
A

H
a
A
f
r
(
©

K

1

a
b
e
a
p
c
s
o
h

c
f
s
v
f

0
d

Available online at www.sciencedirect.com

Journal of Power Sources 178 (2008) 20–25

A fuel cell with selective electrocatalysts using hydrogen
peroxide as both an electron acceptor and a fuel

Shin-ichi Yamazaki ∗, Zyun Siroma, Hiroshi Senoh, Tsutomu Ioroi,
Naoko Fujiwara, Kazuaki Yasuda

Research Institute for Ubiquitous Energy Devices, National Institute of Advanced Industrial Science and Technology,
1-8-31, Midorigaoka, Ikeda, Osaka 563-8577, Japan

Received 15 November 2007; received in revised form 29 November 2007; accepted 3 December 2007
Available online 15 December 2007

bstract

We have realized a novel hydrogen peroxide fuel cell that uses hydrogen peroxide (H2O2) as both an electron acceptor (oxidant) and a fuel.
2O2 is oxidized at the anode and reduced at the cathode. Power generation is based on the difference in catalysis toward H2O2 between the anode

nd cathode. The anode catalyst oxidizes H2O2 at a more negative potential than that at which the cathode catalyst reduces H2O2. We found that

g is suitable for use as a cathode catalyst, and that Au, Pt, Pd, and Ni are desirable for use as anode catalysts. Alkaline electrolyte is necessary

or power generation. The performance of this cell is clearly explained by cyclic voltammograms of H2O2 at these electrodes. This cell does not
equire a membrane to separate the anode and cathode compartments. Furthermore, separate paths are not needed for the fuel and electron acceptor
oxidant). These properties make it possible to construct fuel cells with a one-compartment structure.

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

Present fuel cells have very complicated structures. The
node and cathode compartments must be separated by a mem-
rane and a seal to suppress the reaction between the fuel and
lectron acceptor (oxidant). Furthermore, the paths for the fuel
nd electron acceptor must be independent. When gaseous com-
ounds are used as fuels or electron acceptors, fuel cells require
omplex electrode structures for smooth gas diffusion. These
tructural restrictions greatly increase the cost of fuel cells. A
ne-compartment fuel cell without a membrane or a seal should
elp to significantly simplify the cell structure.

Many researchers have made much effort to simplify the fuel
ell structure. One-compartment fuel cells and mixed-reactant
uel cells, in which a mixture of fuel and electron acceptor is

upplied [1–4], have been studied intensively. However, it is
ery difficult to realize a one-compartment structure in present
uel cell systems. For example, in a proton exchange membrane

∗ Corresponding author. Fax: +81 72 751 9629.
E-mail address: s-yamazaki@aist.go.jp (S. Yamazaki).
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lver cathode

uel cell (PEMFC), the anode and cathode platinum catalysts
re separated by an electrolyte membrane. Without separation
f the fuel and an electron acceptor in a PEMFC, the fuel would
e oxidized at the platinum cathode and the electron acceptor
ould be reduced at the platinum anode. In a PEMFC, the cross-

eactions not only reduce the cell performance but also lead to
angerous conditions. The lack of selective electrocatalysts has
revented the realization of a one-compartment fuel cell.

Several one-compartment (membraneless) bio-fuel cells have
ecently been described [5–7]. Enzymes, which are the most
elective catalysts, are used in these bio-fuel cells. The high
electivity of enzyme catalysis enables bio-fuel cells to have

one-compartment structure. Among these bio-fuel cells, a
ructose–oxygen bio-fuel cell exhibits much higher performance
han other one-compartment bio-fuel cells [5].

While one-compartment bio-fuel cells give simplifier fuel cell
tructures, the one-compartment structure also causes problems
oncerning dissolution and diffusion of oxygen. The current in

ne-compartment fuel cells is often restricted by oxygen deple-
ion. Within this context, we sought to make a one-compartment
uel cell using an electron acceptor that exists at a high con-
entration in electrolyte. We intended to use hydrogen peroxide

mailto:s-yamazaki@aist.go.jp
dx.doi.org/10.1016/j.jpowsour.2007.12.013
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H2O2) as an electron acceptor in a one-compartment fuel cell.
e also tried to use H2O2 as a fuel as well as an electron accep-

or. If H2O2 could act as both a fuel and an electron acceptor,
he cell structure would be much simpler.

Hasegawa et al. has reported a H2O2 fuel cell in which H2O2
unctions as both a fuel and an electron acceptor [8]. The cell
ses Pt catalysts in both the anode and cathode. Part of the power
ight be generated by the difference in pH between the anode

nd cathode (i.e. concentration cell) due to the lack of selectivity
f the electrocatalysts; hence, an acid/alkaline bipolar electrolyte
s required. They successfully used a microchemical channel
o keep the bipolar structure stable [8,9]. While this fuel cell
ses H2O2 as both a fuel and an electron acceptor, it is not a
ne-compartment H2O2 fuel cell.

To construct a one-compartment H2O2 fuel cell, we focused
n H2O2 oxidation/reduction by selective anode and cathode
atalysts. These selective catalysts enable non-bio-fuel cells to
dopt a one-compartment structure. If H2O2 is selectively oxi-
ized on one electrode and selectively reduced on the other
lectrode, electric power might be generated from H2O2 oxi-
ation/reduction.

Although, to the best of our knowledge, one-compartment
2O2 fuel cells have not yet been reported, Mallouk and cowork-

rs showed that a micro-scale flow could be derived from H2O2
xidation/reduction [10–13]. However, this is not a fuel cell, but
ather a micro-pump. They observed micro-flow between dif-
erent metals, e.g. Au–Pt and Au–Ag, in H2O2 solution. They
mphasized the importance of the difference in catalytic activi-
ies toward H2O2 between several metals in micro-pumps. They
emonstrated that H2O2 is oxidized on one metal, and is reduced
n the other metal. They pointed out that these reactions could
enerate a driving force based on a difference in the redox
otentials of H2O2 oxidation/reduction, as follows [10,12,13]:

node (Au) : H2O2 → O2 + 2H+ + 2e− 0.682 V

athode (Ag) : H2O2 + 2H+ + 2e− → 2H2O 1.77 V

They observed pattern-generation caused by the driving
orce. We sought to apply this H2O2 oxidation/reduction to
ne-compartment fuel cells.

In this report, we describe a one-compartment fuel cell using
2O2 as both a fuel and an electron acceptor. This cell is very
nique in that electric power is generated from a single com-
ound (H2O2) based on the difference in activity between the
node and cathode catalysts. This cell does not need a membrane
r a seal. We clarified the relationship between electric power
nd selective catalysis by performance tests and cyclic voltam-
etry. Electric power was generated in alkaline electrolyte. We

emonstrated that Ag is a special catalyst for H2O2 reduction,
nd a Ag cathode is necessary for significant power generation.

. Materials and methods
.1. Materials

All chemicals were purchased and used as received. Metal
ires (0.5 mm Φ) and metal plates (1.5 cm × 2.5 cm), which

w
o

a
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ere used as electrodes for the fuel cells, were obtained from
ilaco Co. Water used in this study was purified using an Organo
uric-MX system unless otherwise stated.

.2. Evaluation of the performance of a H2O2 fuel cell

H2O2 solution (300 mM) was placed in a two-compartment
r a one-compartment electrochemical cell. In the two-
ompartment cell, the compartments are separated by a glass
lter. Two wires of different metals were immersed in the
2O2 solution in each compartment. In the one-compartment

ell, Au and Ag plates were immersed in the H2O2 solu-
ion. Ag|AgCl|KCl (sat.) electrodes were occasionally used
s reference electrodes to evaluate polarization of anode and
athode. The reference electrodes were immersed near anode
nd cathode. Cell performance was evaluated by a galvanos-
at (Hokuto Co.). Measurements were performed at 25 ◦C in
eaerated 1 M NaOH solution and 0.1 M phosphate buffer solu-
ion (pH 7.0). The surface areas of the wires and plates in the
lectrolyte solution were fixed at 0.253 cm2 and 2.4 cm2, respec-
ively.

.3. Electrochemical behavior of H2O2

The electrochemical behavior of H2O2 at several elec-
rodes was examined using an ALS electrochemical analyzer.
g|AgCl|KCl (sat.) and platinum electrodes were used as ref-

rence and counter electrodes, respectively. Disk electrodes of
everal metals were used as working electrodes. The surface area
f Pt and Au electrodes was 0.0707 cm2. The area of Ag and Pd
lectrodes was 0.0201 cm2, and the area of a Ni electrode was
.0177 cm2. The measurements were performed at 25 ◦C under a
itrogen atmosphere in 1 M NaOH solution and 0.1 M phosphate
uffer solution (pH 7.0).

. Results and discussion

.1. H2O2 fuel cell

We constructed a H2O2 fuel cell using an H-type electro-
hemical cell and examined its performance. The H-type cell
s separated into two compartments by a glass filter (Fig. 1).

e tested neutral and alkaline electrolytes. Possible electro-
hemical reactions in the H-type cell are as follows (in alkaline
lectrolyte):

node : H2O2 + 2OH− → O2 + 2H2O + 2e− (1)

athode : H2O2 + 2e− → 2OH− (2)

verall cell reaction : 2H2O2 → O2 + 2H2O (3)

Initially, we used a Au wire as an anode and a Ag wire as
cathode, respectively, based on a past study [10]. Oxygen

as removed by passing nitrogen gas to eliminate the effect
f oxygen reduction.

Fig. 2(a) shows the performance of a H2O2 fuel cell with a Au
node, a Ag cathode, and an alkaline electrolyte (1 M NaOH).
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Fig. 1. Scheme of a H2O2 fuel cell.

he open-circuit potential (OCP) reached 0.12 V, and the maxi-
um current density exceeded 1.5 mA cm−2. This result is very

nteresting in that electric power is generated from a single com-
ound (H2O2) based on the difference in activity between the
node and cathode catalysts.

Two reference electrodes (Ag|AgCl|KCl (sat.)) were used to
valuate polarization of Au anode and Ag cathode. One elec-
rode is immersed in the anode compartment, and the other
n cathode compartment. The electrodes were placed near Au
node and Ag cathode. The anode and cathode potentials vs.
g|AgCl|KCl (sat.) were measured. Under open-circuit con-

itions, the difference between the Au-reference potential and
g-reference potential coincided the OCP of the cell. At cur-

ent density of 1.2 mA cm−2, anode polarization (the deviation
f anode from OCP) was 16 mV, and cathode polarization was

ig. 2. I–V curves of H2O2 fuel cells with (a) Au anode–Ag cathode, (b) Pt
node–Ag cathode, (c) Pd anode–Ag cathode, and (d) Ni anode–Ag cathode.
erformance tests were conducted in deaerated 1 M NaOH solution containing
00 mM H2O2. The electrode surface areas are fixed at 0.253 cm2.
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lmost zero, indicating that polarization of anode is more sig-
ificant than that of cathode. The drop of the cell voltage not
y the polarization of anode and cathode is attributed to the IR
rop. It exceeds 40 mV. The large resistance would be derived
rom the resistance of the glass filter.

A H2O2 cell using phosphate buffer solution (pH 7.0) as an
lectrolyte virtually did not produce electric power (maximum
urrent density <1 �A cm−2). Mallouk and coworkers reported
hat a driving force of micro-particles is generated from the
xidation/reduction of H2O2 in neutral solution. This apparent
ontradiction can be attributed to the difference in observed cur-
ent densities between this work (mA cm−2) and the past work
�A cm−2) [12].

We also examined combinations of metals other than Au
node–Ag cathode. Combinations of Au anode and Pt, Fe, Cu,
nd Pd cathodes were tested. The cells exhibited little current
<0.2 mA cm−2). Thus, a Ag cathode was proved to be necessary
or the generation of substantial power. Combinations of Pt, Ni,
u, Fe, and Pd anodes and Ag cathode were also tested. H2O2
ells with a Pt anode–Ag cathode, Pd anode–Ag cathode, and
i anode–Ag cathode showed high performance. The results are

ummarized in Fig. 2. The maximum current density increases in
he order: Pt–Ag > Pd–Ag > Au–Ag > Ni–Ag. The open-circuit
otentials of these cells are similar.

To determine the mechanism of power generation, we added
2O2 to only the anode compartment or only the cathode

ompartment, and tested the performance of the cell. In both
ases, the cell produced virtually no power (maximum cur-
ent density <20 �A cm−2). The results indicate that power
eneration in the H2O2 fuel cell is caused by the reactions
xpressed in Eqs. (1) and (2). Possible anode dissolution did not
ccur.

Bubbles were observed at the anode and cathode metals even
nder open-circuit conditions. The rate of bubble-generation
ecreased in the order: Ag > Pd > Pt � Au > Ni. A significant
mount of bubbles were generated immediately when Ag and
d were immersed into alkaline electrolyte containing H2O2.
n contrast, bubble-generation was scarcely seen on Ni. The
ubbles should be due to the generation of oxygen by H2O2
ecomposition on the anode and cathode metals. This decom-
osition of H2O2 on one electrode does not participate in power
eneration; hence, it would be desirable to suppress the gener-
tion of bubbles. Ni and Au are suitable for use as an anode
lectrocatalyst from this viewpoint, although in this case the
lectrocatalyst has less activity toward H2O2 electro-oxidation
han Pt and Pd (Fig. 2).

The H2O2 fuel cell has interesting properties, which are not
bserved in conventional fuel cells. H2O2 functions as both a
uel and an electron acceptor. H2O2, which is usually classified
s an electron acceptor, can act as a fuel in this cell. Power
eneration is based on the difference in the reactivity toward
2O2 between the anode and cathode catalysts. The lines that

upply the fuel and electron acceptor can be combined. More

mportantly, neither a membrane nor a filter is needed due to
he selectivity of the electrocatalysts. A one-compartment fuel
ell can be realized based on this system (described in Section
.3).
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.2. Electrochemical behavior of H2O2

To obtain further information on power generation, we
ntended to compare the electrochemical behaviors of H2O2 on
u, Ag, Pt, Pd, and Ni. These behaviors have already been exten-

ively investigated [14–21]. However, the reported experiments
ere performed under different conditions, which prevent us

rom comparing the electrochemical behavior of H2O2 on these
etals. Therefore, we investigated its electrochemical behavior

nder the identical conditions (1 M NaOH).
Fig. 3 shows cyclic voltammograms (CVs) of H2O2 at these

lectrodes. On Au, Ag, Pt, and Pd electrodes, both oxidation and
eduction currents increased upon the addition of H2O2. At a Ni
lectrode, only oxidation current increased. The onset potential
or H2O2 reduction on a Ag electrode (ca. −0.05 V, Fig. 3(B, line
)) was highest among the electrodes tested. The onset potentials
or H2O2 oxidation on Au, Pt, Pd, and Ni electrodes are lower
han the onset potential for H2O2 reduction on a Ag electrode.
his indicates that H2O2 oxidation by these four electrodes with
2O2 reduction by Ag can produce electric power. The power
eneration by Au–Ag, Pt–Ag, Pd–Ag, and Ni–Ag is consistent
ith the results of CV.
Honda et al. analyzed the electrochemical behavior of H2O2

t Ag electrode in alkaline solution [14]. They attributed the
eaks in the absence of H2O2 to the generation/reduction of
urface oxide of Ag. In this paper, H2O2 was reduced below
he potential region at which the generation/reduction of sur-
ace oxide occurred. Our results are in accordance with this

ast result. They stated that the one-electron H2O2 reduction
nd oxidation process are the rate-determining steps in the over-
ll cathode and anode reaction, respectively. Our comparison

a
r
o

ig. 3. Cyclic voltammograms of H2O2 on (A) Au, (B) Ag, (C) Pt, (D) Pd, and (E)
resence of H2O2, respectively. The measurements were performed in 1 M NaOH s
mM.
r Sources 178 (2008) 20–25 23

mong five metals suggests that Ag requires the least poten-
ial for one-electron H2O2 reduction, or the largest potential for
ne-electron H2O2 oxidation.

Ni electrode is unique in that it catalyzed only electrochem-
cal H2O2 oxidation. Electrochemical H2O2 behavior at Ni
lectrode was examined by Bagotzky et al. [20]. According to
heir results, the onset potential for H2O2 reduction is much
ower than that for H2O2 oxidation. This would be a main rea-
on why H2O2 reduction was not observed in the potential range
n Fig. 3. At Ni electrode, H2O2 oxidation easily occurs rather
han H2O2 reduction, in contrast to Ag electrode. Pt and Pd
lectrodes exhibited high activity toward both H2O2 oxidation
nd reduction. Prabhu et al. suggested that oxygen generated
y H2O2 decomposition is reduced electrochemically on a Pt
lectrode in apparent electrochemical H2O2 reduction [21]. The
articipation of intermediate oxygen would be partly responsible
or the high activity toward both reactions.

A Ag electrode gives H2O2 reduction current below ca.
0.05 V (Fig. 3(B, line b)). H2O2 oxidation by these four elec-

rodes in the potential region is meaningful for the H2O2 fuel
ell. We compared H2O2 oxidation current at −0.075 V among
hese four electrodes. Pd, Pt, and Au electrodes gave higher cur-
ents than a Ni electrode, and the order was consistent with the
rder of the power of H2O2 cells (Fig. 2).

We also examined the electrochemical behavior of H2O2 in
eutral solution. Fig. 4 shows CVs of H2O2 at Au (Fig. 4(A))
nd Ag (Fig. 4(B)) electrodes in 0.1 M phosphate buffer solution
pH 7.0). Several peaks were observed without H O (Fig. 4, line
2 2
). These peaks are attributed to surface oxide formation and its
eduction, as discussed in past studies [14,22]. The increase in
xidation and reduction currents upon the addition of H2O2 is

Ni electrodes. Lines (a) and (b) indicate voltammograms in the absence and
olution under a nitrogen atmosphere. The concentration of H2O2 was fixed at
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3.3. One-compartment fuel cell
ig. 4. Electrochemical behavior of (A) Au and (B) Ag electrodes. Lines (a) a
he measurements were performed in 0.1 M phosphate buffer solution (pH 7.0)

learly observed at a Au electrode (Fig. 4(A, line b)). A slight
ncrease in reduction currents below −0.3 V is observed in Ag
lectrode (Fig. 4(B, line b)). The onset potential for H2O2 oxida-
ion (ca. 0.25 V) by the Au electrode is higher than that for H2O2
eduction (−0.3 V) by the Ag electrode under neutral conditions,
n contrast to the situation in alkaline solution. The overpoten-
ial for H2O2 reduction by the Ag electrode increased with a
ecrease in pH. The upset of the potentials of H2O2 oxidation
nd reduction is responsible for the fact that electric power is
irtually not generated in neutral solutions.

The observed current in Fig. 3 is the subtraction of intrinsic
eduction current from oxidation current. The potential at which
et current is zero is called as the mixed potential. When current
ines cross the potential axis almost vertically, both oxidation
nd reduction occur at a significant rate in a potential region
ear the mixed potential. This indicates that both electrochem-

cal H2O2 oxidation and reduction occur on the same electrode
Fig. 5(a)). The overall reaction is H2O2 decomposition, which
oes not produce electric power. The bubble-generation at Au,
g, Pt, and Pd electrodes under open-circuit conditions should

ig. 5. Two mechanisms of chemical H2O2 decomposition: (a) local electro-
hemical cell mechanism and (b) mere chemical decomposition mechanism.

A

) indicate voltammograms in the absence and presence of H2O2, respectively.
r a nitrogen atmosphere. The concentration of H2O2 was fixed at 3 mM.

e partly attributed to the electrochemical H2O2 decomposi-
ion. The mechanism of electrochemical H2O2 decomposition
t a Ag electrode was emphasized in the literature [14]. It is pos-
ible that simple chemical H2O2 decomposition (Fig. 5(b)) is
artly responsible for the bubble-generation under open-circuit
onditions. However, this cannot be determined from CVs.

The voltammograms in Fig. 3 indicate that both H2O2 oxida-
ion and reduction near the mixed potential easily occur on Pd,
t, and Ag. In contrast, the reduction currents of H2O2 on Ni
nd Au are very small; hence, electrochemical H2O2 decom-
osition (Fig. 5(a)) would occur less on Ni and Au. This is
onsistent with the finding that the Ni electrode shows the least
ubble-generation under open-circuit conditions.
We constructed a one-compartment H2O2 fuel cell using
u and Ag plates. Au and Ag plates were immersed in a

Fig. 6. Scheme of a one-compartment H2O2 fuel cell.
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trochim. Acta 17 (1972) 1625–1635.
ig. 7. I–V curve of a one-compartment H2O2 fuel cell with Au anode–Ag
athode. Performance tests were conducted in 1 M NaOH solution containing
00 mM H2O2. The electrode surface areas are fixed at 2.4 cm2.

ne-compartment electrochemical cell, and H2O2 solution was
njected into the cell (Fig. 6). The results are summarized in
ig. 7. The one-compartment cell also generates electric power.
he maximum current density of this cell (2.9 mA cm−2) is
omewhat larger than that of the cell in Fig. 2. This indicates
hat a H2O2 fuel cell can adopt a one-compartment cell struc-
ure, as predicted by its mechanism. Reference electrodes were
lso used to measure polarization of anode and cathode. At cur-
ent density of 1 mA cm−2, the anode and cathode polarizations
ere 15 mV and 9 mV, respectively. The anode overpotential
as also higher than the cathode overpotential in the system of
ig. 6. The IR drop was almost zero in the one-compartment
ell, suggesting that the glass filter (Fig. 1) is responsible for the
arge IR drop observed in the two-compartment system.

The maximum current exceeds 7 mA in the cell using metal
lates, while the current of the cell using metal wires is more
han the order of 0.1 mA. An increase in the electrode surface
reas tends to increase not only the current but also H2O2 decom-
osition, which does not generate electric power. It is possible
hat an increase in surface area does not significantly increase
urrent. The results in Figs. 2 and 7 show that the current was
uccessfully increased by an increase in the surface area.

. Conclusions

We have demonstrated that electric power is generated from
lectrochemical H2O2 oxidation/reduction in alkaline elec-
rolyte. CVs of H2O2 on several metals revealed that H2O2
s easily oxidized by Au, Pt, Pd, and Ni electrodes and is

asily reduced by a Ag electrode. Power generation is based
n the selectivity of electrocatalysts toward H2O2. Since the
node potential (H2O2 oxidation) is lower than cathode poten-
ial (H2O2 reduction) in alkaline electrolyte, electric power can

[

[

r Sources 178 (2008) 20–25 25

e generated in alkaline solution. We have also realized a one-
ompartment fuel cell and successfully increased the current by
caling up. The one-compartment cell does not contain either
membrane or a seal. Both the fuel and electron acceptor are

iquid, which are dissolved at high concentration in electrolyte.
he cell is free from problems that involve the supply of an elec-

ron acceptor or a fuel. Thus, this cell is dramatically different
rom other one-compartment fuel cells in this regard.

Unfortunately, the performance of H2O2 cells is still low. In
articular, the voltage does not reach 200 mV. The redox poten-
ials of H2O2 reduction (Eq. (1)) and H2O2 oxidation (Eq. (2))
t a given pH are 0.73 V and −0.36 V vs. Ag|AgCl|KCl (sat.),
espectively. CVs of H2O2 oxidation/reduction clearly indicate
hat the onset potential (ca. −0.05 V) for H2O2 reduction by Ag
s far from the thermodynamic value (0.73 V). The main subject
f future research should be the decrease in cathode overpoten-
ial. H2O2 decomposition without power generation (Fig. 5) is
lso an obstacle to be overcome. The development of selective
atalysts for H2O2 oxidation and reduction is needed to improve
he efficiency of H2O2 fuel cells.
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