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Figure 4. AFM images showing a) Morphology and b) Phase contrast of Nafion (left) and dual fiber electrospun composite membrane (right) with color scales
representing the heights.

within the polymer to the membrane’s surface. The movement of the
ionic groups to the surface is probably due to plasticization combined
with the tendency to reduce surface tension.

The purple (in color) or darker shaded region in Figure 4b (left
image) correspond to areas with a larger number of ionic groups
(-SO3

−H+); whereas the lighter domains correspond to areas rich in
the fluorocarbon backbone structure of Nafion 212. The softer ionic
groups are expected to have a larger phase contrast value due to the
increased amount of surface/tip interactions (i.e. elasticity, viscoelas-
ticity, adhesion, etc.). For the electrospun membrane, this was due to
the difference in properties between the ionic fibers and the inert poly-
mer matrix. The purple (in color) or darker shaded region in Figure 4b
(right image) corresponds to the ionic fibers; whereas the lighter do-
mains correspond to the inert matrix. Also, the current detected while
using the spreading resistance mode (Figure 5) correspond to the ion-

ically conductive regions on the surface of the membrane. The current
will be detected only in the regions where there is a continuous inter-
connected ionic pathway from the ionic groups on the surface of the
membrane to the ionomer existing at the catalyst/membrane interface.
Nafion 212 has more ionic clusters than the electrospun membrane
as evident from the intense purple (in color) or dark shaded region in
the phase contrast image (Figure 4b) and higher electrical current in
the surface spreading resistance image (Figure 5). A smaller scale for
electrical current was used in the surface spreading resistance image
of electrospun membrane to allow one to observe the PFSA fibrous
region and the inert polymer region. Fewer ionic clusters are to be
expected because only a fraction of the electrospun composite mem-
brane’s surface (Figure 5) consists of Nafion. Since only a fraction of
the electrospun membrane surface is composed of the PFSA phase,
and if we can assume that interior part of the membrane has the same

Figure 5. AFM images showing surface spreading resistance of Nafion (left) and dual fiber electrospun composite membrane (right) with color scales representing
the currents measured.

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 129.237.45.148Downloaded on 2016-04-01 to IP 



F924 Journal of The Electrochemical Society, 162 (8) F919-F926 (2015)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.4

0.6

0.8

1

1.2

1.4

0 0.2 0.4 0.6 0.8 1

P
ow

er
 d

en
si

ty
, W

/c
m

2

V
ol

ta
ge

, V

Current density (A/cm2)

Temperature: 25 C (25 micron composite)
Temperature: 45 C (25 micron composite)
Temperature: 25 C (Nafion 212)
Temperature: 45 C (Nafion 212)

Figure 6. Performance (voltage: solid markers and power density: open mark-
ers) comparison between Nafion 212 and 25 micron thick dual fiber electrospun
composite membranes at 25◦C and 45◦C.

distribution, the crossover rate of Br2 and Br− per total area of the
membrane will be considerably reduced. The crossover rate of Br2

and Br− of these electrospun composite membranes was also lower
than that of the conventional Nafion membranes because the PFSA
phase does not swell as much since it is restricted by the inert PPSU
phase.34

The thickness of the electrospun membranes was optimized to
approximately match the area specific resistance of the Nafion mem-
branes. The preliminary performance of these electrospun membranes
compared with that of the commercial Nafion membranes are shown in
Figures 6 and 7. As shown in Figures 6 and 7, the performance of both
25 μm and 65 μm thick electrospun membranes are either compara-
ble or slightly better compared to that of Nafion 212 and Nafion 115
membranes at 25◦C and 45◦C. At 45◦C, the maximum power densities
of 25 μm and 65 μm electrospun membranes were 0.61 A/cm2 and
0.45 A/cm2 compared to 0.52 A/cm2 and 0.41 A/cm2 obtained with
Nafion 212 and Nafion 115 membranes. The sharp drop in the dis-
charge performance for the fuel cell stack with Nafion 212 membrane
at 45◦C may be attributed to the dehydration of the ionomer in the
hydrogen catalyst layer and the hydrogen side of the MEA due to inad-
equate anode gas humidification. Note that, water is dragged from the
hydrogen side to the bromine side during discharge, and since Nafion
212 is thicker (∼50 μm) than the composite membrane (∼25 μm),
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Figure 7. Performance (voltage: solid markers and power density: open mark-
ers) comparison between Nafion 115 and 65 micron thick dual fiber electrospun
composite membranes at 25◦C and 45◦C.
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Figure 8. A week-long stability study with Pt as a H2 electrocatalyst in a
H2-Br2 fuel cell (cell performance measured on days 1, 3, 5, and 7) at room
temperature (∼22◦C).

it is more likely to become dehydrated at higher current densities than
the composite membrane. The preliminary fuel cell performances ob-
tained with electrospun membranes were on par with the commercially
available Nafion membranes and hence look very promising for future
studies. Also, the lower permeability of unwanted species associated
with the electrospun membranes as described in previous studies is an
additional benefit.34,35

Stability studies.— In this section, the stability of Pt and RhxSy

electrocatalysts in a H2-Br2 fuel cell was examined. Figures 8 and 9
show the performance curves obtained with Pt/C and RhxSy/C cat-
alysts over a week. As explained in the Experimental section, the
H2 flow was shut off and HBr/Br2 electrolyte was stored in the Br2

electrode between the subsequent fuel cell experiments. As shown in
Figure 8, the discharge performance of the fuel cell was significantly
reduced beyond day 1 due to the exposure of Pt catalyst layer in the
H2 electrode to Br2, HBr−, and HBr3

− species. The Pt catalyst layer
was both poisoned and corroded by the bromine and bromide species
that crossed over from the Br2 electrode to the H2 electrode. The poi-
soning occurs due to the adsorption of Br− species onto the active Pt
catalyst sites.21,39 As a result, the hydrogen atoms were deprived of
active catalyst sites for reaction. Also, the Pt catalyst was corroded in
the presence of Br2 and Br3

− species leading to the loss of active sites
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Figure 9. A week-long stability study with RhxSy as a H2 electrocatalyst in
a H2-Br2 fuel cell (cell performance measured on days 1, 3, 5, and 7) at room
temperature (∼22◦C).
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Figure 10. Comparing the stability of Pt and RhxSy electrocatalysts on days
1 and 7 in a H2-Br2 fuel cell at room temperature (∼22◦C).

for the electrochemical reactions to occur. The discharge performance
obtained on day 3 and beyond was severely affected due to the com-
bined effect of poisoning and corrosion. However, the effect of HBr
and Br2 crossover was not too severe in the charge direction compared
to that in the discharge direction as seen in Figure 8. This is due to
the fact that the poisoning effect is reversible since the adsorbed Br−

species can be removed at hydrogen evolution potentials and eventu-
ally flushed out by the H2 gas flowing through the electrode.39 The
charge performances beyond day 1 show significantly higher overpo-
tential which may be attributed to the permanent loss of platinum due
to the dissolution of Pt catalyst. A continual decrease in charge perfor-
mance on day 3 and beyond was observed as the platinum catalyst in
the hydrogen electrode was further exposed to the HBr/Br2 solution.

The performance of the fuel cell stack with RhxSy shown in
Figure 9 was almost unaffected by the crossover of Br2, Br−, and
Br3

− species. The slight decrease in both discharge and charge perfor-
mance beyond day 1 could be attributed to dissolution of any free Rh
metal present in the RhxSy catalyst upon interacting with the crossover
species.22 Figure 10 compares the performance of Pt and RhxSy cata-
lysts on days 1 and 7. As shown in Figure 10, the charge performance
of RhxSy on day 1 was comparable to that of Pt whereas the dis-
charge performance of RhxSy was quite low. However, the discharge
performance of the fuel cell with RhxSy catalyst was unaffected over
the week-long period of testing, which shows the superior stability of
the RhxSy catalyst over Pt. Currently, efforts are being undertaken to-
wards understanding the hydrogen oxidation electrochemistry as well
as improving the hydrogen oxidation activity of the RhxSy catalyst
material.

The following sections discuss the feasibility of the Pt catalyst in
a H2-Br2 fuel cell fixture. In the first case study, two fuel cell stacks
were assembled and tested under different experimental conditions.
Figure 11 shows the two performance curves acquired with the first
fuel cell stack, where the H2 was shut off (H2 side was not pressur-
ized) in between the runs. The time period between the two runs was 8
hours. The fuel cell was allowed to stay at rest condition for the entire
8 hours between the two runs. As expected, the fuel cell performance
was affected due to Br2 and Br− crossover. Since there was no recir-
culation of pressurized H2 on the other side, the Br2 and Br− species
were able to crossover with little resistance. A huge drop in discharge
performance was observed after 8 hours. Based on the work done by
Xu et al., bromide adsorption is voltage dependent and is believed
to increase as the voltage at the H2 electrode becomes more posi-
tive leading to higher adsorption of bromide and higher equilibrium
potential.39 This positive shift in the hydrogen equilibrium potential
causes the current density to decrease resulting in poor performance.11

Note that Br2 in the presence of H2 is converted immediately to Br−.
So, most of the adsorbed species will be Br−, not Br2, when H2 is
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Figure 11. Stability study of Pt as a H2 electrocatalyst in a H2-Br2 fuel cell
with H2 pump shut off (H2 side was not pressurized between the two runs) at
room temperature (∼22◦C).

present. Overall, the catalyst is both poisoned and corroded in the
absence of H2 recirculation.

Figure 12 shows the results obtained with the second stack, where
the pressurized H2 gas was continuously circulated between the two
performance runs. As shown in Figure 12, the performance was unaf-
fected due to the resistance offered by the continuous H2 recirculation
against the crossover of Br2 and Br− species. It is suspected that when
H2 pressure is maintained while the HBr/Br2 pump is stopped, the H2

gas will push the HBr/Br2 solution away from the membrane/bromine
electrode interface thus reducing the chance for HBr/Br2 electrolyte to
crossover to the H2 side. Furthermore, there is a concern that even with
hydrogen pressure in the hydrogen compartment, the diffusion rate of
hydrogen through the electrolyte, created in the hydrogen electrode
by cross-over of bromine solution, to the platinum surface may not
be fast enough to keep the platinum surface protected from bromine
and bromide ions, especially during open circuit. The study by Cho et
al. shows reduced platinum dissolution rate when a hydrogen atmo-
sphere or hydrogen evolution potential was applied to the hydrogen
electrode during rest or standby.12 In conclusion, the continuous H2

recirculation offers resistance towards the species crossover, which
in turn prolongs the life of the fuel cell. However, the continuous
gas recirculation in not practical and hence not a suitable permanent
solution to avoid crossover issues.
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Figure 12. Stability study of Pt as a H2 electrocatalyst in a H2-Br2 fuel cell
with H2 pump on (H2 pressure maintained between the two runs) at room
temperature (∼22◦C).
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The next case study involves injecting HBr and HBr/Br2 solutions
directly into the H2 electrode to simulate the Br− and Br2 species
crossover. The objective of this study, which is designed to bypass the
long wait time associated with the slow crossover rate of the aqueous
species from the bromine side to the hydrogen side, was to observe
the immediate effect of Br2 and Br− species crossover on the fuel cell
discharge performance. The testing protocol is explained in detail in
the Experimental section. Figure 13 shows the results obtained in this
study. Initially, HBr alone was injected to observe the impact of Br−

ion crossover. A 2M HBr solution was injected twice and for each
injection, the fuel cell was allowed to stay at OCV (for approximately
8 minutes) for the Br− ions to interact with the Pt catalyst layer. As
shown in Figure 13, the performance was unaffected after the two
injections (A & B). Since the microporous layer of the H2 electrode
is extremely hydrophobic, it is highly improbable for the Br− ions to
reach the Pt catalyst layer. Hence, the performance of the fuel cell was
not affected. However, the performance of the fuel cell was affected
once a mixture of HBr and Br2 is injected (see Figure 13 points C &
D). The performance deteriorated with each injection. Even though
liquid could not penetrate into the highly hydrophobic microporous
layer, the Br2 species in vapor state could still diffuse through the
microporous layer to contact the Pt catalyst layer and, subsequently,
poison and corrode the platinum catalyst. This case study suggests two
major conclusions. First, there is an instantaneous effect once the Br2

species interacts with the Pt catalyst. Second, the effect of Br2 vapor
on the Pt catalyst is as severe as liquid bromine or bromide ions. The
occurrence of events such as emergency shutdowns or having to idle
the system prior to complete degradation of the H2-Br2 fuel cell still
needs to be studied.

Conclusions

The attractive features as well as some of the material related is-
sues corresponding to the H2-Br2 fuel cell are discussed in this study.
Preliminary fuel cell test results clearly highlighted the immense en-
ergy storage potential of the H2-Br2 fuel cell, which is a result of the
highly reversible electrochemical reactions associated with the reac-
tants used in this system. The novel dual fiber electrospun composite
membranes (PFSA/PPSU) have been tested in an actual H2-Br2 fuel
cell. The preliminary performance of these electrospun membranes
look quite promising indicating that they might be an alternative to
Nafion membranes. The Pt catalyst is prone to corrosion and poison-
ing due to the crossover of Br2 and Br− species from the Br2 electrode
to the H2 electrode. Both Pt and RhxSy catalysts were evaluated in an
actual fuel cell to determine their activity and stability. The stability
of RhxSy in HBr/Br2 environment was excellent compared to that of
Pt. However, the H2 oxidation activity of RhxSy was quite low and
needs to be improved for it to be used as an electrocatalyst in the H2

electrode. The feasibility of using a Pt catalyst under different exper-
imental conditions was evaluated. The lifetime of the fuel cell could
be prolonged through continuous flow of H2 gas and keeping the H2

electrode pressurized. Using an alternative H2 electrocatalyst that is
stable and active is still the best option to solve the crossover issues
since there is a possibility of a Pt catalyst system design failing under
certain situations such as loss of hydrogen environment.
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