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bstract

Catalyst selection, deposition method and substrate material selection are essential aspects for the design of efficient electrodes for fuel cells.
esearch is described to identify a potential catalyst for hydrogen peroxide reduction, an effective catalyst deposition method, and supporting
aterial for a direct borohydride/hydrogen peroxide fuel cell. Several conclusions are reached. Using Pourbaix diagrams to guide experimental

esting, gold is identified as an effective catalyst which minimizes gas evolution of hydrogen peroxide while providing high power density. Activated
arbon cloth which features high surface area and high microporosity is found to be well suited for the supporting material for catalyst deposition.
lectrodeposition and plasma sputtering deposition methods are compared to conventional techniques for depositing gold on diffusion layers. Both

ethods provide much higher power densities than the conventional method. The sputtering method however allows a much lower catalyst loading

nd well-dispersed deposits of nanoscale particles. Using these techniques, a peak power density of 680 mW cm−2 is achieved at 60 ◦C with a direct
orohydride/hydrogen peroxide fuel cell which employs palladium as the anode catalyst and gold as the cathode catalyst.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Methanol and sodium borohydride are important fuel can-
idates for portable and mobile applications at ambient
emperature. Direct borohydride fuel cells provide higher
pen circuit voltages and higher power densities than both
ydrogen/oxygen fuel cells and direct methanol fuel cells.
ence they have received increasing attention starting in 2000

1–3].
There is considerable motivation to use H2O2 in place of

2 at the cathode to achieve even better performance and air
ndependence for applications such as space power and under-
ater operation. The resulting system is termed a direct sodium
orohydride/hydrogen peroxide fuel cell (DBHPFC).
Oxygen reduction at the cathode of a PEM fuel cell is:

2 + 4H+ + 4e− → 2H2O (1)
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his reaction involves simultaneous transfer of four electrons,
nd therefore has a reduced probability of occurrence [2,4]. It
s known that the exchange current density of oxygen reduction
s 6 orders of magnitude lower than that of hydrogen oxidation
4–7]. The slow kinetics of oxygen reduction limits the power
ensity and cell efficiency. In comparison, the reduction reaction
f hydrogen peroxide is:

2O2 + 2H+ + 2e− → 2H2O (2)

his is a two-electron transfer process and hence has lower acti-
ation over potential than four-electron transfer process. So fuel
ell systems using hydrogen peroxide as the cathode fuel tend to
rovide higher performance than systems using oxygen. In addi-
ion, hydrogen peroxide has other advantages. Its liquid form

akes the system more compact and convenient. It is environ-
entally friendly and easy to handle. Its wide application and

igh volume production make it a low cost product in current

arket.
Many factors are involved in the cell optimization issue. Cata-

yst selection is always a critical one, especially in a cell like
BHPFC where less explored fuels are involved. Indeed exten-

mailto:lgu2@uiuc.edu
dx.doi.org/10.1016/j.jpowsour.2007.05.005
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Fig. 2. Serpentine bipolar plate.
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ive research effort has been put on the development of catalysts
or different kinds of fuel cells since the first hydrogen/oxygen
uel cell. The objective of the research described here was to
dentity a potential catalyst for hydrogen peroxide reduction and
o address an effective catalyst supporting material and catalyst
eposition method for this all liquid fuel cell. The anode catalyst
election is also equally important and its research is described
lsewhere.

. Direct borohydride/hydrogen peroxide fuel cell

.1. Cell structure

Fig. 1 shows an assembled DBHPFC that has been used in
xtensive testing. Its structure and materials selection are made
or ease of use in the laboratory where components are frequently
nterchanged. Later models will generally follow this design, but
ill use optimized materials.
Graphite is used as the bipolar plate material. A serpentine

tyle is employed, which is shown in Fig. 2 [8]. The flow rates are
ow so the pressure drop with this design remains manageable.

small pump is used to control the fuel flowing through the
hannel.

Nafion is employed as the exchange membrane. Since liquid
uels are used in the cell system, humidification problems asso-
iated with PEM fuel cells are avoided. The selection of the
orous and conductive material used as the diffusion layer, the
atalyst and its deposition on the diffusion layer are discussed
ater.

.2. Operation system
Figs. 3 and 4 illustrate the schematic diagram and the ope-
ation system of the DBHPFC. NaOH was added to the anode
olution to stabilize NaBH4, inhibiting its hydrolysis reaction.

Fig. 1. Assembled DBHPFC test unit.

Fig. 3. Schematic diagram of the DBHPFC.

Fig. 4. Operation system of the DBHPFC.
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Sodium borohydride solution is pumped into the serpentine
hannels at the anode, diffuses through the diffusion layer and
eacts with water under the anode catalyst. The half reaction is:

aBH4 + 2H2O → NaBO2 + 8H+ + 8e−, E◦ = −0.471 V

(3)

The reaction products are sodium metaborate, protons and
lectrons. The protons transport through the exchange mem-
rane to the cathode while the electrons travel along the external
ircuit to the cathode. There they both react with hydrogen per-
xide under a specific catalyst. The half reaction is:

H2O2 + 8H+ + 8e− → 8H2O, E◦ = 1.776 V (4)

uring cell operation, water is dragged from the anode to the
athode through the membrane by protons via electro-osmotic
rag. This drag effect and the consumption of water by the che-
ical reaction at the anode combine to cause a loss of water at

he anode. Hence solubility for sodium borohydride and sodium
etaborate ultimately limits the run time for the closed cycle

peration system. The maximum concentration of sodium boro-
ydride solution that can be used in the system is limited by the
olubility of sodium borohydride at specific temperature.

.3. Electrocatalysts for the DBHPFC

Catalysts play a critical role in defining the performance of a
uel cell. The specific requirements depend on the type of fuel
ell involved. The catalyst selection criteria for the DBHPFC
re discussed here.

First, electrocatalysts must provide high catalytic activities
or electrochemical oxidation of NaBH4 at the anode and elec-
rochemical reduction of H2O2 at the cathode. Second, candidate

aterials should have good stability towards corrosion. Third,
ood electrical conductivity is needed to minimize the resistive
oss in the catalyst layer. Fourth, direct oxidization of sodium
orohydride to H+ is desired. However, sodium borohydride can
eact with water to form hydrogen gas:

aBH4 + 2H2O → 4H2 + NaBO2 (5)

f hydrogen gas is produced instead of protons, sodium boro-
ydride fuel will be wasted, resulting in low fuel efficiency.
heoretically, one ion of BH4

− can generate eight electrons.
owever, in real systems, the number of electrons actually utili-

ed per ion of BH4
− oxidized is less than eight since reaction (3)

as to compete with hydrolysis reaction (5). The actual reaction
an be written as:

aBH4 + 2H2O → NaBO2 + xH+ + (4 − 1
2x)H2 + xe− (6)

ere x denotes the actual number of electrons released by each
H4

− ion and is called columbic efficiency. The most influential
actor in the determination of x is the electrocatalyst. Research
ndicated that Au anode electrode demonstrated high columbic

fficiency (6.9 electrons per molecule of BH4

−) [9,10]. Palla-
ium was identified as the anode catalyst for the UIUC DBHPFC
y experimental study. Our experiments showed that Au was
etter than Pd by further decreasing hydrogen evolution, but the
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atalytic reaction of Au was lower in terms of power generated
y the cell.

Last but not the least, direct reduction of hydrogen peroxide
s desired. At the cathode, hydrogen peroxide can spontaneously
ecompose exothermically into water and oxygen gas [11]:

H2O2 → 2H2O + O2 (7)

his process is very favorable and occurs at temperatures above
he melting point of the solution. The rate of decomposition
ncreases as the temperature increases. The direct reduction of
ydrogen peroxide is shown in reaction (4). If oxygen gas is
enerated during cell operation, hydrogen peroxide fuel will be
asted, reducing the fuel efficiency. In addition, ultimately the
resent fuel cell is to be designed as a sealed unit, so gas evolution
s undesirable.

Little literature exists pertaining to the catalyst develop-
ent for direct hydrogen peroxide reduction. Raman et al. have

emonstrated a direct borohydride/hydrogen peroxide fuel cell
sing Pt/C as the cathode catalyst and AB5 metal hydrogen sto-
age alloy as the anode catalyst and achieved 350 mW cm−2

t 343 K [12]. An approach in which Pourbaix diagrams are
mployed to guide the catalyst selection for hydrogen peroxide
eduction is described in the following section.

. Catalyst selection for hydrogen peroxide reduction

.1. Catalyst selection using Pourbaix diagrams

Pourbaix diagrams depict the thermodynamical form of an
lement as a function of potential and pH of a given environment
13]. These diagrams provide a visual representation of the oxi-
izing and reducing abilities of the major stable compounds of
n element. They are frequently used in material studies for envi-
onmental applications. Here these diagrams are used to identify
potential catalyst that can minimize cathode gas evolution of

he DBHPFC during cell operation. Fig. 5 [13] is the Pourbaix
iagram for the hydrogen peroxide–water system at 25 ◦C.

The lines (a and b) in the diagram are the stability and redox
ines of water. Below the family of lines 2–3, H2O2 is unstable
nd is rapidly reduced to water according to the reaction:

2O2 + 2H+ + 2e− → 2H2O (8)

bove the family of lines 4–5, H2O2 becomes unstable again
nd acts as a reducing agent with the formation of oxygen gas.
his chemical reaction is:

2O2 → O2 + 2H+ + 2e− (9)

he region below the family of lines 2–3 and the region above
he family of lines 4–5 have a common area, where H2O2 is
oubly unstable and can rapidly decompose into oxygen and
ater:
H2O2 → O2 + 2H2O (10)

hen H2O2 solution is in contact with a metallic surface whose
lectrode potential lies in the region of double instability, H2O2
ill spontaneously decompose into oxygen and water [13]. On
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Fig. 5. Pourbaix diagram of the H2O2–water system at 25 ◦C.

he other hand, if the electrode potential of the metallic surface
alls outside of this region, decomposition will not occur. And if
he electrode potential of the metallic surface falls to the region
lose to the family of lines 2–3, then reaction (8) will be the
ominant reaction. This insight is very helpful for selecting a

roper catalyst for direct hydrogen peroxide reduction.

The pH value of the hydrogen peroxide solution used in our
xperiments is zero, so the electrode potential varies from 0.70 to
.80 V in the region of double instability. Mean value is 1.25 V.

t
t
s
t

ig. 6. Simplified Pourbaix diagrams of noble metals: gold (Au), silver (Ag), platinum
Ir).
ources 173 (2007) 77–85

n order to avoid or minimize H2O2 decomposition, the catalyst
lectrode potential must be out of this range or fall to the region
lose to the family of lines 2–3. The choice was first narrowed
own to the noble metals due to their good catalytic ability and
ood stability towards corrosive environments since hydrogen
eroxide is a powerful oxidizer. The task of catalyst selection
hen is to identify one or more noble metals that have the desired
lectrode potential.

The redox information of noble metals can be obtained from
heir Pourbaix diagrams. Fig. 6 is a simplified version of Pour-
aix diagrams for gold, silver, platinum, palladium, ruthenium,
hodium, osmium and iridium [14]. The white area in the dia-
rams is the stable domain of natural water. The lines in each
ourbaix diagram separate species in redox equilibrium as a
unction of potential and pH. The chemical formula of the predo-
inant substances in each region is also displayed. The oxides of

hese elements are not considered as catalyst candidates because
hey will react with H+ in acid environment. So here the redox
quilibrium lines between the metal and its closest oxide are of
ajor interest.
By comparing the diagrams in Fig. 6 with the diagram in

ig. 5, it can be seen that each of the eight metals has its
edox equilibrium line between the metal and its closest oxide
n the domain of double instability of hydrogen peroxide. Also
latinum, ruthenium, rhodium, osmium, iridium, silver and pal-
adium have their equilibrium lines close to the lower boundary
r the center of the domain, a favorable condition for the oxidi-
ation of H2O2 into oxygen. This shows these metals are good
atalysts for the decomposition of H2O2 but this is undesirable
or our present use. For example, the potential value for the reac-

ion Pt → Pt2+ + 2e− when pH is 0 is 1.20 V. This is very close
o the mean value of 0.70 and 1.80 V (1.25 V). So when H2O2
olution contacts Pt, gaseous oxygen is easily seen forming on
he metal surface.

(Pt), palladium (Pd), ruthenium (Ru), rhodium (Rh), osmium (Os) and iridium
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However, it is also observable that the redox equilibrium lines
f gold are very close to the upper boundary of the domain. This
s a favorable condition for the reduction of hydrogen peroxide
nto water according to the reaction (8). So for the noble metals
ncluded, this analysis predicts that gold provides the most com-
lete reduction of hydrogen peroxide. While there may be other
ossibilities, including alloys, gold was then selected here for
xperimental study as described next.

.2. Experimental results

Experiments were performed to check the gas production
redictions by placing samples of the above listed metals
nto hydrogen peroxide solution with the same concentration
30 wt.%) and pH value. A large amount of oxygen gas was noti-
ed on the surface of platinum, ruthenium, rhodium, osmium,
ridium, silver and palladium. But gas bubbling was not noti-
eably visible when gold was placed into hydrogen peroxide
olution. This experimental result is consistent with the theore-
ical prediction using Pourbaix diagrams.

In order to verify that gold catalyst provides sufficient reac-
ivity for use in a fuel cell, power curves were obtained by
perating DBPHFC at room temperature with each of these
etal catalysts on the cathode. The anode catalyst, the anode

uel and the cathode fuel were kept identical in all cases. Palla-
ium was used as the anode catalyst. The anode fuel consisted
f 10 wt.% sodium borohydride, 5 wt.% sodium hydroxide and
wt.% ammonium hydroxide in water. The purpose of ammo-
ium hydroxide is to help resolve the reaction product NaBO2.
he cathode fuel was 10 wt.% hydrogen peroxide and 5 wt.%
hosphoric acid in water. Results are presented in Fig. 7. The
urpose of phosphoric acid is to help stabilize H2O2.

Although gold does not show the best power density in Fig. 7,
t shows a relatively good power density. While Pd and Os offe-
ed slightly higher power densities, significant gas production
as observed, consistent with the earlier static tests. The forma-
ion of oxygen gas results in a reduction in H2O2 fuel efficiency,
hich offsets the power density advantage. Further, gas pro-
uction cannot be allowed in a closed cell configuration. In
ummary, these results support the conclusions drawn from the

Fig. 7. Cathode catalyst performance comparison.
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ourbaix diagram analysis that Au is the preferred cathode cata-
yst. However, only noble metals have been considered to date.
ther materials such as alloys will be evaluated in the future.

. Catalyst supporting material

In principle, the fine dispersion and desired catalyst particle
ize can be obtained by adopting an appropriate preparative pro-
edure on an ideal supporting material [15,16]. That is to say,
y selecting good supporting material, a finer catalyst deposi-
ion pattern and better electrode performance can be achieved.
ommonly used catalyst support materials are carbon related
roducts such as carbon power, carbon paper and carbon cloth.
igh surface area carbon powder is reported to provide good

atalyst support and this high surface feature helps to obtain
elatively higher power densities. However, the complex deposi-
ion procedures associated with carbon powder and its relatively
oor adhesion hampers its use.

Activated carbon cloth which denotes a material that has an
xceptionally high surface area, and includes a large amount of
icroporosity (Fig. 8) is an ideal choice for catalyst support. A

igh surface area of the supporting material provides the catalyst
articles with a huge number of deposit sites, which helps those
articles to widely disperse on the surface of the support. And
ventually, a more uniform distribution and smaller size particles
an be produced.

Activated carbon cloth with an activation level of
000 m2 g−1 was chosen to be the supporting material for gold
eposits using electrodeposition and sputtering methods discus-
ed in the next section. Both methods achieved a high power
evel with this substrate material.

Further, some improvement might be possible in the future
sing cloth with an even higher activation level. However, as
he activation level increases, the pore radius increases. This

ay result in a low electrical conductivity which will adversely
ffect the performance of the cell. So there is a trade-off between
ctivation level and electrical conductivity. Further experiments
re needed to explore this issue.

. Catalyst deposition methods

In addition to catalyst selection and substrate material,
lectrode performance strongly depends on the structure and
abrication of the catalyst layer. Catalyst deposition directly
mpacts the catalytic activity by determining the size of cata-
yst particles and their dispersion over the supports [17,18]. A
atalyst layer with a lowest level of loading required to achieve
fixed power level will reduce catalyst costs which is one of the
ajor components in fuel cell cost.

.1. Conventional deposition techniques

Since the application of PEM fuel cells in Gemini space

ights in the 1960s, a significant amount of research work
as been done on the electrode design for PEM fuel cells
sing various catalyst deposition methods [19–21]. Conventio-
al deposition method is a method in which catalyst particles
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ig. 8. Scanning electron micrograph of microporous structure of the activated
arbon fiber.

ixed with Nafion solution are applied to the diffusion layer.
his method was also employed to fabricate the catalyst layers

n our original DBHPFC. The procedures are as follows:

1) Combine a 5 wt. % Nafion solution and 99.9 wt.% palladium
black in a weight ratio of 1:1 Nafion/Pd.

2) Add methanol to achieve a weight ratio of 1:1:20
Nafion–Pd–methanol.

3) Mix the solution with homogenizer for 30 min.
4) Apply the catalyst ink to one side of the carbon cloth diffu-

sion layer. Typically several coats are required for adequate
level of catalyst loading.

5) Dry the diffusion layer in the oven at 80 ◦C for 20 min.
6) Use a high concentration sulfuric acid to treat the diffusion
layer.
7) Take the diffusion layer out of the sulfuric acid solution,

rinse it with water and dry it again in the oven at 80 ◦C for
20 min. The same procedure was employed to fabricate the
cathode catalyst layer with a gold black catalyst.

r
b
t
n
f

ig. 9. Testing result of catalyst layers fabricated using conventional deposition
ethod.

The testing result of the catalyst layers fabricated using the
bove techniques is presented in Fig. 9.

According to Fig. 9, the peak power density generated is
90 mW cm−2, which is similar to the result reported by Choud-
ury et al. [20]. Thus, there does not appear a significant
dvantage for the UIUC cell. This is probably due to the low
atalyst utilization associated with this conventional deposition
ethod. Yet higher power densities are desired, so it is desirable

o develop or employ other deposition methods to improve the
atalyst performance.

.2. Electrodeposition and sputtering deposition methods

Electrodeposition and sputtering are two emerging methods
or depositing catalysts. Electrodeposition is able to deposit
articles in nanometer scale onto the substrates. Also elec-
rodeposition method deposits catalyst where the three-phase
one is located. The diagram of this three-phase zone is shown
onceptually in Fig. 10. The catalyst loading is reduced by only
epositing catalyst in this zone.

The electrodeposition method has also shown to successfully
over the inner surface of the porous substrates, while most of
he other deposition methods fail to do so [18,22]. All these
esults indicate that electrodeposition method has an excellent
otential for achieving effective catalyst layers. What is more,
he electrodeposition process is very simple and controllable and
he equipment required is inexpensive. These are key advantages
or commercial applications.

The sputtering method provides another method of deposi-
ing a thin catalyst layer that delivers high performance with low
evels of catalyst loadings [23,24]. The success of the sputtering

ethod for reducing the catalyst loading depends heavily on the
eduction in the size of catalyst particles [25]. With a given car-

on support, reducing the size of catalyst particles will increase
he catalyst surface area [2]. Thus, a high level of loading is not
eeded to provide high surface area in this case. But the per-
ormance of a fuel cell with a sputtered catalyst layer can vary,
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tion process. The current density exerts an important effect on
the deposit properties such as size, shape and distribution of the
deposit. When the current density reaches the limiting value, the
Fig. 10. Diagram of the three-phase zone.

idely depending on the thickness of the sputtered catalyst layer
26]. However, uniform and reproducible layers containing low
atalyst loadings with this technique offer great potential for
chieving an attractive large-scale manufacture.

Both electrodeposition and sputtering methods were
mployed to apply cathode catalyst on diffusion layers in the
IUC DBHPFC. A gold electrodeposition process was perfor-
ed using a chloroauric acid plating bath at room temperature.
solution of palladous salts was used to deposit anode catalyst

alladium. Then the catalyst layers were tested by operating fuel
ell at two different temperatures. In order to compare the results,
ey conditions were designed to be identical. The concentra-
ion of the sodium borohydride solution was 18 wt.% and the
oncentration of the hydrogen peroxide solution was 17 wt.%.
n all tests, only the cathode electrode construction was varied
hile the anode electrode was kept the same with a palladium

atalyst layer deposited using the electrodeposition method. The
–I curves and the power-I curves of the tests are presented

n Figs. 11–14. The peak power densities were summarized in
able 1.

According to Figs. 11–14, a high open circuit voltage
∼1.95 V) was obtained in all cases. This confirms that a high
atalyst activity was achieved by the catalyst layers fabricated
ith both electrodeposition and sputtering methods.
According to Table 1, the peak power density at 26 ◦C is

70 mW cm−2 in the electrodeposition case and 240 mW cm−2

n the sputtering case. At 60 ◦C the values are 680 mW cm−2

nd 600 mW cm−2, respectively. The power densities are much

igher than the results reported for such cells in the literature.
lso the power densities are higher than those generated by our
riginal cells which have the same cell structure and the same
ype of catalysts but different catalyst deposition methods. This

able 1
eak power densities generated by UIUC cell at 26 and 60 ◦C

T = 26 ◦C T = 60 ◦C

lectrodeposition 270 mW cm−2 680 mW cm−2

puttering deposition 240 mW cm−2 600 mW cm−2 F
l

ig. 11. V–I curve and P–I curve generated by electrodeposited gold catalyst
ayer and electrodeposited palladium layer at 26 ◦C.

hows that the electrodeposition and sputtering methods give
etter performance than the conventional method in terms of
ower densities.

In order to obtain more information about catalyst depo-
ition, the surfaces of the electrodes were observed by a
EOL JSM-7000F Field Emission Analytical Scanning Elec-
ron Microscope. Figs. 15 and 16 present the scanning electron

icrographs of gold deposits using electrodeposition and sput-
ering deposition, respectively.

Fig. 15 displays a dendritic crystal structure obtained during
he electrodeposition process. This structure decreases the sur-
ace area of the catalyst and makes the deposit unstable. It is
ttributed to the large current density used in the electrodeposi-
ig. 12. V–I curve and P–I curve generated by electrodeposited gold catalyst
ayer and electrodeposited palladium layer at 60 ◦C.
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Fig. 13. V–I curve and P–I curve generated by sputtered gold catalyst layer and
electrodeposited palladium layer at 26 ◦C.

Fig. 14. V–I curve and P–I curve generated by sputtered gold catalyst layer and
electrodeposited palladium layer at 60 ◦C.

Fig. 15. Scanning electron micrograph of Au deposits using electrodeposition
method.
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ig. 16. Scanning electron micrograph of Au deposits using sputtering method.

endritic crystal structure begins to grow. The present electro-
eposition approach is limited to high current densities. Prior to
hese results, the disadvantage of this was not realized. Instead
f developing lower currents, pulsed electrodeposition [26] has
een recommended to reduce dendritic structure.

Very uniformly distributed catalyst deposits using sputte-
ing method were formed in Fig. 16. Nanoparticles of an
verage size of 10 nm were produced. These good features
esulted in the excellent power performance of the cell presen-
ed in Figs. 13 and 14. The loading of the catalyst deposit is
.19 mg cm−2, which is much lower than the loading in the elec-
rodeposition case (0.5 mg cm−2). Thus, the sputtering method
hows a better performance than the electrodeposition method
y sustaining almost the same level of power density while using
much lower catalyst loading.

. Conclusions

The objective of this paper is to identity a potential cata-
yst for direct hydrogen peroxide reduction and to address an
ffective catalyst deposition method and effective catalyst sup-
orting material for the direct borohydride/hydrogen peroxide
uel cell.

By theoretical analysis using Pourbaix diagrams combined
ith experimental testing, gold was identified as an effec-

ive cathode catalyst for the DBHPFC. This catalyst is able
o minimize the gas evolution of hydrogen peroxide during
ell operation while providing relatively high cell performance.
owever, only noble metals have been considered to date. Other
aterials such as alloys might be evaluated in the future.
Activated carbon cloth which features high surface area and

icroporosity was identified as a promising supporting material
or catalyst deposition. However, there is a trade-off between

he activation level and electrical conductive ability. Further
xperiments are needed to explore these issues.

Catalyst layers fabricated by electrodeposition and sputtering
ethods showed higher open circuit voltages and power den-
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ities than catalyst layers fabricated by conventional method.
he sputtering method showed better performance than the
lectrodeposition method by sustaining almost the same level
f power density with much lower catalyst loading. This per-
ormance is attributing to well dispersed catalyst deposits and
anoscale particles achieved with the plasma sputtering method.
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A peak power density of 680 mW cm−2 was achieved at 60 ◦C
y UIUC direct borohydride/hydrogen peroxide fuel cell with
old as anode catalyst and palladium as cathode catalyst. This
esult is higher than power densities reported for fuel cells using
hese fuels. This improvement is advantageous for eventual com-
ercial applications of the UIUC direct borohydride/hydrogen

eroxide fuel cell.
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