research does not aim to improve the AFC design or to
increase the power density and efficiency, but to investigate its
feasibility for small micro-electronic and mechanical signal
applications, particularly for mobile phone signal detection.
Further to the experimental work, a parametric study based on
thermodynamics and sensitivity analysis has been conducted
to provide many useful generic design data for the AFC.

2. Theory and hypothesis
2.1. Theory on experimental work

The overall system, as shown in Fig. 1, was designed and
built as an extension of previous work [11]. It consists of
four main sections, i.e., the AFC, signal induction, signal
converter and detection, and recording section. The mini AFC
produced the desired direct current. The voltage generated
before and after signal disturbance was then sensed by a Pico-
oscilloscope. The results were plotted by a computer that used
Pico Technology software.

The mini AFC was of the dissolved fuel design. The anode
was made from nickel (Appendix A, Table A2), rather than
from the usual, relatively expensive, platinum catalyst. The
cathode was carbon since it does not take part in any chem-
ical reaction, but allows electrons flow through it. The fuel
used was a mixture of potassium of potassium hydroxide
(KOH) and methanol solution, in a 75%:25% weight ratio
(Table 2).

The electrochemical reaction of an AFC is well known
[2—4]. Reduction of oxygen at the cathode and oxidation of
hydrogen at the anode produce electrical energy according to
the following reaction:

2H, + O, — 2H,0 + electrical energy (1)
The reduction of oxygen in an alkaline solution is given by:

02 +2H;0 + 4e~ — 40H™ 2)

Electrolyte Mixture

Z
\ Fuel Anode
Mg L

Dissolve Fuel AFC

Pico- .W
. —

Oscilloscope A

Disturbance Input Computer terminal
I5.¢. Cellular Phone Signal
AN P 1, S
' Y

Signal Induction | Imeer[cr& Detector ])cvicc| | Result Rccordingl

Fig. 1. Schematic diagram of dissolved fuel AFC signal detector.
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and the anode reaction, i.e., oxidation of hydrogen, is given
by:

CH3;0H + 60H™ — 5H;0 + CO;y +6e™ 3)

2.2. Thermodynamics consideration and sensitivity
analysis

The Gibbs free energy available from a fuel cell can be
described either in terms of electrical work! or the change in
enthalpy and entropy? as follows:

G = —nFE = AH — TAS @

so that the cell voltage, E, can be evaluated by:

E= 5)

AH —TAS AH AS
= e T ar =
nk nkF nk

Differentiating the above equation with respect to 7:

oE AS
- =— (6a)
or Jp nF

Now, for an actual fuel cell, a correction factor Ct is intro-

duced to account for the overall cell gains or losses, so that
Eq. (6a) becomes:

oF AS
e (6b)
aT /) p nk
and so:
AS — nF (0F )
B Cs \ 0T /) p

The temperature—entropy (7-S) and temperature—etnhalpy
(T-H) diagram for H in the region of 130-300K can be
found in Russel [12] and Wolley and Brick [13]. The data
extracted from these studies was used to develop Eq. (8) and
(9) based on regression method.

The enthalpy—temperature relation was estimated by:

H = 14.46T + 3829.36 ®)

where H is the enthalpy, J g~! and T is the temperature, °C.

The entropies at different pressure levels as a function of
temperature were estimated by:

S1bar = —1.256E — 04T% + 5.985E — 02T + 60.468 (9a)
S3bar = 2.930E — 047> — 4.186E — 04T + 64277  (9b)

Sspar = —2.093E — 05T2 + 4.44E — 02T + 65.013  (9¢)

! In a fuel cell, work is converted from electrochemical energy, through
inverse electrolysis, i.e., the change in Gibbs free energy, AG to electrical
work, Welec = —nFE.

2 Since for a reversible system, the Gibbs free energy, G=H — TS.

S7bar = —8.371E — 06T + 2.093E — 037> — 0.125T
+74.385 (9d)

where S is the entropy, Jgm ™' K~! and T'in °C.
The fuel cell efficiency can be then calculated by Egs. (10)
and (11), as described by Larminie and Dicks [14]:

. E
cell efficiency, nacrual = Mfm x 100% (10)

where s is the fuel utilization coefficient and

—Ahg
n

EMF =

= 1.48 V(at higher heating value, HHV)(11)

where /s is the enthalpy of formation per mole.

A computer program was written to investigate the effects
of various parameters on fuel cell performance on the basis
of the equations developed above. The computing steps, are
shown in the flow chart presented in Fig. 2.

3. Results and discussion
3.1. Results and discussion on experimental study

The change in polarization resistance with time of the
nickel catalyst is given in Fig. 3. The properties of the fuel
mixture used and the specification of the Pico-oscilloscope
are given in Tables 1 and 2, respectively.

The results obtained from a typical signal experiment were
as follows. The signal before the system encountered any
disturbance is given in Fig. 4. Before any disturbance sig-
nal, the dc voltage from the fuel cell has produced a stable,
quasi-linear signal wave, as shown in Fig. 4. The introduction
of disturbance signal tends to induce and change the quasi-
steady signal wave. This is shown clearly in Fig. 5 where
the incoming cellular disturbance is introduced at time 23 s,
highlighted by Region A. It is found that a small cellular
disturbance at 20 mV corresponding to amplitude of 12 mG
in terms of electromagnetic field, is detected by the device
arrangement used (Region A). The signal has a time period
of around 8 s due to the period of the disturbance introduced.

Table 1

Properties of fuel mixture and potassium hydroxide (KOH)
Value

Wt.% of KOH 75

Wt.% of CH30H 25

Concentration of KOH 4M

Table 2

Specification of Pico-oscilloscope Model ADC212

+20mV to 20V in 9 ranges

Spectrum range 0-76 Hz (min)

Channels 2 BNC, 1 MQ ac/dc; 1 BNC external trigger
Accuracy +1%

Voltage range
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Fig. 2. Flow chart for performance and parametric study of AFC.
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Fig. 3. Plot of polarization resistance of Nickel based electrode vs. time at
a constant current load of 1.067 mA cm™2,

Region B is not significant as it indicates a time when the
system was shut-off.

3.2. Results and discussion on parametric study

The experimental study reported in the preceding section
was undertaken at ambient conditions. Theoretical work was
done subsequently, to study the effect of various parame-
ters on fuel cell performance. The aim of the parameteric
study was to investigate the thermodynamic perspective as
well as the performance of the fuel cell alone if applied at
other conditions. The effects of these influencing parameters
to the signal disturbance developments are not discussed in
this paper. The effect of temperature and pressure on fuel
cell performance and at different correction factors, Cy, is
presented in Figs. 6-11.

From all the plots, it is apparent that the theoretical voltage
and hence efficiency, increases with increasing pressure. A
comparison of the influence of the Cy factor, as in Figs. 7-11
show that the fuel cell performance increases with this fac-
tor. This is because higher temperatures normally have the
advantage of low losses. This is possibly due the fact that
transport of H* ions from the anode to the cathode increases
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Fig. 4. Before disturbance.

with increasing pressure. The voltage and efficiency increase
quite linearly with increasing temperatures. The plots were
found to exhibit similar patterns to those reported by Ergul
et al. [15] and Ref. [16], which utilized conventional pure
platinum electrodes. The comparison plots are presented in

315

09+

08

07+

06+

Voltage,V

051

04f

Fuel Util Fac.=0.75

03 Corrected Fac.=15

02 L L 1 1 L 1 L L 1
50 60 70 80 90 100 110 120 130 140 150

Temp..deg.C

Fig. 6. Theoretical voltage at various temperatures and pressures (Cr=15).

Now, consider the well known Nernst equation which
relates the potential generated by an electrochemical cell, E,
to the activities a of the chemical species in the cell reaction,
oA + B <> yC + 8D, and to the standard potential, £V, i.e.,

. . . . 0 RT aCyaDS
Figs. 12 and 13, respectively. Also, as shown in Fig. 13, the E=E + F IHW (12)
overall efficiency increases with pressure.
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Fig. 7. Theoretical efficiency at various temperatures and pressures

(Cr=15).
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Fig. 8. Theoretical voltage at various temperatures and pressures (Cr=10).

For the present case of the AFC, the following simplified
equation can be written:

RT Py RT 1/2
E=E"+—"1 2 —In(P 13
toF n(PH20> toF n(Po,) 13

where Py,, Po, and Py,0 are the partial pressures for hydro-
gen, oxygen and water, respectively.
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Fig. 9. Theoretical efficiency at various temperatures and pressures
(C¢=10).
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Fig. 10. Theoretical voltage at various temperatures and pressures (Cr = 20).

Consider only the hydrogen partial pressure and that it
changes from P to P», Eq. (13) can be reduced to:

RT (Pz)
Ex—1In(=2 (14)
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Fig. 11. Theoretical efficiency at various temperatures and pressures
(C¢=20).



M.O. Abdullah, Y.K. Gan / Journal of Power Sources 155 (2006) 311-318 317

0.7
el [l U |
P RS
z ---m-- .M. T.Ergulet
oo 0.4 4 al
8
E 0.3 + —e—Present
02 % y

50 60
Temp,Deg.C

Fig. 12. Comparison of plots of Ergul et al. [15] with present study.

By rearranging,

(e

(temperature factor)

~ P
=~ In <P1> (15)

(pressure factor)

Eq. (15) is a partial-dimensionless equation because the tem-
perature factor is not dimensionless.

The computational outputs mentioned earlier in Section
2.2 were rearranged into the form of Eq. (15), with substi-
tuted values for the constants n=2, F=96,485C mol~! and
R=8314.3Tkg ! mol.

A plot of pressure factor (In(P,/P1)) versus temperature
factor (E/T) is shown in Fig. 14. The temperature factor (E/T)
increases with increasing temperature 7. Therefore, this fur-
ther proves that the fuel cell will have higher performance
at higher temperature. Also, an increasing pressure factor
at constant temperature increases the performance indicator,
i.e., the temperature factor.
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Fig. 14. Performance curves for AFC at various temperatures and pressures.

4. Conclusions

A feasibility study of an affordable fuel cell detecting
system has been undertaken via laboratory tests. The anode
catalyst was made from nickel, a relatively low-cost mate-
rial compared with the usual platinum counterpart. The low
energy generated by the mini fuel cell can be used for micro-
electronic or mechanical signal applications. In this study,
it is used as a signal indicator of interference from a cellu-
lar phone. The results show that a disturbance of 20 mV or
400mV m~! corresponding to an amplitude of 12-18 mG in
terms of electromagnetic field, from the cellular phone. This
is below the limit approved by the International Standard
(Table A1) in relation to the amplitude of 4 mG in the human
body.

A thermodynamics model for parametric study investi-
gation, has been developed to increase the understanding
of the inverse electrolysis process and to provide a simple,
rational method of predicting the AFC system performance.
Simulation of AFC performance demonstrated the model’s
capability and yielded sensible results (Fig. 14). Two of the
general conclusions from the theoretical study are: (i) the
fuel cell performance increases with temperature, pressure
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Fig. 13. Comparison plots of Ref. [16] with present study.
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Table Al

Standard and guideline limits for continuous exposure published by various organization [9,10]

Standards Electric field (kVm™1) Magnetic flux density (uT)
Public Occupational Public Occupational
ICNIRP (1998) 5 10 0.1 0.5
USA, ACGIH - 30 - 1
CENELEC (1995) 10 30 0.64 1.6
UK, NRPB 10 10 1.6 1.6
AUS, NH&MRC 5 10 0.1 0.5
Germany (1989) 20.6 20.6 5 5
USSR (1975) - 5 - -
USSR (1985) - - - 1.76
Poland (1980) - 15 - -
Table A2 References
Properties of Nickel 200, commercially pure grade (99.6% Ni)
Property Value [1] K.C. Kim, S.M. Cho, H.G. Choi, Sens. Actuators 67 (1-2) (2000)
- 194-198.

Densit -3 8.8

ensity (g cm™) o [2] W.G. Planje, G.J.M. Janssen, M.P. de Heer, Sens. Actuators 99 (2-3)
Melting/range (°C) 1435-1446
Specific heat (J kg~! °C) 456 (2004) 544-355.

o 1o [3] D.R. Bull, G.J. Harris, A.B. Ben Rashed, Sens. Actuators 15 (1-3)

Thermal conductivity (Wm™" °C) 70 1993) 151-161
Electricity resistivity (£2 m) 0.096 x 106 ( Py

and correction factor, Cy; (ii) the temperature factor (E/T)
increases with increasing temperature and pressure factor.
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