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ABSTRACT: The development of membranes with low fuel crossover and high fuel efficiency
is a key issue for direct borohydride fuel cells (DBFC). In previous work, we produced
a polyvinyl alcohol (PVA) - anion exchange resin (AER) membrane with low fuel crossover
and low fuel efficiency by introducing Co ions. In this work, a bilayer membrane was
designed to improve fuel efficiency and cell performance. The bilayer membrane was prepared
by casting a PVA-AER wet gel onto the partially desiccated Co-PVA-AER gel. The
bilayer membrane showed a borohydride permeability of 1.34 x10-% cm?s’!, which was even
lower than that of the Co-PVA-AER membrane (1.98 x10° cm?s') and the PVA-AER
membrane (2.80 x107° sz'S_l). The DBFC using the bilayer membrane exhibited higher fuel
efficiency (37.4%) and output POWer (1.73 Wh) than the DBFCs using the Co-PVA-AER
membrane (33.3%, 1.27 Wh) and the PVA-AER membrane (34.3%, 1.2 Wh). Furthermore,
the DBFC using the bilayer membrane achieved a peak power density of 327 mW-cm2, which
was 2.14 times of that of the DBFC using the PVA-AER membrane (153 mW-cm?). The
drastic improvement benefited from the bilayer design, which introduced an interphase to

suppress fuel crossover and avoided unnecessary borohydride hydrolysis.

1. INTRODUCTION

Direct borohydride fuel cells (DBFCs) have received considerable attention as alternative
energy technology for applications in portable electronic devices . However, in the case of
DBFCs using an anion-exchange membrane (AEM), borohydride fuel migrates from the anode

to the cathode, reducing the open-circuit potential, fuel efficiency and deactivating the cathode
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catalyst 2. Borohydride crossover seriously hampers the commercial viability of DBFCs. Thus,
there is a continuing effort in the modification of AEM to suppress the borohydride permeability.
Choudhury et al. reported that a cross-linking glutaraldehyde on a poly (vinyl alcohol) (PVA)
hydrogel membrane could be used as an AEM in the DBFC 3. The crossover rate of NaBH, was
1.8 umol cm h™! and the utilization efficiencies of NaBH4 was ~24%. An alkali-doped poly (4,
4’-diphenylether-1, 3, 4-oxadiazole) membrane was prepared and introduced into the DBFC °©.
The membrane showed comparable ion conductivity and chemical stability to Nafion® 115 in
alkaline solution, but the BH; permeability of the membrane (2.37 E? cm? min™') was higher
than that of the Nafion® 115 (6.48 E-3 cm? min''). A cross-linked chitosan (CCS) membrane
casted with sulfuric acid or glutaraldehyde was reported by Ma et al.”8. The borohydride
crossover rate through the CCS membrane casted with sulfuric acid reached 4.6 X 10 mol s°!
cm? and the coulombic efficiencies for DBFCs using the CCS membrane casted with
glutaraldehyde were 33%~40%. The modification of alkali-doped PVA by CNTs not only
reduced the borohydride crossover but also improved the ionic conductivity °. The NaBH,
permeability of the PVA membrane was decreased to 3.48x 103 cm? s*! by doping CNTs. In
previous work, we prepared a PVA-anion exchange resin (AER) membrane functioned by the
CoOOH %11 ' When the membrane was used in the DBFC, the fuel crossover could be inhibited
through the electrocatalytic oxidation of borohydride by the CoOOH %!, However, CoOOH has
catalytic activity toward both borohydride oxidation and borohydride hydrolysis reactions %13,
Therefore, the fuel efficiency was decreased by the aggravation of the borohydride hydrolysis
reaction when the membrane contacted the fuel !!.

The multilayer polymeric complexes were efficient methanol barrier agents in direct methanol

fuel cells '*!7. Jiang et al. prepared oppositely charged polyelectrolytes on a Nafion membrane
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through layer-by-layer self-assembly, which could suppress the methanol crossover efficiently 4.
After cross-linking the oppositely charged amino-containing poly (ether ketone) on
sulfonated poly (arylene ether ketone) bore carboxyl groups membranes to form multilayer
films, the methanol permeability could be decreased to 2.99x107 cm? s*' due to the effective
block effect by the cross-linking between the anion/cation pairs 3. The next step for the
development of multilayer membranes could be the combination of both composite and
multilayer concepts. That combination minimizes the disadvantages associated with highly
sulfonated membranes while optimizes the advantages (such as reduced fuel crossover by
composite filler membrane layer and increased proton conductivity from the sulfonated
polymer) 16,

In this work, we designed a bilayer membrane, which was consisted of a PVA-AER layer and
a Co-PVA-AER Ilayer. The PVA-AER layer contacted the fuel when the membrane
was assembled in the DBFC. The bilayer membrane not only improved fuel efficiency but
also suppressed the borohydride crossover. The cell performance of the DBFC using the
bilayer membrane was 2.14 and 1.26 times of that of the DBFC using the single PVA-AER or

the single Co-PVA-AER membrane, respectively.

2. EXPERIMENTAL
The PVA-AER membrane and the Co-PVA-AER membrane were prepared as described in our
previous work !, The bilayer membrane was made by casting the PVA-AER wet gel onto the
partially desiccated Co-PVA-AER composite polymer gel. The volume ratio of the PVA-AER
gel and the Co-PVA-AER get was designed to about 2:1. The thickness of the obtained bilayer
membranes was about 185 um. for comparison, the Co-PVA-AER single-layer membrane

and PVA-AER single-layer membrane were similarly obtained with a thickness of about 200 um.
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X-ray diffractometer (XRD) was employed to test the crystal structure of the obtained
membranes. X-ray absorption near edge structure (XANES) was used to identify the Co valence.
Scanning electron microscope (SEM) and the attached energy dispersive spectrometer (EDS)
were used to investigate the microstructure and chemical composition of the bilayer membrane.
The spatial distribution of Co ion in the bilayer membrane was measured by X-ray fluorescence
imaging at HXN of National Synchrotron Light Source-IT (NSLS-II).

The swelling behaviors of membranes were conducted by measuring the swelling in thickness
(SW)) and planar (SW,). The thicknesses and areas of wet membranes after immersion in 1 M

KOH solution for 48 h and the dry membranes were measured to calculate the swelling '8:

L —L
SW, (%) = =2 %100 (1)
Ly,
Awet _Adi
SW, (%) = ——"x 100 )
dry

where Ly and Ay, are the thickness and area of the wet membrane, and L4y, and Ag,y are the
thickness and area of the dry membrane.

The borohydride ion permeability was measured using the published method '°. All the
electrochemical tests of DBFC were performed at 30 or 60 °C respectively using a
PFX-2011 battery test system (Kikusui Electronics Corp). Cell performances were tested in a
single cell with an area of 2 cmx3 cm. Polypyrrole modified carbon-supported cobalt hydroxide
(Co(OH),-PPy-BP) was served as both cathode catalyst and anode catalyst for single cell
tests 2. The catalyst loading was 3 mg cm?2. The bilayer membrane and the single-layer
membranes were utilized as the electrolyte in the cell. The fuel solution contained NaBH, (5 wt.
%) and NaOH (10 wt.%), and the fuel flow rate was 10 mL min-'. The oxidant was humidified
O, with a flow rate of 100 mL min-' under 0.2 MPa. The fuel efficiency test was evaluated by

chronopotentiometric
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curves performed under 30 °C at a constant current of 0.6 A with 20 g fuel. The durability of
DBFC using the bilayer membrane was tested under 30 °C with a constant discharging current

density of 50 mA c¢cm for 100 h.

3. RESULTS

Figure la shows the XRD results of the PVA-AER, bilayer and Co-PVA-AER membranes.
Primary peaks at ~20 ° and minor peaks at ~40 ° are detected for all the membranes. No distinct
difference is found for the XRD results of those bilayer membranes. The peaks at 20 © and 40 °
are corresponding to the PVA matrix 9. The XANES spectra of the bilayer membrane and the
standard CoOOH sample are shown in Figure 1b. The white line peak has been pointed out by an
arrow in the Figure 1(b). The position of the white line and the absorption energy of the bilayer
membrane are similar to those of the standard CoOOH sample. The XRD and XANES results

suggest that the Co element exists in the form of amorphous CoOOH in the bilayer membrane.
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Figure 1. (a) XRD spectra of the PVA-AER, bilayer and Co-PVA-AER membranes, (b) XANES

spectra of Co element in the bilayer membrane and the standard CoOOH sample.

The morphology and Co element distribution of the cross-section of the bilayer membranes are

investigated by SEM and EDS (Figure 2a and 2b). The bilayer membrane has a thickness of
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about 185 um. The discontinuous distribution of Co element across the membrane clearly
demonstrates the bilayer structure of the membrane (Figure 2b). The signal intensity of Co
element is close to zero in the region of the PVA-AER component and notably increases to a
high level in the region of the Co-PVA-AER component. The thickness of the PVA-AER
component (46.5 um) is about twice of the thickness of the Co-PVA-AER component (91.9 um)
in the bilayer membrane, which is consistent with the design ratio. The distribution of Co
element in the Co-PVA-AER component is further studied by X-ray fluorescence imaging with a
high spatial resolution (Figure 2c). It could been seen that the Co fluorescence signals are
localized in some particles with a diameter of around 2 pm, showing an inhomogeneous

distribution.
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Figure 2. (a) SEM image and (b) the line scan EDS analysis on the cross-section of the bilayer

membrane, (¢) the distribution of Co element in the Co-PVA-AER component.

Swelling behaviors in thickness and planar dimensions of the three membranes are exhibited in
Table 1. The planar swelling ratios of the Co-PVA-AER, PVA-AER, and bilayer membranes are
the same as 16.7%. The thickness swelling ratios of the PVA-AER membrane and the Co-PVA-
AER membrane are 15% and 12.5%, respectively. However, the thickness swelling ratio of the
bilayer membrane is —10.8%. It means that the PVA-AER membrane and the Co-PVA-AER
membrane thicken, but the bilayer membrane thins after immersing in alkaline solution for 48 h.
The negative swelling of the bilayer membrane might be related to the interface between the Co-
PVA-AER component and the PVA-AER component, which is expected to be useful in
suppressing the fuel crossover.

Table 1 Swelling behavior in alkaline solution

Membranes Planar swelling (%) Thickness swelling (%)
Bilayer membrane 16.7 -10.8

Co-PVA-AER membrane 16.7 12.5

PVA-AER membrane 16.7 15

Figure 3 a shows the change of borohydride ion concentration (C,) with the time. The PVA-
AER membrane has the highest slope of the permeated C;, against time. The permeability is
highly associated with the slope of the permeated C, against elapsed time. The permeability is

calculated according to the slope and the thickness of the membrane, as given in Figure 3b. The
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permeability of the bilayer membrane is 1.34 x10~° cm?-s”!, which is notably lower than that
of the Co-PVA-AER membrane (1.97 x107% cm?s') and the PVA-AER membrane (2.80 x
10% cm?-s!). The suppressed fuel crossover benefits from the hydrolysis of borohydride by

Co ion and the bilayer structure of the membrane.

b
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Figure 3. (a) The permeated C, dependent on the time in the receiving compartment separated
by the bilayer membrane, the Co-PVA-AER membrane and the PVA-AER membrane; (b) the

permeabilities of the PVA-AER, the bilayer and the Co-PVA-AER membranes from the result of

(a).

Fuel efficiency of membrane is analyzed under a constant discharge current of 0.6 A with 20 g
fuel solution at 30 °C. Figure 4a shows the chronopotentiometric data of the DBFCs using the
bilayer membrane, the Co-PVA-AER membrane, and the PVA-AER membrane, respectively.
The final rapid drop in cell voltage is because of the fuel exhaustion. The fuel efficiency of the
DBFCs using different membrane is calculated and compared in Figure 4b. The fuel efficiency
of the DBFC using the bilayer membrane is higher than the others. The output power of the
DBFC using the bilayer membrane is calculated to be 1.73 Wh, which is about 1.36 times that of
the DBFC using the Co-PVA-AER membrane (1.27 Wh). The Co-PVA-AER membrane has

lower borohydride permeability than the PVA-AER membrane. However, the fuel efficiency of
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the DBFC using the Co-PVA-AER membrane is lower than that of the DBFC using the PVA-
AER membrane. It was proven that the fuel crossover could be decreased by the addition of Co
ion in the membrane !'. However, the fuel efficiency of the DBFC using the Co-PVA-AER
membrane is also decreased due to the aggravation borohydride hydrolysis reaction by Co ion.
The bilayer structure design avoids the unexpected hydrolysis reaction by using a protective
layer of the PVA-AER component. As a result, the DBFC using the bilayer membrane exhibits

the highest fuel efficiency and output power.
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Figure 4. (a) The dependences of cell voltage with time for DBFC using the bilayer membrane,
Co-PVA-AER membrane, or PVA-AER membrane. (20 g fuel: 5 wt.% NaBHy-10 wt.% NaOH ,

discharge current: 0.6 A); (b) fuel utilization ratio and output power of the tested DBFCs.

The cell performances of the DBFCs using the bilayer membrane, the Co-PVA-
AER membrane, or PVA-AER membrane are similarly tested for comparison (Figure 5). The
open-circuit voltage (OCV) of the DBFC using the bilayer and the Co-PVA-AER membrane are
1.13 V and 1.11 V, which is higher than that of the DBFC using the PVA-AER membrane (1.07
V). When the operation temperature increases to 60 °C, the OCV of the DBFC using the
bilayer membrane (1.086 V) is still the highest among the three sample. The higher OCV
results from the suppression of fuel crossover by the Co ion in the bilayer and the Co-PVA-AER
membranes. The maximum power density of 327 mW-cm™ is achieved by the cell using

the bilayer

10
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membrane, which is notably higher than that of the cell using the Co-PVA-AER membrane (260

mW-cm2) and the PVA-AER membrane (153 mW-cm2) at 60 °C. The cell performance of the
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DBFC using the bilayer membrane is 2.14 and 1.26 times of that of the DBFC using the single

10 PVA-AER or the single Co-PVA-AER membrane, respectively.
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Figure 5. Performances for the cells using the bilayer membrane, the Co-PVA-AER membrane,

28 and the PVA-AER membrane tested at (a) 30 °C and (b) 60 °C.

31 The stability of DBFCs using the bilayer membrane is tested at a galvanostatic discharge of 50

33 mA-cm2 (Figure 6). The DBFC maintains a stable performance over100 h at 30 °C.
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4. DISCUSSION
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In this work, the bilayer membranes are prepared by using the layer by layer deposition
method, as shown in Figure 7. The thickness of the bilayer membrane decreases from 185 to 160
um after immersing in an alkaline solution for 48 h. Whereas the thickness of the PVA-
AER membrane and the Co-PVA-AER membrane increases from 200 um to 230 um and
225 um, respectively. The different change tendency of the thickness should be attributed to the
interface in the bilayer membrane, which is absent in the Co-PVA-AER and the PVA-AER
single-layer membrane. When a PV A-based membrane is immersed in the alkaline solution, the
PVA chains absorb water molecules and therefore, the length and the interval of those PVA
chains increase. As a result, the membrane expands in the thickness and on the plane.
Compared to the single-layer membranes, the extra interface in the bilayer membrane
restricts the expansion in the thickness direction. Considering the Poisson effect, the faster
expansion on the plane and slower expansion in the thickness would lead to a slight decrease
in the thickness. As a result, the bilayer membrane has a higher density of PVA chains in the
thickness direction than the single-layer membranes. Yang et al. prepared a novel
methanol-blocking membrane of poly(diallyldimethylammonium chloride) and graphene
oxide nanosheets onto the surface of the Nafion® membrane by the layer-by-layer assembly!®.
The bilayers formed a dense film structure on the surface of the Nafion® membrane and were
methanol-blocking. Therefore, the higher density of PVA chains in the thickness direction
benefits for blocking the borohydride crossover, which is the main reason that the bilayer
membrane possesses the lowest fuel permeability (Figure 3). Previous studies also pointed
out that the fuel permeability was related to the arrangement of multilayer composite
membranes 2°. Thus, the bilayer design not only avoids the unnecessary hydrolysis of
borohydride to increase fuel efficiency, but also suppresses the fuel crossover to improve the

cell output.

12
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Figure 7. Schematic diagram of the bilayer membrane in this work.

5. CONCLUSION

In summary, a bilayer AEM is designed and prepared by casting a PVA-AER wet gel onto the
partially desiccated Co-PVA-AER gel. The interface between the Co-PVA-AER and the PVA-
AER components restricts the expansion of PVA chains in thickness direction. The bilayer
membrane exhibits a negative swelling ratio in thickness. The bilayer membrane has a lower
fuel permeability and higher fuel efficiency than the Co-PVA-AER and the PVA-AER single-
layer membranes. The DBFCs using the bilayer membrane achieves the highest peak power
density and exhibits an excellent stability over 100 h discharging at 50 mA-cm2. Thus, the
bilayer design of combining a catalytic active layer with a normal layer is a convenient and
effective method to prepare high-performance membranes for fuel cells.
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