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ABSTRACT: Pyrazine-bridged Fe[MC(CN)4] complexes
(MC = Pt2+ and Pd2+) with 3D porous structures were
utilized as the cathode of one-compartment H2O2 fuel
cells, which operated in 0.3 M H2O2, using a nickel mesh
as an anode. The power density of a H2O2 fuel cell using
pyrazine-bridged Fe[Pt(CN)4] reached 4.2 mW cm−2,
which is the highest value reported for the one-
compartment H2O2 fuel cells. On the other hand, H2O2
fuel cells using pyrazine-bridged MN[Pt(CN)4] (MN =
Co2+ and Mn2+) as the cathodes exhibited power densities
lower than 0.01 mW cm−2, indicating that Fe2+ ions are
indispensable to achieve the high power density.

Hydrogen peroxide (H2O2) has been proposed as a potential
fuel in the next generation,1−3 because H2O2 can be

produced fromO2 abundant in air by utilizing photoenergy in the
presence of a photocatalyst and an appropriate electron donor, in
which acidic conditions are thermodynamically favorable.4 The
chemical energy of the produced H2O2 can be converted into
electrical energy by using H2O2 fuel cells.

5−9 When a H2O2 fuel
cell uses H2O2 as a fuel and O2 as an oxidant, as is often seen in
conventional fuel cells, the maximum output theoretically
achievable is as low as 0.55 V, which is less than half of those
of a hydrogen (H2) fuel cell (1.23 V) and a direct methanol fuel
cell (1.21 V). However, if H2O2 is employed not only as a fuel but
also as an oxidant, the theoretical output potential increases to
1.09 V, which is somewhat smaller but comparable to those of H2
and methanol fuel cells.5−9 The reactions occurring at the anode
and cathode of the H2O2 fuel cells are given by eqs 1−3.
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(1)

+ + =+ −Cathode: H O 2H 2e 2H O

1.77 V vs NHE
2 2 2
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A benefit of the H2O2 fuel cell compared with H2 and methanol
fuel cells is its simple cell structure, which does not require
membranes to separate the cathode and anode (Scheme 1)
because electrodes for the selective reduction and oxidation of
H2O2 can be used in one-compartment H2O2 fuel cells.

2,7−9

Recently, a high open-circuit potential of 0.78 V was achieved
with a one-compartment H2O2 fuel cell operating in 0.3 M H2O2
at pH 1 by employing a nickel mesh and a carbon-cloth mounting
[Fe(H2O)2]3[Co(CN)6]2 as an anode and a cathode, respecti-
vely.9b A remaining challenge is increasing the power density, in
which ∼1.5 mW cm−2 is the highest power density reported for
the one-compartment H2O2 fuel cells so far.8 A method to
increase the power density is increasing the number of Fe2+ ions
interacting with H2O2 molecules because Fe

2+ ions coordinated
by water molecules and nitrogen atoms have been reported as
active species for H2O2 reduction at the cathode.

9b Typically, the
Fe2+ ions locating inside the polynuclear cyanide complexes are
hardly accessible by the substrate H2O2 because of the small
window size. The window size of homoleptic cyanide-bridged
polynuclear complexes, in which the C−N bond (1.13 Å) is
shorter than the O−O bond of H2O2 (1.46 Å), can be expanded
by the combination of a polynuclear cyanide complex forming a
layered structure and a bridging extraligand larger than the
cyanide ligand. The 2D layers of Fe[Pt(CN)4] connected with
pyrazine molecules have been reported to have porous structure
with a large opening window.10,11 The X-ray crystal structure
shows that the assembly has a N···N distance of pyrazine of 2.80
Å, which is considerably longer than the C−N bond length of the
cyanide ligand.10,11 Also, pyrazine is known as a weakly bound
ligand with a pKb value of 13,

12 so that the Fe2+ ions are expected
to interact with H2O2 although the pyrazine molecules
coordinate to Fe2+ ions. We report herein the high performance
of H2O2 fuel cells in terms of power density by using pyrazine-
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Scheme 1. Schematic Drawing of a One-Compartment H2O2
Fuel Cell and an Opening Window of a Pyrazine-Bridged
Cyanide Complex
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bridged Fe[MC(CN)4] (MC = Pt2+ or Pd2+) complexes as
cathode materials.
The pyrazine-bridged Fe[MC(CN)4] [M

C = Pt2+ (1) and Pd2+

(2)] complexes were synthesized by the reported method with
some modifications.11 The complexes are yellow in the presence
of pyrazine, although the complexes without pyrazine are white
(Figure S1 in the Supporting Information, SI). The numbers of
pyrazine molecules in the synthesized complexes were
determined by thermogravimetry (TG) analysis under air, as
shown in Figure S2a in the SI. Typically, three cascades were
observed by changing the temperature from room temperature
to 400 °C. The weight loss observed between room temperature
and 150 °C can be assigned to the desorption of physisorbed
water. The following weight loss starting from 190 until 260 °C
corresponds to pyrazine desorption. The third cascade at the
temperature from 300 to 360 °C is due to decomposition of the
cyanide complex into corresponding metal oxides (Figure S3a in
the SI). Complex 1 contained 3.0 mol of H2O and 0.78 mol of
pyrazine in each unit, as estimated from weight-loss values of the
TG curve.
The microporous structure of complex 1 was confirmed by N2

adsorption−desorption isotherm measurements (Figure S2b in
the SI). The measurements performed at −196 °C revealed a
type I isotherm,13 clearly indicating the presence of micropores.
The Brunauer−Emmett−Teller (BET) surface area of complex 1
was as high as 400 m2 g−1. The CN stretching band of the cyanide
complexes, ν(CN), as observed by IR spectroscopy, is indicative
of the carbon-bound metal ion and its oxidation state.9b,14 The
CN stretching band ν(CN) of K2[Pt(CN)4] at 2135 cm−1 was
increasingly shifted to 2172 cm−1 by the replacement of K+ ions
with Fe2+ ions in complex 1 (Figure S4 in the SI). The higher
wavenumber shift by 37 cm−1 agrees with the those observed in
the replacement of K+ ions to Fe2+ ions without ligand
isomerization in polynuclear cyanide complexes.9b,14 Complex
2 was also characterized by using the same analytical methods as
those for complex 1 (Figure S3b,c in the SI). Complex 2 contains
3.7 mol of physisorbed water and 1.0mol of pyrazine in each unit.
N2 adsorption−desorption isotherm measurements for complex
2 suggested that complex 2 has micropores with a BET surface
area of 420 m2 g−1. The similarity of the X-ray diffraction patterns
of complexes 1 and 2 suggested that these complexes are
isostructural (Figure S5 in the SI). The agreement of the main
peaks with the reported diffraction peaks suggests that the
structures of complexes 1 and 2 are similar to those in the
literature. However, the presence of unassignable peaks indicates
the partially deviated structure of complexes 1 and 2 from the
reported structure.10,11

Complexes 1 and 2 were examined for electrochemical H2O2
reduction in an acetate buffer solution (pH 4), as shown in Figure
S6 in the SI. In the absence of H2O2, each complex showed a
quasi-reversible redox couple at 0.48 V vs SCE, which are
assigned to the redox couple of Fe2+/Fe3+. The catalytic currents
for H2O2 reduction were observed with these complexes at
potentials lower than 0.4 V vs SCE in the presence of H2O2. The
reduction peak appearing around 0 Vwith complex 1 (Figure S6a
in the SI, red) can be assigned to H2O2 reduction on the Pt

2+ ions
because of the absence of the O2 reduction peak with flowing O2
gas (Figure S7 in the SI).
The performance of H2O2 fuel cells was evaluated with carbon-

cloth cathodes mounting complexes 1 and 2 using a drop-casting
method and a nickel mesh anode in an aqueous solution (HClO4,
pH 1 or 3) that contained 0.30 M H2O2 at room temperature
(see Figure S8 in the SI for the cell performance test at pH 3). No

appreciable bubble formation due to decomposition of H2O2 was
observed on the cathode surface during the performance tests.
The open-circuit potential of each H2O2 fuel cell operating at pH
1 was between 0.70 and 0.80 V, as shown in Figure 1a,b. The

power density of the H2O2 fuel cells with complexes 1 and 2
reached 4.2 mW cm−2, which is more than double compared to
the highest value (1.5 mW cm−2) reported so far for the one-
compartment H2O2 fuel cells.8 The power density of a one-
compartment H2O2 fuel cell using [Fe(H2O)2][Pt(CN)4] or
[Fe(H2O)2][Pd(CN)4] was ∼2 mW cm−2, which is slightly
higher than the highest reported value using Prussian blue
analogues (Figure S9a,b in the SI). These complexes are
expected to have a 2D structure, which is advantageous to
expose active ions to the substrate effectively. However, the 2D
planes seem to be stacked, as evidenced by BET surface areas as
small as 24 and 4 m2 g−1 for [Fe(H2O)2][Pt(CN)4] and
[Fe(H2O)2][Pd(CN)4], respectively (Figure S9c,d in the SI).
Thus, the obtained power density was only half that with
pyrazine-bridged complexes 1 and 2. These results clearly
indicate that using pyrazine as the bridging ligand improves the
performance of the one-compartment H2O2 fuel cells in terms of
power density.
The stability of a H2O2 fuel cell was examined by using a

carbon-paste electrode, in which 25 wt % of 1 was mixed with
carbon paste. Even after 25 times measurements, insignificant
change was observed in the open-circuit potential and the
maximum power density retained more than 80% of that for the
first measurement as shown in Figure 2. However, the leached
pyrazine was detected by HPLC measurements in the reaction
solution after 50 timesmeasurements where the cell performance
was significantly lowered.
The importance of the Fe2+ ions in the pyrazine-bridged

complexes was confirmed by the replacement of Fe2+ ions of
complex 1withMn2+ and Co2+ ions, which have been reported as
less active species for H2O2 reduction.

15 The power density of
the H2O2 fuel cells using the pyrazine-bridged Co[Pt(CN)4] and
Mn[Pt(CN)4] was less than 0.01 mW cm−2, which is 2 orders of
magnitude smaller than that using complex 1 (Figure S10 in the
SI). Thus, Pt2+ ions are not essential to achieving the high
performance of the H2O2 fuel cells.
In summary, pyrazine-bridged 2D polynuclear cyanide

complexes containing Fe2+ ions, which are active species for
H2O2 reduction, were synthesized and employed as the cathode
of one-compartment H2O2 fuel cells. The obtained power
density of the fuel cells was more than double those reported for

Figure 1. I−V (black) and I−P (red) curves of a one-compartment
H2O2 fuel cell with a nickel anode and a carbon-cloth electrode modified
with a pyrazine-bridged cyanide complexes pyrazine-bridged Fe-
[MC(CN)4] complex [MC = (a) Pt2+ (1) and (b) Pd2+ (2)].
Performance tests were conducted in an aqueous solution of HClO4
(pH 1) that contained H2O2 (0.30 M) and NaCl (1.0 M). Currents and
powers were normalized by the geometric surface area of an electrode.
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one-compartment H2O2 fuel cells so far. The structural
modification of cyanide-bridged complexes with extraligand
improves the power density of the one-compartment H2O2 fuel
cells. A remaining issue to be addressed for the one-compartment
H2O2 fuel cells is further long-term stability of both the anode
and cathode under highly acidic conditions.9b
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Figure 2. Changes in the open-circuit potential (■) and power density
(●) after repeated measurements of a one-compartment H2O2 fuel cell
with a nickel anode and a carbon-cloth electrode modified with a
pyrazine-bridged Fe[Pt(CN)4] complex. Performance tests were
conducted in an aqueous solution of HClO4 (pH 1) that contained
H2O2 (0.30 M) and NaCl (1.0 M). Currents and powers were
normalized by the geometric surface area of an electrode.
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