
Journal of Power Sources 183 (2008) 151–156

Contents lists available at ScienceDirect

Journal of Power Sources

journa l homepage: www.e lsev ier .com/ locate / jpowsour

Influences of hydrogen evolution on the cell and stack performances

of the direct borohydride fuel cell
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1. Introduction

Borohydrides are considered as potential fuels for fuel cells due

to their high energy densities [1–5]. Recently many investigations
focus on reaction mechanism, catalyst development and single
cell performance of the direct borohydride fuel cell (DBFC) [6–17].
However, there are few detailed reports related to the DBFC stack
technology.

It is considered that the stack performance is determined not
only by the single cell performance but also by mass transport
during operation. It is known that gaseous hydrogen would be
produced from borohydride hydrolysis reaction during operation
[17]:

BH4
− + 2H2O = BO2

− + 4H2 (1)

as well as anodic reaction of borohydride:

BH−
4 + xOH− = BO−

2 + (x − 2)H2O + (4 − 0.5x)H2 + xe− (2)

Blockage of certain channels caused by hydrogen bubbles in anode
side is considered to be a critical problem for the performance
improvement of the DBFC stack because hydrogen bubbles would
block channels in flow field and thus decrease the effective reaction
area.
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f the direct borohydride fuel cell (DBFC), 10-cell and 20-cell stacks have
single cell achievements. It has been found that the stacking loss of the

ogen evolution which leads to uneven fuel distribution in each cell of the
everal efforts have been made to decrease hydrogen evolution influence
anode preparation method has been modified from a dry-method to a

hydrogen evolution on stack performance can be alleviated by altering
rogen evolution is suppressed, an even distribution of cell voltage can be
wer of 10-cell stack reaches up to 229 W.

© 2008 Elsevier B.V. All rights reserved.

Ha and co-workers tried to improve stack performance by
decrease of hydrogen evolution influence through suitable anode
shape design [18] and flow field improvement [19]. We have suc-
cessfully assembled the panel DBFC stacks using 2 cells or 8 cells to
generate 1 W or 4 W of electricity [20]. In this paper, we assembled
a series of DBFC stacks based on our single cell achievements. The

effects of anode catalyst, anode structure and membrane thickness
on the cell performance and hydrogen evolution during operation
were investigated. The influences of hydrogen evolution on stack-
ing loss were investigated and discussed by modifying anodes and
fuel supply manner.

2. Experimental details

An alkaline sodium borohydride solution (containing 10 wt.%
of NaBH4, 5 wt.% of NaOH) was used as a fuel for the DBFC. We
developed two kinds of anode preparation method: dry-method
and wet-method. In the dry-method, anodes were prepared by
mixing sugar (pore formation agent) with Ni powders (Inco. 210),
surface-treated Zr–Ni alloy (FMH) and PTFE (binder), then pasting
the mixture onto the Ni foam. The weight ratio of sugar:Ni pow-
der:FMH:PTFE was 0.5:0.25:0.25:0.3. Electrodes were roll-pressed
into a plate with a size of L84.6 × W80 and 0.5 mm in thickness
and then sugar was washed away by water to leave micropores
in the catalyst layer as shown in Fig. 1. These micropores built
a hydrogen passage network in three-dimension. The anode con-
tained 150 mg cm−2 of catalyst (Ni and Zr–Ni alloy). The preparation
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Fig. 1. Anode structures be
Fig. 2. Four-channel serpentine flow fi

of the surface treated Zr–Ni alloy was the same as that of negative
electrode materials in Ni–MH batteries [21].

In the wet-method, anode ink was prepared by mixing Ni
powders, FMH and carbon supported Pd (Pd/C contains 10 wt.%
of Pd) with 5 wt.% Nafion solution (weight ratio of Ni pow-
der:FMH:Pd/C:Nafion = 0.75:0.75:0.6:0.3). The ink was pasted into
a piece of Ni-foam with thickness of 0.9 mm to increase the porosity
of the anode. In order to suppress the hydrogen evolution dur-
ing operation, the catalyst loading was decreased to 15 mg cm−2

of catalyst (Ni, FMH and Pd).

Fig. 3. DBFC stack measurement set-up.
nd after sugar elimination.
elds at anode and cathode side.

The cathode catalyst was 50 wt.% Pt supported on Vulcan XC-
72. The catalyst was pasted on a PTFE-treated TOREYTM graphite
fiber paper with 1 mg cm−2 Pt loading. Nafion membranes were
used for separating anode from cathode. Nafion membranes were
pretreated by boiling in 3 wt.% of H2O2 solution for 1 h and then
boiling in de-ionized water for 1 h.

316 Stainless steel was used for making bipolar plates. Serpen-
tine flow field was applied to expel hydrogen bubbles in anode side
and liquid in cathode side. Four-channel serpentine flow field was
applied for both anode side and cathode side as shown in Fig. 2.
Fig. 3 shows the stack measurement set-up.

Fig. 4. Observation of hydrogen bubbles blocked in channels through anolyte flow
simulation.
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peration at current of 30 A. NaBH4: 100 g; fuel flux: 0.15 L min−1; air flow rate: 5 L min−1.

and decreasing the catalyst loading to suppress hydrogen evolu-
tion. A power density of 180 mW cm−2 was achieved when using
FMH–Ni as the catalyst of the anode with area of 68 cm2 though
the hydrogen evolution rate still kept at a high level as shown in
Fig. 5.

When we added Pd/C into the anode, it was found that hydrogen
B.H. Liu et al. / Journal of Po

Fig. 5. Effects of Pd addition on the power density and hydrogen evolution during o

3. Results and discussion

Stack performance is determined by single cell performance and
mass transportation in each cell of a stack. In order to obtain a good
stack performance, it is necessary to improve single cell perfor-
mance by designing of a better cell configuration.
3.1. Single cell performance

It is known that the voltage drop of a fuel cell is caused by acti-
vation losses, fuel crossover and internal currents, ohmic losses and
concentration losses. Here we investigated the effects of anode cat-
alyst, anode structure and Nafion membrane thickness on reducing
the ohmic losses to improve the cell performance of the DBFC.

3.1.1. Anode
Comparing with our previous results in the small test cell [7],

it was found that the maximum power density was decreased
from 190 mW cm−2 to 50 mW cm−2 when the anode area was
enlarged from 6 cm2 to 68 cm2. Through anolyte flow observation
in a transparent cell, we saw that hydrogen bubbles blocked chan-
nels and thus hinder the anolyte flow as shown in Fig. 4. It implied
that hydrogen bubbles would also accumulate between anode and
membrane to hinder the ion immigration from anode to cathode.
As a result, the effective reaction area was decreased.

In order to prevent accumulation of hydrogen bubbles in the
anode channels, we tried to prepare anodes by the wet-method

Fig. 6. Cell operation voltages when decreasing of the applied membrane thickness.
Fuel flux: 0.15 L min−1; air flow rate: 5 L min−1.
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evolution was effectively suppressed as shown in Fig. 5(a) and the
cell performance was improved as shown in Fig. 5(b). This result
confirmed the effects of Pd/C addition in the anode of the DBFC on
depression of hydrogen evolution and improvement of cell perfor-
mance [17].

3.1.2. Membrane thickness
Fig. 6 shows single cell performances of the DBFC when using

Nafion membranes with different thickness. It was found that
the open circuit voltages (OCV) of the DBFC were decreased

Table 1
Effects of Nafion membrane thickness on the OCV and resistance of the DBFC during
operation when using FMH–Ni anode

Nafion membrane Thickness (mm) OCV (V) R (� cm2)

117 183 1.215 5.44
115 127 1.180 4.81

1135 89 1.140 2.65
112 51 1.118 1.91
211 25.4 1.108 1.26

Fig. 7. Increase of the cell resistance vs. the membrane thickness.
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Fig. 8. Power density and hydrogen evolution rate during operation. H2O2-treated mem
0.15 L min−1; air flow rate: 5 L min−1.

with decreasing of the applied membrane thickness, but cell per-
formances were improved when using thinner membranes as
the electrolyte. It was considered that the decrease of OCV was
caused by BH4

− crossover. The thinner the used membrane, the
more serious the crossover would become. The cell performance
improvement can be attributed to the decrease of cell ohmic
resistance when using thinner membranes as described in next

Fig. 9. Stacking loss of when increasing cells in the DBFC stack. Fuel flux:
0.15 × N L min−1; air flow rate: 5 × N L min−1, N, cell number in the stack.

Fig. 10. Relation of power vs. hydrogen evolution rate of the 10-cell stack.
Membrane:H2O2-treated Nafion 211. Starting temperature: 20 ◦C. Fuel flux:
1 L min−1; air flow rate: 40 L min−1. NaBH4: 100 g.
ources 183 (2008) 151–156
brane; anode catalyst: FMH–Ni–PdC. Temperature: 60 ◦C; NaBH4: 100 g; fuel flux:

paragraph. Form Fig. 6, it can be known that the cell voltage of the
DBFC demonstrated a linear relation to the operation currents so
that the total ohmic resistance of the DBFC can be calculated from
data fitting. The calculation results are tabulated in Table 1.

From Table 1, it was found that the resistance decreased with
decreasing of the membrane thickness, which can be attributed
to the decrease of ion transfer resistance (along the line) during
operation as shown in Fig. 7. It was also found that the cell resis-
tance demonstrated small slopes (vertical direction) when using
FMH–PdC and FMH–Ni–PdC anodes as shown in Fig. 7, imply-
ing that adding Pd in anode decreased the ohmic resistance due
to effective area because Pd would consume gaseous hydrogen
according to our previous result that Pd in the anode can electro-
oxidize the generated hydrogen [17]. The DBFC can be operated at
a larger current when using thinner membrane so that Pd can con-
sume more gaseous hydrogen. As a result, the ohmic resistance due

Fig. 11. Voltage distributions of the 10-cell stack during operation at 10 A. (A)
FMH–Ni anode; (B) FMH–Ni–PdC anode.
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Fig. 12. Performance improvement of the 20-cell stack by changing fuel supply in
the stack. Starting temperature: 20 ◦C, fuel flux: 1.5 L min−1; air flow rate: 50 L min−1.
NaBH4: 100 g.

to effective area was decreased. That is why the cell with higher
hydrogen evolution rate demonstrated a lower power density as
shown in Fig. 5(b).

Fig. 8 shows hydrogen evolution and cell performance during
operation when using FMH–Ni–Pd/C as the anode catalyst and
Nafion 112 and 211 membranes as the electrolyte. It was found
that hydrogen evolution was depressed and cell performance was
improved when the operation current was increased to 40 A by
using 211 membrane. Due to the large operation current when thin-
ner membrane (N211) was used, Pd would consume more gaseous
hydrogen. As a result, the hydrogen evolution was depressed, and
NaBH4 utilization was improved.

3.2. Stack performance

We assembled the DBFC stacks with 3, 5 and 10 cells using
FMH–Ni anodes prepared by the dry-method. It was found that

Fig. 13. Fuel supplies in the 20-cell stack. (A) Pa
urces 183 (2008) 151–156 155

the average cell power densities of the DBFC stacks were decreased
with increasing the cell number as shown in Fig. 9. A big stack-
ing loss occurred. The hydrogen evolution rate during operation
of the 10-cell stack and the relevant stack power are shown in
Fig. 10. It can be seen that the hydrogen evolution rate was increased
compared to single cell as shown in Fig. 5(a). We measured the
operation voltage distributions of the 10-cell stack when oper-
ation at current of 10 A as shown in Fig. 11. It was found that
the stack demonstrated an uneven distribution in operation volt-
age. Middle cells in the stack showed lower operation voltages.
It was considered that this uneven distribution in operation volt-
age was mainly brought by the hydrogen bubble blockages in the
middle cells of the stack due to the hydrogen evolution from the
anodes.
Then we assembled the stack using FMH–Ni–PdC anodes pre-
pared by the wet-method. It was found that the stack demonstrated
an even distribution in cell voltage and stack power reached up to
229 W as shown in Fig. 10. Meanwhile hydrogen evolution rate was
decreased significantly.

We tried to further increase the cells in the stack. A 20-cell
stack was assembled. However, a big stacking loss occurred again
as shown in Fig. 12. Then we tried to change fuel flow in the stack to
decrease the stacking loss. The 20-cell stack was divided into two
blocks. Each block has 10 cells. We changed the fuel flow direc-
tion from the 11th cell of the stack as shown in Fig. 13. It was
found that stacking loss was significantly decreased and the stack
power reached up to 274 W. It implied that the hydrogen evolution
influence on the stack performance could be reduced by chang-
ing the fuel supply in the stack. However, we have not known the
reason yet. Further investigations are needed. Because the stack
power is still lower than the double power of the 10-cell stack,
it indicates that hydrogen evolution still influences the stack per-
formance. Therefore, more efforts on the development of anode
catalyst are necessary to improve the stack power of the DBFC by
depressing hydrogen evolution.

rallel supply; (B) divided parallel supply.
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4. Conclusions and remarks

Two kinds of anode preparation method (dry-method and
wet-method) were developed. Adding Pd/C catalyst in anode can
decrease the hydrogen evolution rate and improve the stack power
of the DBFC. Increase of operation current by using thinner Nafion
membranes can effectively suppress hydrogen evolution during
operation.
The hydrogen evolution was one of the most critical problems
to the performance improvement of the DBFC stack. The stacking
loss of the DBFC was mainly caused by hydrogen evolution, which
resulted in an uneven fuel distribution between the cells of the
stack. When hydrogen evolution was suppressed, the stack showed
an even distribution in operation voltage and stack performance
was significantly improved. The hydrogen evolution influence on
the stack performance can be reduced by changing the fuel supply
in the stack.

As hydrogen evolution would decrease not only the DBFC perfor-
mance but also NaBH4 utilization, it is considered that the ultimate
solution to hydrogen evolution is finding some anode catalysts on
which BH4

− can be completely electro-oxidized but no hydrolysis
reaction occurs. On the other hand, more efforts should be made
in optimization of flow field design and improvements of anode
structure such as forming hydrophobic pore.
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