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a b s t r a c t

A one-compartment membrane-less electrochemical H2 generator from borohydride was realized using
a Rh porphyrin and RuO2 as the anode and cathode, respectively. H2 generation from this cell was success-
fully controlled electrochemically by varying the potential applied. The regulation of H2 generation was
based on the selectivity of the anode and cathode. We found that RuO2 exhibits H2O electro-reduction
activity without electro-oxidation or chemical decomposition of borohydride, and used the catalyst as a
selective cathode in the electrochemical H2 generator. Anode and cathode potentials of the electrochem-
ical H2 generator were measured separately. The both potentials were discussed in terms of the catalytic
orohydride
ydrogen
lectrochemical regulation

activities of a Rh porphyrin and RuO2.
© 2009 Elsevier B.V. All rights reserved.
uthenium oxide
hodium porphyrin

. Introduction

Chemical hydrides such as borohydride (BH4
−) have attracted

onsiderable interest due to their high energy density [1,2]. The
apid, safe, and controllable generation of H2 from these hydrogen-
torage materials is very important for their use in ubiquitous
nergy devices. For this purpose, a wide variety of studies on cata-
ysts and systems for H2 generation have been performed [3–5].

Recently, Senoh et al. presented a new electrochemical H2 gen-
rator from BH4

− [6]. In the cell, H2 generation from BH4
− is

eparated into the following anode (BH4
− electro-oxidation) and

athode (H2O electro-reduction) reactions:

node : BH4
− + 8OH− → BO2

− + 6H2O + 8e− (1)

athode : 2H2O + 2e− → H2 + 2OH− (2)

Pt or a Au catalyst was used for anode catalysts, and a Pt cata-
ysts was used for cathode catalysts. In this electrochemical system,
he rate of H2 generation could be controlled by varying current
pplied. In their study [6], they successfully controlled H2 genera-
ion to some extent.
However, two points should be addressed to improve this H2
enerator. One is a problem with electrocatalysts. Conventional
lectrocatalysts (Pt, Au, etc.) are not the most suitable materials.
hen a Pt catalyst is used, uncontrollable H2 generation occurs

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

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.08.057
due to the chemical decomposition of BH4
− (Eq. (3)):

BH4
− + 2H2O → 4H2 + BO2

− (3)

Furthermore, a Pt anode catalyzes H2O electro-reduction. This indi-
cates that the reactions (Eq. (1)) and (Eq. (2)) occur on the same
electrode. The overall reaction is also a decomposition of BH4

− (Eq.
(3)). When a Au catalyst is used as an anode catalyst, uncontrollable
H2 generation can be suppressed, however, the catalyst requires
large overpotentials. The other is a problem of separation between
anode and cathode compartments. A cathode Pt catalyst reacts with
BH4

−. The reaction of BH4
− with a cathode catalyst (crossover reac-

tion) results in the decrease of cathode potential. The cathode must
be strictly separated from the anode to prevent access of BH4

−.
However, few electrolyte membranes are appropriate for separat-
ing the anode from the cathode.

In order to counteract these two problems, we have sought selec-
tive anode and cathode catalysts with high activity. In our previous
study [7], we developed a new anode catalyst for BH4

− electro-
oxidation using rhodium porphyrins. This catalyst can oxidize BH4

−

at low potentials without the chemical decomposition of BH4
− or

H2O electro-reduction; this catalyst is selective for anode reaction.
These properties counteract the problems with anode catalysts.

If we could find a selective cathode catalyst that can catalyze
H2O electro-reduction at low overpotentials without reacting with
BH4

−, it would not be necessary to separate the anode and cathode.

A one-compartment structure would drastically simplify the struc-
ture of the H2 generator, and eliminate the problems regarding the
crossover of BH4

−.
This situation encouraged us to search a selective cathode cata-

lyst for H2O reduction in an electrochemical H2 generator. Pt-based

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:s-yamazaki@aist.go.jp
dx.doi.org/10.1016/j.jpowsour.2009.08.057
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(Fig. 1B, lines b and c), and remained much lower than H2O reduc-
Scheme 1. One-compartment electrochemical H2 generator.

atalysts, which are usually used for H2O reduction, are unsuitable
ecause it reacts with BH4

− dramatically. We paid special attention
o ruthenium dioxide (RuO2). It was reported that RuO2 has electro-
hemical H2O reduction activity in basic solution [8–12]. In contrast
o Pt-based catalysts, RuO2 exhibits little activity for H2 oxidation
12]. RuO2 might have high selectivity toward H2O reduction. This
dea raises the expectation that RuO2 can catalyze H2O reduction

ithout reacting with BH4
−.

In the present study, we developed a one-compartment electro-
hemical H2 generator. This cell requires the application of some
oltage, but voltage needed for significant H2 generation is low.
he generation of H2 from BH4

− could be successfully controlled by
otential applied. The concept and structure of this cell are shown

n Scheme 1. This cell is based on the selectivity of anode (a Rh
orphyrin catalyst) and cathode (a RuO2 catalyst). We found that
ertain kinds of RuO2 have virtually no catalytic activity toward
hemical decomposition of 10 mM BH4

−, even though it exhibited
trong electrochemical H2 generation (H2O reduction) activity. The
lectrochemical BH4

− oxidation activity by the RuO2 was much
maller than the H2O electro-reduction activity. This catalyst as
ell as a Rh porphyrin catalyst enables us to construct an electro-

hemically controllable one-compartment H2 generator.

. Materials and methods

.1. Materials

Commercially available anhydrous RuO2 was purchased from
ako. Amorphous RuO2 was prepared as described in the literature

13]. Sodium borohydride was purchased from Kishida Chemical.
h(III) octaethylporphyrin chloride ([RhIII(OEP)]Cl) was synthe-
ized by the reflux of Rh2Cl2(CO)4 and octaethylporphine [14,15].
arbon-supported Rh(OEP) (Rh(OEP)/C) was prepared by deposit-

ng [Rh(OEP)]Cl on carbon black with an equilibrium adsorption
ethod, as described in Refs. [7,15].

.2. Modification of glassy carbon (GC) electrodes

Five milligrams of RuO2 or Rh(OEP)/C were suspended in a
ixed solvent (0.5 mL, ethanol:water = 1:1) containing 5 �L Nafion
5% solution, Aldrich). The aliquot (2 �L) of this suspension was
ounted on a glassy carbon electrode (A = 0.0707 cm2) and dried

t room temperature. The experimental details are shown in Refs.
7,15].
ources 195 (2010) 1107–1111

2.3. Measurement of voltammograms

All electrochemical measurements were performed using an
ALS electrochemical analyzer. Voltammograms of RuO2 and
Rh(OEP)/C were measured in a three-electrode system. The mod-
ified glassy carbon electrodes were used as working electrodes.
A Ag|AgCl|KCl(sat.) electrode and a platinum coil electrode were
used as a reference and a counter electrodes, respectively. All
potentials were referred to RHE. Voltammograms of an electro-
chemical H2 generator were measured in a two-electrode system.
The Rh(OEP)/C-modified electrode was used as a working elec-
trode, and the RuO2-modified electrode was used as a reference
(counter) electrode. All voltammograms were recorded at a scan
rate of 10 mV s−1 in deaerated 0.1 M NaOH solution.

2.4. Measurement of H2 generation from a one-compartment
electrochemical cell

The experiment was performed using the electrochemical cell
shown in Scheme 1. A RuO2-modified GC electrode was used as
a cathode, and a Rh(OEP)-modified GC electrode was used as an
anode. An aliquot (100 �L) of catalyst suspension described above
was mounted on both sides of a GC plate (1.5 cm × 1.5 cm) (total
amount 200 �L), and dried at room temperature [7]. The electrodes
were immersed in 0.1 M NaOH solution containing 10 mM NaBH4.
The cell was purged with argon gas and sealed with a silicone plug
to prevent gas exchange. After the immersion at room tempera-
ture, the gas phase above the solution was examined to determine
the H2 concentration by gas chromatography. The gas phase was
again purged with argon gas. After the electrolysis for at room tem-
perature, the gas phase was analyzed again. The applied voltage
denotes anode (Rh(OEP)/C) potential vs. cathode (RuO2) poten-
tial. The charge transferred during electrolysis was recorded. H2
generation from only RuO2 was measured by the same method.

2.5. Measurement of anode and cathode potentials of the H2
generator

Ag|AgCl|KCl(sat.) electrodes were immersed in the electro-
chemical H2 generator, and the potential difference between
Ag|AgCl|KCl(sat.) and anode was measured by a potentiometer
under the operation of the H2 generator. The potential difference
between Ag|AgCl|KCl(sat.) and cathode was measured by the same
method. The potential differences were referred to RHE.

3. Results and discussion

3.1. Electrochemical reactivities of RuO2 toward H2O reduction
and BH4

− oxidation

Fig. 1 shows cyclic voltammograms of an anhydrous RuO2
(Wako). RuO2 exhibited strong H2O reduction activity below 0 V.
Although this catalyst did not give as high an activity as Pt cat-
alyst, the onset potential of RuO2 for H2 generation was close
to 0 V (vs. RHE). Upon the addition of 1 mM BH4

−, the oxidation
current increased slightly (Fig. 1A, line b). However, the current
increase was much lower than the H2O reduction current even
under electrode-rotation conditions (Fig. 1A, line c). In particular, at
low potentials (below 0.25 V vs. RHE), the BH4

− oxidation current
can be neglected. Even when BH4

− concentration was increased to
10 mM, the BH4

− oxidation current did not increase significantly
tion current.
In contrast, Pt cathode catalysts, which are most often used for

electrochemical H2 generation, have strong BH4
− electro-oxidation

activity [7]. The electro-oxidation of crossover BH4
− by cathode Pt
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ig. 1. (A) Voltammograms of commercially available RuO2 in 0.1 M NaOH solution
mM BH4

− with electrode rotation (3600 rpm). (B) Voltammograms of commercia
f 10 mM BH4

− , and (c) in the presence of 10 mM BH4
− with electrode rotation (360

atalysts is a significant problem in the cell using BH4
− as a fuel.

lack of BH4
− electro-oxidation activity is an important prop-

rty that is needed to construct a one-compartment H2 generator
entioned above.

.2. Chemical decomposition of BH4
− by RuO2

Since the chemical decomposition of BH4
− by electrocatalysts

esults in the uncontrollable generation of H2, the reactivity of RuO2
oward BH4

− under open circuit conditions was examined. Few H2
ubbles were generated when the RuO2 electrode was soaked in
he BH4

− solution (10 mM in 0.1 M NaOH), in contrast to Pt cat-
lyst, which generated abundant bubbles immediately after the
mmersion into BH4

− solution. The results of a gas chromatog-
aphy analysis gave a quantitative basis for this observation. H2
eneration from a RuO2-modified electrode through the chemical
ecomposition of BH4

− was only 1.8 nmol min−1, while that from
carbon-supported Pt catalyst was 5525 nmol min−1 (taken from
ef. [7]). Thus, RuO2 exhibited virtually no activity for the chemical
ecomposition of BH4

−. This property would also be desirable for
athode catalysts in a controllable H2 generator.

.3. Electrochemical reactivities of amorphous RuO2 toward H2O

eduction and BH4

− oxidation

The electrochemical activity of other RuO2 that have an amor-
hous structure was also tested. Fig. 2 shows voltammograms
or an amorphous RuO2-modified electrode. Although amorphous

ig. 2. (A) Voltammograms of amorphous RuO2 in 0.1 M NaOH solution (a) in the absenc
ith electrode rotation (3600 rpm). (B) Voltammograms of amorphous RuO2 in 0.1 M Na

n the presence of 10 mM BH4
− with electrode rotation (3600 rpm). The voltammograms
the absence of BH4
− , (b) in the presence of 1 mM BH4

− , and (c) in the presence of
ilable RuO2 in 0.1 M NaOH solution (a) in the absence of BH4

− , (b) in the presence
). The voltammograms were recorded at a scan rate of 10 mV s−1 at 25 ◦C.

RuO2 exhibited H2O reduction activity, it exhibited stronger
electro-oxidation activity toward 1 mM BH4

−(Fig. 2A, line c). The
increase in the BH4

− concentration from 1 mM to 10 mM dras-
tically increased the BH4

− oxidation current at low potentials.
The ratio of BH4

− electro-oxidation/H2O electro-reduction strongly
depended on RuO2 used, and was much higher in amorphous RuO2.
This relatively higher BH4

− electro-oxidation activity might be
unfavourable for its use as a cathode catalyst in the electrochem-
ical H2 generator. Thus, RuO2 (Wako) was used in the following
experiments.

3.4. The reactivity of Rh(OEP) toward 10 mM BH4
−

We previously found that carbon-supported Rh octaethylpor-
phyrin (Rh(OEP)/C) could act as a catalyst for BH4

− electro-
oxidation without promoting H2O reduction or BH4

− chemical
decomposition. [7]. However, the electrochemical reactivity
toward high-concentration BH4

− (>10 mM), which is used in H2
generators, remains to be clarified. In this study, the electrochem-
ical oxidation of 10 mM BH4

− by Rh(OEP)/C was examined by
voltammetry.

The results are shown in voltammograms of Fig. 3. On the
addition of 10 mM BH4

−, the oxidation current increased dras-

tically (Fig. 3, lines b and c). Under electrode rotation condition
(3600 rpm), it exceeded 70 mA cm−2 (Fig. 3, line c). The H2O reduc-
tion current was virtually zero in the presence of 10 mM BH4

−.
This property exhibits marked contrast to that with RuO2 (Wako),
which catalyzes only H2O electro-reduction without catalyzing

e of BH4
− , (b) in the presence of 1 mM BH4

− , and (c) in the presence of 1 mM BH4
−

OH solution (a) in the absence of BH4
− , (b) in the presence of 10 mM BH4

− , and (c)
were recorded at a scan rate of 10 mV s−1 at 25 ◦C.
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application from an external power supply. This might not only
complicate H2 generation systems but also cause a loss of energy.
However, the onset potential of the cyclic voltammograms of Fig. 5
was as low as 0.15 V, and significant H2 generation started to occur
ig. 3. Voltammograms of Rh(OEP)/C in 0.1 M NaOH solution (a) in the absence of
H4

− , (b) in the presence of 10 mM BH4
− , and (c) in the presence of 10 mM BH4

−

ith electrode rotation (3600 rpm). The voltammograms were recorded at a scan
ate of 10 mV s−1 at 25 ◦C.

H4
− electro-oxidation. Thus, Rh(OEP)/C meets the requirements

s a selective anode catalyst in the one-compartment electrochem-
cal H2 generator.

Electrode rotation drastically enhanced the oxidation current
Fig. 3), indicating that mass transfer of BH4

− is involved in the
etermination of the reaction rate. However, the reaction is limited
ot only by the diffusion but also by the BH4

− oxidation. The oxida-
ion current did not give steady-state current (Fig. 3, line c), while
he diffusion-controlled steady-state current was observed for the
lectro-oxidation of 1 mM BH4

− [7]. This indicates that BH4
− oxida-

ion process also participates in the determination of the reaction
ate at a high BH4

− concentration (10 mM).

.5. The regulation of H2 generation from a one-compartment
lectrochemical cell using RuO2 cathode and Rh porphyrin anode

The results above revealed that Rh(OEP)/C can catalyze the
lectro-oxidation of BH4

− (Eq. (1)) without promoting the electro-
eduction of H2O (Eq. (2)), and that RuO2 (Wako) can catalyze the
lectro-reduction of H2O without promoting the electro-oxidation
f BH4

−. Both electrocatalysts are virtually inactive toward chemi-
al decomposition of BH4

−. When the Rh porphyrin catalyst is used
s an anode catalyst and the RuO2 catalyst is used as a cathode
atalyst, a one-compartment electrochemical H2 generator can be
ealized (Scheme 1). Because this cell is based on their selectivity,
o membrane or separator is needed. The generation of H2 from
his cell with and without potential application was examined by
as chromatography.

Under open circuit conditions, the rate of H2 generation from the
ell was 3.7 nmol min−1. Thus, the generation of H2 from the chem-
cal decomposition of BH4

− was successfully suppressed. Since the
ate of H2 generation with RuO2 was 1.8 nmol min−1, as mentioned
bove, about half of H2 generation under open circuit conditions
hould be due to Rh(OEP) catalyst.

The increase in the applied voltage (anode vs. cathode)
nhanced the rate of H2 generation drastically. Fig. 4 plot (a) indi-
ates the relationship between H2 generation rates and applied

oltages. The rates of H2 generation at 0.2 and 0.3 V were ca. 18
imes and 54 times higher than that under open circuit conditions,
espectively. Above 0.3 V, the ratio exceeds 50, indicating that H2
eneration was almost completely ascribed to the electrochemical
eaction (Eqs. (1) and (2)). This ratio indicates that the electrochem-
Fig. 4. H2 generation rates from the one-compartment H2 generating cell and the
current density of the cell. An applied voltage is defined as the potential of anode
vs. cathode. A solution of NaOH (0.1 M) containing BH4

− (10 mM) was used as an
electrolyte solution. The electrochemical H2 generator was operated at 25 ◦C.

ical regulation of H2 generation was successfully achieved in the
low potential regions.

The total amount of H2 generated (11.9 �mol) did not reach half
as high as the amount of electrons transferred (31.6 �mol, 3.05 C)
at 0.3 V. The residue should be attributed to the charge storage at
electrolyte/RuO2 interface and the redox reaction of Ru in RuO2. H2
leakage from the cell might be partly responsible for the residue.

Steady-state current densities were measured and also shown in
Fig. 4 (plot b). The magnitude of current increased with the increase
in potential. The trend coincides with that of H2 generation rates.
The coincidence also indicates that almost all the H2 generation was
caused by the electrochemical reaction. A cyclic voltammogram of
this electrochemical cell was also measured. The result (Fig. 5) was
similar to that of the plot (b) in Fig. 4.

This H2 generator has a drawback in that it requires potential
Fig. 5. A cyclic voltammogram of the electrochemical H2 generator (a) in the absence
of BH4

− and (b) in the presence of 10 mM BH4
− . The Rh(OEP)/C-modified electrode

was used as a working electrode, and the RuO2-modified electrode was used as a
reference (counter) electrode. A solution of NaOH (0.1 M) was used as an electrolyte
solution. The voltammogram was recorded at a scan rate of 10 mV s−1 at 25 ◦C.
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he anode and cathode potentials were measured using Ag|AgCl|KCl(sat.) electrodes,
nd referred to RHE. A solution of NaOH (0.1 M) containing BH4

− (10 mM) was used
s an electrolyte solution. The experiments were performed at 25 ◦C.

t 0.2 V; such potential regions are comparable to the anode poten-
ial in direct methanol fuel cells, and are much lower than the
athode (O2 reduction) potential in fuel cells. Therefore, the poten-
ial loss might be acceptable.

.6. Anode and cathode potentials of the electrochemical H2
enerator

To analyze the property of the electrochemical cell in detail, the
otentials of anode (Rh(OEP)/C) and cathode (RuO2) were mea-
ured at several applied voltages in which significant amount of
2 was generated. The results were shown in Fig. 6.

Anode and cathode potentials were determined to be ca.
.15–0.4 V and ca. −0.05 to −0.3 V, respectively as shown in Fig. 6.
he redox potentials of anode (Eq. (1)) and cathode (Eq. (2))
eactions are −0.4 and 0 V, respectively. Hence, the overpotential
|measured potential − redox potential|) of anode was as high as ca.
.55 V, while that of cathode remained as low as 0.05 V at an applied
oltage of 0.2 V. The overpotential of anode was higher than that
f cathode in the potential regions; the anode catalysts should be
ainly improved to decrease the applied voltage.

.7. The interpretation of anode and cathode potentials in terms
f behaviours of the electrocatalysts

The potentials of anode and cathode were discussed in terms
f the electrochemical behaviours of anode and cathode catalysts.

ig. 3 shows that the oxidation current of Rh(OEP)/C remains virtu-
lly zero below 0.15 V, and drastically increased above 0.15 V. This
ehaviour coincides with the behaviour of anode potential. This
verpotential up to 0.15 V would be attributed to the intrinsic activ-
ty of Rh(OEP). Fig. 3 also indicates that mass transfer of BH4

− affects

[
[

[

ources 195 (2010) 1107–1111 1111

the current significantly at higher potentials. The slightly steep
increase in anode potential from 0.5 to 0.7 V might be attributed
to the limitation of diffusion.

Fig. 1 shows that RuO2 gave monotoneous increase of the H2O
reduction current below 0 V. The onset potential almost reaches
the redox potential (0 V) of the cathode reaction, while that of
Rh(OEP)/C is much higher than the redox potential (−0.4 V) of
anode reaction. RuO2 is an efficient catalyst for H2O reduction, and
high catalytic activity is responsible for the relatively small cathode
overpotential in Fig. 6. However, the current density (Fig. 1) is much
lower than that of Rh(OEP)/C (Fig. 3). This would be attributed to the
low surface area of RuO2. Since the amorphous structure decreases
selectivity toward H2O reduction (Fig. 2), the increase of surface
area without destroying crystalline structure would be important
to enhance the performance of the cell. Thus, the analysis revealed
three points to be improved (i) the intrinsic activity of Rh(OEP), (ii)
the surface area of RuO2, and (iii) the mass transfer of BH4

−.

4. Conclusions

We found that RuO2 has strong H2O-reducing activity without
electro-oxidation or chemical decomposition of BH4

−, in contrast
to Pt catalysts. With this cathode catalyst and a Rh porphyrin
anode catalyst, we developed a one-compartment electrochemi-
cal H2 generator. H2 generation from the cell could be successfully
controlled by varying the electrode potential based on the selec-
tivity of both the anode and cathode. The current density of the H2
generator increased concomitant with the increase in the amount
of H2 generated. Anode and cathode potentials of the cell were also
measured. The polarizations of both electrodes were explained by
the catalytic properties of RuO2 and a Rh porphyrin.
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