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Direct alcohol fuel cells have been attracting enormous research interest as power sources for vehicles
and portable electronic devices because alcohols are readily available, their storage and transport can
be easily handled with the existing fuel infrastructure, and they commonly have high mass-specific and
volumetric energy densities. Methanol is the most studied fuel for direct alcohol fuel cells because
methanol is readily available, it is structurally simple, and has a promising electrochemical activity.
However, several research groups have also reported the use of 2-propanol as a promising fuel. The
potential advantages of utilizing 2-propanol as fuel are many such as it is relatively less toxic
compared to other alcohols, at low potentials it is less prone to anode poisoning, and it has better
resistance to crossover and cathode poisoning. The performance of the fuel cell for a particular catalyst
system is related to the cell conditions such as 2-propanol concentration, anode and cathode fuel flow
rates, cell temperature and oxidant back pressure. This study was designed to study the effect of the
different cell operation conditions at three different levels and the interactions between these
components by response surface methodology (RSM). We observed that the power density of the cell
increased with increase in molar concentration of 2-propanol and cell operation temperature, the
optimized conditions for the highest power density of 45 mW/cm? by the RSM was found to be 1.5 M
2-propanol concentration, 80 °C cell temperature, 9.22 ml/min 2-propanol flow rate, 596 ml/min
oxygen flow rate and no back pressure for the oxidant, this is from amongst one of the best results
reported in literature for direct 2-propanol fuel cell performance.
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1. INTRODUCTION

In a direct 2-propanol fuel cell (D2PFC) the dehydrogenation of 2-propanol takes place
catalytically at temperatures around 80-100 °C at the anode. The 2-propanol dehydrogenation is an
endothermic reaction and the electro-oxidation of 2-propanol produces acetone, carbon dioxide and
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hydrogen [1], the produced hydrogen ions travel through the polymer electrolyte to the cathode where
either oxygen or acetone can be used as an oxidant to produce water or 2-propanol respectively while
the electrons travel through the external electrical circuit to the cathode to produce electrical power.

Demirci [2] reviewed the literature available on different direct liquid fuel cells with special
focus on the thermodynamic-energetic data and the toxicological-ecological hazards of the chemicals
used as liquid fuels. The analysis showed that boro-hydride, ethanol and 2-propanol even though
inferior compared to hydrogen would be the most adequate liquid fuels for the polymer electrolyte
membrane fuel cell type systems.

Methanol, ethanol and 2-propanol have very good energy density which is quite close to that of
hydrocarbons and gasoline (i.e. 10-11 kWh/kg) [3]. Wang et al. [4] evaluated ethanol, 1-propanol and
2-propanol as alternative fuels for DMFC by using Pt-Ru and Pt-black catalysts. They found that the
main products of ethanol oxidation were acetaldehyde and CO,, for 1-propanol, propanal and CO;
whereas the main by-products of 2-propanol oxidation were 2-propanone and negligible amounts of
CO,. Qi et al. [5] reported the operation of 2-propanol fuel cell using Pt-Ru and Pt blacks as anode and
cathode catalysts, respectively, Nafion 112 as membrane electrolyte, and with air at the cathode. Their
D2PFC showed much higher performance than direct methanol fuel cell, especially at current densities
less than 200 mA/cm?. This performance was the highest among any direct-liquid-oxidation fuel cells.
The open circuit voltage of the D2PFC was 0.27 V higher than that of the methanol fuel cell and at the
same time the amount of 2-propanol crossover through the membrane was 1/7 of that of methanol.
Therefore it is anticipated that a direct 2-propanol fuel cell can have much higher efficiencies than
methanol fuel cell. Since 2-propanol performs better in the low current density region, while methanol
does better in the high current density region, the authors tested a mixture of 2-propanol and methanol
expecting to find if they have any synergistic effect but they found that the performance was worse
than when tested individually over the entire current density region.

Bergens et al. [6-8] and some other groups [9-13] also studied 2-propanol as an alternative to
methanol and ethanol in alkaline direct alcohol fuel cells (ADAFCs). A substantial current maximum
occurred at low potentials and was attributed to a change in the mechanism of 2-propanol oxidation;
dehydrogenation of 2-propanol to acetone occurs at low potentials and a slower oxidation to form CO,
occurs at higher potentials. Unlike carbon dioxide, formic acid and acetic acid, acetone does not
undergo irreversible stoichiometric side reactions with hydroxide and thus does not require added base.
In 3-electrode experiments, the platinum catalyzed electro-oxidation of 2-propanol to acetone provides
relatively high stabilized current densities at low anode potentials [7]. The activity of platinum at these
potentials is enhanced by nickel [6] or ruthenium [8]. Over palladium, the apparent activation energy
for 2-propanol oxidation is lower than ethanol at moderate potentials [10], and its activity is enhanced
by gold [9] or platinum [11]. A prototype alkaline direct 2-propanol fuel cell (AD2PFC) operating with
commercial platinum electrodes and a liquid electrolyte gave a maximum power density of 22.3
mW/mg Pt and most of the cell polarization occurred at the cathode.

These results make the D2PFCs potentially better candidates than DMFCs to power portable
electronic devices since for such applications the current density need not be high, whereas the
temperature should remain close to room temperature, 2-propanol therefore has obvious advantages
over methanol for such applications. In addition, the electrochemical energy density of 2-propanol is
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about 1.5 times that of methanol with respect to the same weight or volume if it is oxidized to CO,
completely. Therefore, fuel cells using 2-propanol as the fuel would be more compact and practical
than using methanol for portable power applications.

2. EXPERIMENTAL SETUP

A 25 cm? MEA was obtained from Electrochem Inc., USA with Nafion 117 PEM, anode and
cathode loading of 4 mg Pt-Ru/cm?® and 1 mg Pt/cm? respectively. Electrochem 25 cm? fuel cell
hardware was used for the tests. Aqueous solutions of 2-propanol (WINLAB, UK, Spectroscopic
grade) was pumped through the anode flow field using a Gilson Minipuls 3 peristaltic pump at zero
back pressure and the 2-propanol solution was not recycled back to the fuel reservoir. The gas flow
was regulated using a MKS mass flow controller interfaced to the fuel cell software at different back
pressures set manually. Ultrapure Oxygen was humidified using a bubble humidifier maintained at 80
°C before being supplied to the cathode. A schematic diagram of the experimental setup is shown in
Fig. 1.
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Figure 1. Schematic Diagram of the Fuel Cell Test Setup (IPA- 2-propanol, MFC-Mass Flow
Controller, BPR- Back Pressure Regulator)

The polarization (or current-voltage) curve is the most commonly used indicator of fuel cell
performance. The most common data collection mode to obtain the polarization curve is by adjusting
the current density and then recording the cell voltage. After collecting a series of current and voltage
values, the cell voltage is plotted as a function of the current density. After obtaining the polarization
curve, the MEA power density(cell voltage x current density) can be plotted as a function of current
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density to get the maximum power density of the fuel cell MEA, the maximum volume power density
and the mass power density can be obtained as well [14].

A Scribner Associates 890e Fuel Cell Test System was used for controlling the process
parameters and data acquisition. The test system consists of fuel control system, fuel cell, load bank,
data acquisition/control unit and control software [14].

The polarization curves were obtained using the 890e computer-controlled fuel cell test load
and all reported cell potentials were IR compensated. The voltage-current polarization data were
recorded from zero current (open circuit) to high currents in 0.05A current increments. The current was
held for 30 s after each increment before the cell voltage was recorded.

2. EXPERIMENTAL DESIGN

Experimental designs by response surface methodology (RSM) are useful to obtain necessary
information’s and determine the optimum conditions for a process. Response surface methodology
(RSM) uses statistical techniques based on special factorial designs [15]. A Box-Behnken design with
5 independent variables at 3 different levels and six replicates at center point was employed in this
study. It is a scientific approach to determine the optimum conditions by using combination of special
experiments. RSM has a group empirical technique devoted to the identification of correlation among
experimental factors and the measured response [16-18]. Design Expert 7 program was utilized for
regression analysis of the data obtained and was useful for estimating the coefficients of the regression
equation. The maximum values of power density were taken as the response of the design experiments.
The statistical analysis of the model was performed in analysis of variance (ANOVA). For each
variable, the quadratic models were represented by 3D plots.

3. RESULTS AND DISCUSSION

To improve the performance of the fuel cell, optimization of the cell conditions is necessary;
hence response surface methodology (RSM) is employed in the present work to find the optimal
operation conditions for the fuel cell. The relationships between various factors considered to have
effect on power density of the fuel cell were optimized by using RSM. A fractional factorial
experimental design matrix was used to obtain the optimal point for the best power density. The fuel
cell was operated at various levels of the different process parameters; Table - 1 shows the real and
coded values of the factors in the experimental designs and the designed experimental runs. The
relative effect of different factors on power density was obtained by the analysis of variance
(ANOVA). An ANOVA was done for estimating the error variance for the factors and the results are
reported in Table - 2.
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Table 1. Design Summary

Factor Name Low Actual High Actual Low Coded High Coded
A IPA Molar Conc.  moles/liter 1 3 -1 1

B Cell Temperature  Celsius 40 80 -1 1

C IPA Flow Rate ml/min 5 15 -1 1

D 02 Flow Rate ml/min 200 600 -1 1

E 02 Back Pressure  PSI 0 2 -1 1

Response Name Units Obs Analysis Minimum  Maximum
Y1l Power Density mW/cm® 46 Polynomial  16.982 44,732

Table 2. ANOVA for Response Surface Reduced Quadratic Model

Source Sum of Squares Mean Square  F Value p-value Prob > F

Model 2204.64 20 110.23 23.22 < 0.0001 (Significant)
Lack of Fit  110.99 20 5.55 3.61 0.0799 (Not Significant)
Pure Error  7.69 5 1.54

Std. Dev. 2.18 R-Squared 0.9489

Mean 30.12 Adj R-Squared 0.9081
CV.% 7.23 Pred R-Squared 0.8042
PRESS 455.02 Adeq Precision 20.159

The model F-value of 23.22 implies that the model is significant and there is only a 0.01%
chance that a value this large could occur due to noise. The values of "Prob > F" less than 0.05 indicate
model terms are significant. In this case A (Molar Conc.), B (CellTemperature), B2 (Cell
Temperature)?, E2 (O, Back Pressure)? are significant model terms. Values greater than 0.1 indicate
the model terms are not significant. The "Lack of Fit F-value" of 3.61 implies there is a 7.99% chance
that a "Lack of Fit F- value" his large could occur due to noise.

The "Pred R-Squared" of 0.8042 is in reasonable agreement with the "Adj R-Squared" of
0.9081. "Adeq Precision" measures the signal to noise ratio. A ratio greater than 4 is desirable our
ratio of 20.159 indicates an adequate signal and hence this model can be used to navigate the design
space.

Table - 2 shows the analysis of variance and estimated coefficients of the fit. Multiple
regression analysis was performed on the experimental values and the coefficients of the model were
evaluated for significance with a t-test. Statistical testing of the model was performed by the Fisher’s
statistical test for analysis of variance (ANOVA) and the results are also given in Table 2. The closer
the value of R (multiple correlations co-efficient) to 1, the better the correlation is between the
observed and the predicted values. In this study, the value of R? (= 0.95) indicated agreement between
experimental and predicted values. The value of the determination coefficient (R*> = 0.80), being a
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measure of the goodness of the model, indicated that 80 % of the variability in the response could be
explained by the model. The coefficient of variation (CV) shows the degree of precision with which
the treatments were compared, high value of CV is due to the low reliability of experiment. Here the
CV value of (= 7.23%) indicates a high reliability in the experiments.
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Figure 2. Diagnostic plot of the ANOVA - Normal probability plot of the internal standardized
residual plots

The probability plot of predicted and experimental values of the response is shown in Fig. 2.
The normal probability plot indicates whether or not the residuals follow a normal distribution. The
plot shows a normal distribution with the points following a straight line with moderate scatter which
is usual with normal data. Thus, this model is adequate for the prediction and optimization studies. Fig.
3 shows the plot of the actual response values versus the predicted response values, this plot help
identify a value or a group of values with the design space that are not predicted well by the model.
The data points in our model are scattered evenly by the 45 degree line confirming that the model
holds good within the design space and no transformation is required to improve the fit.
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Figure 3. Diagnostic plot of the ANOVA - Predicted values by response model versus experimental
data

The response surface plots provide a method to predict response for different values of the test
variables and the contours of the plots help in identifying the type of interaction among test variables.
The 3D-mesh contour was plotted for power density, which was obtained from the calculated response
surface. Each 3D plot represents an infinite number of combinations of the two test variables with the
other three maintained at a particular fixed level.

The color codes of the 3D plots represent the values of the power density as indicated by the
surface. Fig. 4 represents the effect of molar conc. of IPA and cell temperature on power density of the
fuel cell with the other 3 factors namely IPA flow rate, O, flow rate and O, back pressure maintained
at a particular constant value. A significant interaction was observed among the factors under study,
the performance of the fuel cell increased with increase in molar conc. of IPA which was further
enhanced considerably with increase in fuel cell operation temperature. This is due to the fact that with
increase in molar conc. Of 2-propanol the availability of the reactants at the active catalyst sites is
increased and the increase in the operation temperature enhances the reaction kinetics of the fuel
oxidation at the anode and the ORR (oxygen reduction reaction) at the cathode. Similar results have
been reported by Takashima et al. [19] for a D2PFC using (3 wt. %) ruthenium-platinum composite
catalyst supported on a carbon cloth, they found that 2-propanol concentration of 50-70 vol. % and cell
temperature of 80 °C was appropriate for the efficient operation of their cell.
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Figure 4. Effect of Cell Temperature and Molar Concentration of 2-propanol on power density
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Figure 5. Effect of Flow Rate and Molar Concentration of 2-propanol on power density

Fig. 5 represents the effect of IPA flow rate and molar conc. of IPA on the power density of the
fuel cell with the other factors maintained at a particular constant value. There is no significant effect
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of increase in IPA flow rate on the power density rather the power density degrades slightly with initial
increase in the IPA flow rate but recovers back later with further increase in the flow rate. An increase
in power density is observed with increase in molar conc. of the IPA fed to the cell but the profile for
change in power density remains more or less the same for increase in IPA flow rate for different
molar concentrations of the IPA fed to the fuel cell.
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Figure 6. Effect of Oxygen Flow Rate and Molar Concentration of 2-propanol on power density

Fig. 6 represents the effect of O, flow rate and molar conc. of IPA on power density of the fuel
cell with the other factors maintained at a particular constant value. There is very little effect of O,
flow rate on the power density of the fuel cell at lower molar concentration of IPA however with
increase in molar concentration of IPA the performance of the cell improves and the cell performs
better at lower O, flow rate at higher molar concentrations rather than at higher O, flow rates.

Fig. 7 represents the effect of O, back pressure and molar conc. of IPA on power density of the
fuel cell with the other factors maintained at a particular constant value. There is no significant effect
of increase in O, back pressure on the performance of the cell rather the power density degrades
slightly with initial increase in O, back pressure however it recovers back later with further increase.
An increase in power density is observed with increase in molar conc. of IPA fed to the cell but the
profile for change in power density remains more or less the same for increase in O, back pressure for
different molar concentrations of IPA fed to the fuel cell.
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Figure 7. Effect of Oxygen Back Pressure and Molar Concentration of 2-propanol on power density
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Figure 8. Effect of 2-propanol Flow Rate and Cell Temperature on power density

Fig. 8 represents the effect of IPA flow rate and cell operation temperature on the performance
of the fuel cell with the other factors maintained at a particular constant value. There is no significant
effect of increase in IPA flow rate on the cell performance at a particular cell operation temperature
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temperature.
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Figure 9. Effect of Oxygen Flow Rate and Cell Temperature on power density
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Figure 11. Effect of Oxygen Flow Rate and 2-propanol Flow Rate on power density

The performance of the cell remains more or less the same for different IPA flow rates at a
particular cell operation temperature.

Fig. 9 represents the effect of O, flow rate and cell operation temperature on the performance
of the fuel cell with the other factors maintained at a particular constant value. There is a slight
decrease in the performance of the cell with increase in O, flow rate at lower cell operation
temperatures however this effect is later reversed and it is observed that the performance of the cell
improves with increase in O, flow rate at higher cell operation temperatures. The performance of the
cell improves significantly with increase in cell operation temperature at all O, flow rates.

Fig. 10 represents the effect of O, back pressure and cell operation temperature on the
performance of the fuel cell with the other factors maintained at a particular constant value. There is
almost no effect of increase in O, back pressure on the performance of the cell at different cell
operation temperatures however the performance of the cell increases with increase in cell operation
temperature at all values of the studied O, back pressure.

Fig. 11 represents the effect of O, flow rate and IPA flow rate on the performance of the fuel
cell with the other factors maintained at a particular constant value. An initial degradation in
performance of the fuel cell is observed which recovers back later with further increase in O, flow
rates for different IPA flow rates. A similar trend is observed for the affect of IPA flow rate on the
performance of the cell at different O, flow rates. Similar behavior is observed for the O, back
Pressure / IPA flow rate and O, back pressure / O, flow rate pairs on the power density on the cell.
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4. CONCLUSION

RSM has been used for optimizing the correlation between the factors to obtain optimal
performance from the fuel cell. We observed that the molar concentration of 2-propanol fed to the cell
and the cell operation temperature had the most significant influence on the performance of the fuel
cell. The power density of the fuel cell increased with increase in molar concentration of 2-propanol as
well as with increase in fuel cell operation temperature. The optimized conditions for the highest
power density of 45 mW/cm? by the RSM was found to be 1.5 M 2-propanol concentration, 80 °C cell
temperature, 9.22 ml/min 2-propanol flow rate, 596 ml/min oxygen flow rate and no back pressure for
the oxidant, this performance result is from amongst the best results reported in literature for direct 2-
propanol fuel cell performance. Previously Bergens et al. [6-8] have reported a power density of 22.3
mW/mg of Pt for an alkaline D2PFC with commercial platinum electrodes and Yang et al. [20-21]
reported a power density 5.46 mW/cm? for an alkaline D2PFC with a Pt-Ru anode (2 mg/cm?).
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