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Abstract

Direct oxygenation of aromatics to phenols, C6 alkanes and light alkanes to alcohols and aldehydes are realized at the
cathode during H2–O2 fuel cell reactions at room temperature. The advantages of these H2–O2 fuel cell systems compared with
the common catalytic oxidation systems are demonstrated and the electrocatalysis of the cathodes and the reaction mechanisms
for the oxygenations are discussed in detail. The topics are thev-oxidation ofn-hexane with (FeCl3 + a-cyclodextrin)/graphite
cathode, the synergism of Pd-black and iron compounds for the formation of phenol on (Pd-black+ Fe3O4)/carbon-whisker
(CW) cathode, cogeneration of phenol and electricity by using CuSO4/CW cathode, the synergism of different carbon materials
in the cathode for the product selectivity in the oxidation of toluene on (CW+ Active Carbon) cathodes, and the oxidation of
propane over (Pd-black+ VO(acac)2)/carbon-fiber cathodes in the gas phase. Reductive activation of oxygen on the cathode
is essential for these oxygenations. For most of the electrocatalytic systems used in this work, the oxygenations of alkanes
and aromatics can be explained on the basis of Fenton Chemistry assuming HO• as the active oxygen species, except for the
SmCl3/graphite cathode. ©2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

In the current chemical industry, syntheses of
phenols from aromatics, alcohols from light alka-
nes and epoxides from alkenes (≥C3) are operated
through multi-step processes. For example, phenol is
manufactured by the Cumene Process via the pro-
duction of cumene-hydroperoxide by auto-oxidation
of cumene, methanol is synthesized from CH4 via
the synthesis gas, CO and H2, produced by the
steam reforming of CH4, and propene oxide from
propene and ethylbenzene-hydroperoxide prepared
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by the auto-oxidation of ethylbenzene. Thus, direct
hydroxylation of aromatics to phenols with O2, direct
oxidation of lower alkanes (CH4, C2H6, and C3H8)
to alcohols, and epoxidation of propene to propene
oxide are expected to be realized in the next century.
However, these direct oxidations by conventional cat-
alytic methods with O2 are very difficult and still
far from realization. Under these circumstances, it is
suggested that one of the ideas to perform these direct
oxidations with O2 is to apply the reductive activation
of O2, as described below.

Typical examples of the reductive activation of O2
can be seen in monooxygenase systems (cytochrome
P-450 [1–4], methane monooxygenase [5,6], etc.).
In the case of cytochrome P-450, it is generally be-
lieved that the O2 adsorbed on the iron site (FeIII )
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of Fe–porphyrin is activated through the reduction
with an electron donor such as NADH assisted by the
electron-transfer system in the structure of the P-450.
The reductive activation of O2 and the subsequent
oxygenation of hydrocarbons (R–H) can be expressed
as a whole as follows:

O2 + Por–FeIII + NADH + H+ → Por+–FeIV =O

+ H2O + NAD+ (1)

Por•
+

–FeIV =O + R–H → R–OH+ Por–FeIII (2)

where the active oxygen species is an oxo species
on high-valent iron on porphyrin cation radical
(Por•+–FeIV =O). The similar reductive activation of O2
on di-nuclear iron sites and the oxygenation of CH4 to
methanol are suggested for methane monooxygenase
[5,6].

Many catalytic systems for the reductive activation
of O2 with various reducing agents (NaBH4, ascor-
bic acid, Zn, aldehyde, phosphine, H2, etc.) have
been reported [1–4,7–10]. Among many reducing
agents, the cheapest and handy reductant is H2. Re-
cently, several catalytic systems for oxygenation of
hydrocarbons with a gas-mixture of O2 and H2 have
been reported [10–16]. The catalysts (Cat) in these
systems activate O2 with H2, producing active oxy-
gen species (O*) which oxygenate hydrocarbons as
follows:

O2 + H2 + Cat→ O∗(Cat) + H2O (3)

R–H+ O∗(Cat) → R–OH+ Cat (4)

Our new idea in this report is to activate O2 by elec-
trochemical reduction at the cathode during H2–O2
cell reactions, which enables the direct oxygenation of
various hydrocarbons. In the case of a H2–O2 fuel cell
using an acidic electrolyte, the electrochemical oxida-
tion of H2 to H+ and e– occurs at the anode (Eq. (5))
and the reduction of O2 with H+ and e– to H2O takes
place at the cathode (Eq. (6)). The net reaction is the
formation of water from H2 and O2.

Anode : H2 → 2H+ + 2e− (5)

Cathode : 1
2O2 + 2H+ + 2e− → H2O (6)

Here, if we choose a special electrocatalyst in
the cathode, the electrochemical reduction of O2

on the electrocatalyst is expected to generate an in-
termediate oxygen species, such as•O• and HO•,
which could be active for the oxygenation of hydro-
carbons.

The oxygenation of hydrocarbons applying the
H2–O2 fuel cell system described above has several
advantages [13,17–21]: (i) The oxidation rate can be
controlled easily by controlling the current with a
variable resistor in the outer circuit. If it is needed,
the oxidation of hydrocarbons can be immediately
stopped by opening the circuit. (ii) When the product
selectivities depend on the cathode potential, the op-
tima conditions for the selectivities can be easily ad-
justed by controlling the potential. (iii) Since H2 and
O2 are separated by a diaphragm holding electrolyte,
the danger of explosion can be reduced compared
with the catalytic systems using a mixture of H2, O2
and hydrocarbons [10–12,15,16].

With regard to the oxygenation by this H2–O2 fuel
cell system, we describe the following three topics
in this short review. The first topic is for the direct
partial oxidation of alkanes and aromatics under mild
conditions. The second topic is for the control of the
product distributions by choosing a proper catalytic
component in the cathode. Finally, the active oxygen
species and the reaction mechanism for the cathodic
oxygenation will be discussed.

2. Results and discussion

2.1. Partial oxidation of alkanes

2.1.1. Oxidation of cyclohexane during H2–O2 cell
reactions

The H2–O2 fuel cell system for the oxidation of
hydrocarbons was designed as indicated in Fig. 1.
The system was composed of [O2 (g), hydrocar-
bon (liq.), cathode| H3PO4 aq. (1 M) in silica–wool
disk | (Pt-black mixed with graphite)-anode, H2 (g)].
The silica–wool disk impregnated with H3PO4 aq.
was used as an electrolyte membrane. The aqueous
solution and hydrophobic hydrocarbon solution do not
mix each other. Since, the electrochemical reduction
of O2 is believed to proceed at the three-phase bound-
ary (hydrophilic phase of H3PO4 aq., hydrophobic
phase of hydrocarbon, and solid phase of electrode) in
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Fig. 1. Diagram of the H2–O2 cell for the direct oxygenation of
hydrocarbons.

the cathode, the formation of the boundary is essential
for the oxygenation of hydrocarbons.

The oxidation of hydrocarbons using the system in
Fig. 1 was usually operated by batch type procedure.
A potentiostat, an electrometer, a zero-shunt amme-
ter, and a reference electrode (Ag| AgCl) were used
for electrochemical measurement. Products were ana-
lyzed by GC and HPLC. Details for the experiments
have been reported elsewhere [23].

The cathodes were prepared from the electrocat-
alysts/graphite and PTFE powder by the hot-press
method [23–25]. The graphite powder was used as a
support for the electrocatalysts because of its superior
electric conductivity, high chemical stability and cat-
alytic inability for the oxidation. The electrocatalyst
was added to the graphite by a conventional impreg-
nation method from the solutions of metal salts or
complexes. When the electrocatalyst was not soluble
in solvents, it was physically mixed with graphite.

Fig. 2. Oxidation of cyclohexane over various cathodes during
H2–O2 cell reactions.T= 298 K, reaction time= 20 h, superficial
area of the cathode= 2.5 cm2. Cell configuration: [O2 (101 kPa),
cyclohexane (40 ml) | cathode | H3PO4 aq. (1 mol l−1) in silica–wool
disk | anode | H2 (98 kPa), H2O (3.3 kPa)]. Cathode: metal chlo-
ride (0.5 mol%)/graphite (70 mg), anode: Pt-black (20 mg)/graphite
(50 mg). *Gr; graphite only.

Many electrocatalysts in the cathode were tested
for oxygenation of cyclohexane under short circuit
conditions at 30◦C. The results are shown in Fig. 2
[13,21–25]. No products were obtained under open
circuit conditions for the cathodes tested in Fig. 2.
The cathode with rare-earth metal chlorides, especially
with NdCl3 and SmCl3, were active for oxygenations
of cyclohexane to cyclohexanol (CyOH) and cyclohex-
anone (CyO) [13,23]. Constant current (ca. 5 mA) and
steady formations of CyOH and CyO continued for the
SmCl3/graphite cathode for 20 h. Turnover number for
the formation of oxygenates per one Sm3+ exceeded
2. It was obvious that the oxidation of cyclohexane
proceeded catalytically. Assuming that two electrons
are necessary for the formation of each oxygenated
molecule (Eqs. (3) and (4)), the current efficiency for
the formation of oxygenates is defined by Eq. (7).
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Current efficiency=
(Sum of CyOH and CyO

(mol)) × 2 × 100 (%)

Charge passed(C)/

96500(C mol−1)

(7)

The current efficiencies observed for most of the
rare-earth metal cations were in the rage of 3–4%. Al-
though the current efficiency was low, this was the first
case demonstrating that rare earth cations were bet-
ter catalysts than transition metals or precious metal
cations for the oxygenation of alkanes under mild con-
dition [13].

As can be seen in Fig. 2, FeCl3/graphite showed
an electrocatalytic activity for the oxidation of cy-
clohexane. The current efficiency obtained for the
FeCl3/graphite was about twice as high as that of
SmCl3/graphite, though the yield of oxygenates for
the former was far less than the latter. Fe cations
are known to be the most typical active centers in
the monooxygenase or monooxygenase mimic sys-
tems [1–10]. Therefore, it is interesting to compare
the electrocatalytic functions of the two cathodes,
SmCl3/graphite and FeCl3/graphite.

2.1.2. Character of active oxygen species on
SmCl3/graphite and FeCl3/graphite cathodes

In order to get information about the electrocatalysis
of SmCl3 and FeCl3, the effects of cathode potential
on the oxidation of cyclohexane were studied.

Fig. 3 shows the effects of cathode potential on the
formation rates of products in the cyclohexane ox-
idation and on the selectivity to cyclohexanol over
SmCl3/graphite and FeCl3/graphite [13,23–25]. Under
short-circuit conditions, the potentials for both cath-
odes were−0.24 V (vs. Ag| AgCl). The formation
rate of oxygenates (CyOH+ CyO) increased when the
cathode potential decreased. However, when the cath-
ode potential decreased below−0.24 V, the forma-
tion rates of oxygenates decreased because H2 started
to evolve intensely at the cathode for both cathodes
[23]. In the case of SmCl3/graphite, the selectivity to
CyOH was roughly constant at all the potentials ex-
amined. In contrast with the SmCl3/graphite, the se-
lectivity to CyOH for FeCl3/graphite increased from
35% at−0.24 V to 100% at+0.10 V. The cathode po-
tential of the FeCl3/graphite during the oxidation in
Fig. 3 were lower than the standard redox potential of
Fe3+/Fe2+ of 0.54 V (vs. Ag| AgCl). Therefore, most

Fig. 3. Effects of the cathode potential on the partial oxidation
of cyclohexane over SmCl3/graphite and FeCl3/graphite cathodes.
T= 298 K, [O2 (101 kPa), cyclohexane (40 ml) | cathode | H3PO4

aq. (1 mol l−1) in silica–wool disk | anode | H2 (98 kPa), H2O
(3.3 kPa)], reference electrode: Ag| AgCl, cathode: SmCl3 or FeCl3
(0.5 mol%)/graphite (70 mg), anode: Pt-black (20 mg)/graphite
(50 mg).

of the iron cations must be in Fe2+ which would catal-
yse the reductive activation of O2 and the oxygenation
of cyclohexane [23–25]. Thus, the redox of Fe3+/Fe2+
could be the driving force for the oxygenation of cy-
clohexane. In contrast with the iron cations, the redox
of Sm3+/Sm2+ cannot be expected under the reaction
conditions in Fig. 3 because of a large negative re-
dox potential (Sm3+/Sm2+ ≈ −1.7 V vs. Ag| AgCl).
Therefore, the reaction mechanisms or the active oxy-
gen species for the two cathodes must be quite differ-
ent.

The reactivities of different hydrocarbons (hexane,
adamantane, benzene, etc.) and their product distribu-
tions were compared between the two cathodes. Fur-
thermore, kinetic isotope effects on the oxidation of
cyclohexane, and the effect of a radical trap agent
(CCl4) on the cyclohexane oxidation were studied to
get information about the reaction mechanism [23].
These results are summarized in Table 1.
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Table 1
Reactivities of active oxygen species

Cathode Regioselectivity
1◦ : 2◦ : 3◦

Cyclohexane oxidation

kH/kD
a CCl4 additionb

SmCl3/graphite 1 : 4 : 10 1.7 0.96
FeCl3/graphite 1 : 5 : 15 1.3 0.34

a Kinetic isotope effect evaluated on the basis of the amount
of oxygenates from the oxidation of a mixture of cy-C6H12 and
cy-C6D12 (1 : 1).

b The ratio of the product yields obtained with and without
addition of CCl4.

The regioselectivities of the active oxygen species
to the primary (1◦), secondary (2◦), and tertiary (3◦)
C–H bonds oxygenated products per number of C–H
bonds were evaluated from the relative amounts of
products oxygenated at the corresponding carbons in
n-hexane and adamantane oxidations. The regioselec-
tivity (1◦ : 2◦ : 3◦) were 1 : 4 : 10 for SmCl3/graphite
and 1 : 5 : 15 forFeCl3/graphite. The typical regios-
electivity observed for HO• and Fe–porphyrin were
1 : 5 : 15 and 1 : 25 :250, respectively [1–4,26–28]. The
regioselectivities observed for the two cathodes were
close to that of HO• but far from that of Fe–porphyrin.
This suggests that the reactivities of active oxygen
species on the two cathode are similar to that of HO•
in alkane oxidation.

The kinetic isotope effects (kH/kD) evaluated from
the amounts of oxygenates in the oxidation of a
mixture of cy-C6H12 and cy-C6D12 were 1.7 and
1.3 for the SmCl3/graphite and FeCl3/graphite, re-
spectively. The small isotope effect observed for the
FeCl3/garphite has often been reported in the oxida-
tions caused by HO• (kH/kD = 1.1–1.3) [26–28].

The influence of addition of CCl4 (a radical trapping
agent) on the oxygenate yield in the cyclohexane oxi-
dation was not observed for the SmCl3/graphite but a
large inhibition effect appeared for the FeCl3/graphite.
These results suggest that the active oxygen species
on the FeCl3/graphite has a radical character, but that
on SmCl3/graphite has not such character.

On the bases of the results in Table 1, we consider
that the active species on FeCl3/graphite is HO• but
that on SmCl3 is different from HO•. Studies of cyclic
voltammetry on the electrochemical reduction of O2
on the SmCl3/glassy carbon suggested that the active
species was produced from an adduct of Sm3+ and

hydrosuperoxide [23]. However, real form of active
oxygen species has not been clarified yet.

2.1.3. v-Oxidation with
(FeCl3 + cyclodextrin)/graphite cathode

In the case of oxidation of linear alkanes, selective
oxygenation at the terminal carbons for the formation
of primary alcohols and aldehydes is great significance
because these compounds are used as the starting ma-
terials for the production of detergents and surfactants
[11,29,30]. Among the metal chlorides tested as the
cathode electrocatalysts for the oxidation ofn-hexane
during H2–O2 fuel cell reactions, FeCl3 was the most
active and stable electrocatalysts. Therefore, we have
chosen the FeCl3/graphite as the host cathode for the
effect of cyclodextrin additives on the selective oxy-
genation at the primary carbons ofn-hexane [30]. The
selectivity to the primary-carbon oxygenated products
(hexanal and 1-hexanol) was defined as the primary
selectivity (PSel) [30] by Eq. (8).

Primary selectivity(Psel)

= (sum of hexanal and 1-hexanol)/6

(sum of 2- and 3-hexanols and
2- and 3- hexanones)/8

(8)

Cyclodextrins are cyclic 1,4-linkedD-glucopyranose
oligomers comprising several glucose units and have
the shape of hollow truncated cones. These cyclodex-
trins have very unique properties, i.e. hydrophilicity
at the outer surface of cyclodextrins and hydropho-
bicity at the interior surface of their hollow structures
(cavity). The cyclodextrins can accommodate many
kinds of organic compounds with appropriate molec-
ular dimensions in their hydrophobic cavities [31,32].
If n-hexane was introduced to the cavity of the cy-
clodextrin, methylene C–H bonds ofn-hexane are to
be blocked by the wall of the cyclodextrin from an
attack of active oxygen species. Thus, we can ex-
pect that the oxygenation occurs exclusively at the
terminal carbons.

Fig. 4 shows the effect of additions ofa-, b-,
g-cyclodextrins(-CD) and glucose to the FeCl3/graphite
cathode on the product distribution and on the cur-
rent for the oxidation of hexane by the same H2–O2
cell system as that in Fig. 1. The additions of cy-
clodextrins and glucose increased the current (charge
passed). The enhancing effect of cyclodextrins and
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Fig. 4. Effects of addition ofa-, b-, g-cyclodextrins and glucose to the FeCl3/graphite cathode on thev-oxidation of n-hexane during
H2–O2 cell reactions.T= 298 K, [O2 (101 kPa),n-hexane (40 ml) | cathode | H3PO4 aq. (1 mol l−1) in silica–wool disk | anode | H2 (98 kPa),
H2O (3.3 kPa)], cathode: cyclodextrin or glucose (0.1 g)+ FeCl3 (0.5 mol%)/graphite (70 mg), anode: Pt-black (20 mg)/graphite (50 mg).

glucose on the current may be due to an increase
in the area of the three-phase boundary, which in-
creases the reaction zone of the electrochemical re-
duction of O2. The total product yield of oxygenates
increased according to the increase in the charge
passed. Whena- andb-cyclodextrin were added to the
FeCl3/graphite, the selectivity to the primary-carbon
oxygenates was clearly increased compared with
that of the normal FeCl3/graphite cathode. The PSel
for the (a-CD+ FeCl3) cathode was 0.63 and that
for the (b-CD+ FeCl3) cathode was 0.33. However,
g-cyclodextrin and glucose did not increase the oxy-
genate at the primary carbon (PSel= 0.21). The in-
crease in the PSel for the cathode modified bya- and
b-cyclodextrins must be due to a good adaptation of
n-hexane in the cavities of cyclodextrins.

The diameters of cavities of cyclodextrins are
0.47–0.53 (a-CD), 0.60–0.65 (b-CD), and 0.78–0.83
nm (g-CD). The common depth of the cavities is
about 0.79 nm. The molecular size ofn-hexane is
0.49× 0.82 nm. The hydrophobic nature of the in-
terior of cyclodextrins can enhance the inclusion of
n-hexane [32]. It seems thatn-hexane molecule is just
fitted to the diameter of the cavity ofa-cyclodextrin but
the molecule in the cavities ofb- andg-cyclodextrins
may leave a large free space in the cavities. On the
basis of the thermodynamic data concerning inclu-

sion compounds ofa- andb-cyclodextrin derivatives
with n-hexane, Lammers has suggested the forma-
tion of 1 : 1 inclusion compounds [32]. He suggested
that a-cyclodextrin derivatives include onen-hexane
molecule in its stretched conformation in the inte-
rior of the cavity, whereasb-cyclodextrin derivatives
would include the molecule in a compact coil form
(but only loosely). The terminal carbons ofn-hexane
molecule in thea-cyclodextrin must protrude from
the cavity. We suggest that the active oxygen gener-
ated during H2–O2 fuel cell reactions can attack only
this primary carbon ofn-hexane molecule included in
the cavity ofa-cyclodextrin. Although the PSel value
of 0.63 observed for (a-CD+ FeCl3)/graphite is not
so high as to be calledv-oxidation at the moment, the
application of cyclodextrins or other host molecules
capable for includingn-alkanes could be a useful
technique to realize thev-oxidation of linear alkanes.

2.2. Hydroxylation of aromatics

2.2.1. Hydroxylation of benzene over various carbon
cathodes

The cathodes of SmCl3/graphite and FeCl3/graphite
described in the previous section were also effective
for the hydroxylation of benzene to phenol during the
H2–O2 cell reaction. However, the formation rates of
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Fig. 5. Distribution of products in the oxidation of toluene on the cathodes prepared from different carbon materials during H2–O2 cell
reactions.T= 298 K, [O2 (101 kPa), toluene (40 ml) | cathode | H3PO4 aq. (1 mol l−1) in silica–wool disk | anode | H2 (98 kPa), H2O (3.3 kPa)],
cathode: carbon materials (70 mg) treated with hot HNO3 aq., anode: Pt-black (20 mg)/graphite (50 mg). CB; carbon black, AC; active
carbon, Gr; graphite, CW; carbon whisker.

oxygenates in the benzene oxidation as well as in the
oxidation of cyclohexane should be enhanced as much
as possible. So far, graphite powder (Gr) has been
used as a support for the electrocatalysts in the cath-
ode. However, the low surface area of graphite powder
(<2 m2 g−1) cannot yield a large three-phase boundary
in the cathode. As described in the introduction, the
electrochemical reduction of O2 must proceed at the
three-phase boundary in the cathode. Thus, we tested
first various carbon materials having high surface area
as the cathode without additives to enhance the yield
of oxygenates.

The carbon materials tested were carbon-whisker
(CW, 22 m2 g−1), carbon black (CB, 100 m2 g−1), and
active carbon (AC, 800 m2 g−1). We found that those
carbon materials pre-treated with a hot aqueous so-
lution of HNO3 became active for the hydroxylation
of benzene to phenol (PhOH) without any additives
[33]. The CW was the most active cathode among the
HNO3-treated carbon materials for the hydroxylation
of benzene to PhOH (30mmol in 3 h). The relative
electrocatalytic activities were CW� AC > CB� Gr.
The HNO3-treatment causes the oxidation of the sur-

face of carbon materials, forming functional groups
such as carboxyl and quinone–hydroquinone groups.
This would increase the hydrophilicity of the car-
bon surface, consequently increases the three-phase
boundary in the cathode. Moreover, these functional
groups could work as the catalytic sites for the re-
ductive activation of O2 even in the absence of metal
cations.

2.2.2. Synergism of carbon materials on
hydroxylation of toluene

The oxidation of toluene, instead of benzene, with
the cathode of carbon materials described above gave
o-, m-, p-cresols (the sum defined as CrOH), benzalde-
hyde and benzyl alcohol (the sum defined as BzOx).
The formation rates of products and product distribu-
tions were quite different among the carbon materials
as indicated in Fig. 5. Higher yields of products were
obtained for the CW and CB cathodes but the dis-
tribution of the products were very different between
the two cathodes [34,35]. The CW cathode was suit-
able for the formation of BzOx, while the CB cathode
was favorable for the formation of CrOH. The selec-
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Fig. 6. Synergism of carbon whisker (CW) and active carbon (AC)
on the oxidation of toluene during H2–O2 cell reactions.T= 298 K,
[O2 (101 kPa), toluene (40 ml) | cathode | H3PO4 aq. (1 mol l−1)
in silica–wool disk | anode | H2 (98 kPa), H2O (3.3 kPa)], cath-
ode: CW+ AC (70 mg), anode: Pt-black (20 mg)/graphite (50 mg).
CrOH: sum ofo-, m-, p-cresols, BzOx: sum of benzaldehyde and
benzyl alcohol.

tivity to BzOx was high for the Gr cathode and that to
CrOH was relatively high for the AC cathode, though
the catalytic activities of the Gr and AC cathodes were
low compared to those of CW and CB. We speculate
that these differences in the catalytic activities as well
as the product distributions can be ascribed to the dif-
ferences in the kinds and the concentration of the cat-
alytic functional groups on the surface of the carbon
materials.

The cathodes prepared from the physical mixtures
of CW and AC showed a synergism of the two carbon
materials for the oxidation of toluene. Fig. 6 shows the
yield of oxygenates for the toluene oxidation as a func-
tion of the weight percent of CW in the (CW+ AC)
cathode. When a small amount of CW was added to
the AC cathode, the total yield of oxygenates was re-
markably increased. The maximum yield of the sum
of products was obtained for the cathode prepared
from AC and CW by equal weight percent. The yield
at the maximum was 6.5 and 1.6 times greater than
those of the AC and CW cathodes, respectively. Prod-

uct distribution changed remarkably with the weight
percent of CW in the (CW+ AC) cathode. The maxi-
mum selectivity to CrOH (65%) was obtained for the
(CW(15 wt.%)+ AC) cathode. In contrast, the maxi-
mum selectivity to BzOx (88%) was obtained for the
(CW(70 wt.%)+ AC) cathode. The strong synergism
of physical mixture of CW and AC were observed
both for the catalytic activity and the selectivity.

Similar synergism was observed for the cathode pre-
pared from the mixture of FeCl3/AC and CW. Toluene
was selectively oxidized to CrOH with 90% selectiv-
ity for the FeCl3/AC cathode without CW, though the
catalytic activity was low. The CW cathode was a suit-
able cathode for the selective synthesis of BzOx as
described above. The cathode prepared from a physi-
cal mixture of FeCl3/AC and CW (5 : 2) increased the
catalytic activity by five times of that of the FeCl3/AC
cathode, keeping a high selectivity to CrOH (93%)
[32].

We speculate that the combination of different
functional groups (such as hydroxyl-, hydroquinone-,
quinone-, carboxyl-groups, etc.) on the surface of AC
and CW could modify the electrocatalytic activity as
well as the product selectivities for the oxidation of
toluene on (AC+ CW) cathodes, which may explain
the synergism described above. The model for the
synergism is based on the following three assump-
tions: (i) The active oxygen species generated on the
carbon cathodes is HO•, (ii) oxidation of toluene takes
place according to Fenton mechanism, (iii) CW and
AC have different functional groups which catalyze
the oxidation.

Major reaction paths in Fenton mechanism
[23–28,38] for the oxidation of toluene are shown
in Fig. 7. HO• attacks to the phenyl ring of toluene,
producing ano- or p-hydroxyl-hexadienyl-radical (A)
intermediate. The intermediate (A) is oxidized too-
or p-CrOH by an oxidant through the path r2. The
intermediate (A) can be converted to benzyl radi-
cal intermediate by dehydration and deprotonation
through r3 and r4. This benzyl radical intermediate is
oxidized with O2 to benzaldehyde (BzO) and benzyl
alcohol (BzOH). The product distributions were de-
termined by relative reaction rates of r2 and (r3, r4,
r5). In a typical Fenton system, the oxidant working
at r2 is Fe3+ [26,27,36].

In the case of the CW cathode, it should be
recalled that the major products were BzOx. On
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Fig. 7. Reaction scheme of Fenton mechanism for the oxidation
of toluene.

the basis of Fenton mechanism, BzOx are produced
through the paths of r1, r3, r4, and r5, and the reaction
rate of r2 must be slow, which suggests an oxidant for
the formation of CrOH is absent on the CW cathode.
We speculate that hydrogen species (H•) produced by
the reduction of H+ at the protonic functional groups
(probably carboxyl-groups), reductively activate O2
to HO•, as shown in Fig. 8a. This HO• attacks to
toluene producing the intermediate (A) which coverts
mostly to BzOx as the major products.

In the case of the AC cathode, the major prod-
ucts were cresols (CrOH). This fact suggests the pres-
ence of an oxidant on the AC cathode enhancing the
rate of r2. We believe that such oxidant could be
a quinone group which works as a redox mediator
(quinone/hydroquinone). The hydroquinone group re-
ductively activates O2 producing HO•, as shown in
Fig. 8b. HO• adds to toluene producing the intermedi-
ate (A) which coverts to CrOH as the major products
due to the oxidation by the quinone-group (oxidant)
on r2.

Fig. 8c shows a model of the synergism of CW
and AC on the oxidation of toluene. We speculate
that hydrogen species (H•) generated on the surface

Fig. 8. Model of the reaction mechanism for the oxidation of
toluene on CW (a), AC (b), and (CW+ AC) (c) cathodes.

of CW migrates to the surface of AC. This hydro-
gen species reduces quinone-groups to hydroquinone
groups which can reductively activate O2 on AC.
Thus, the formation rate of HO• on AC is enhanced by
the addition of CW to AC. When the weight percent
of CW was<30%, the intermediate (A) is efficiently
oxidized to CrOH by the quinone-groups remained
on the surface of AC. When the weight percent of
CW becomes >50%, the steady state concentration
of quinone-groups would be decreased due to the
reduction to hydroquinone-groups with the spillover
hydrogen species from the surface of CW. Under
these circumstances, the intermediate (A) is mainly
converted to BzOx through r3, r4, and r5 in Fig. 7 be-
cause of the absence of quinone-group (oxidant at r2).

As described above, the synergism of CW and
AC on the oxidation of toluene can be explained in
terms of the spillover of active hydrogen from CW to
AC and the redox catalyses of the surface functional
groups (quinone/hydroquinone) on AC. We consider
that H2O2 should be produced as a precursor for
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Fig. 9. Hydroxylation of benzene to phenol and hydroquinone over various cathodes based on carbon whisker (CW) during H2–O2 cell
reactions.T= 298 K, reaction time= 3 h, short circuit conditions. Cell configuration: [O2 (101 kPa), benzene (40 ml) | cathode | H3PO4 aq.
(1 mol l−1) in silica–wool disk | anode | H2 (98 kPa), H2O (3.3 kPa)]. Cathode: metal oxide (5 mg) and/or precious metal (20 mg)/carbon
whisker (50 mg). Anode: Pt-black (20 mg)/graphite (50 mg).

HO• over the cathode. We examined the formation of
H2O2 in H3PO4 aqueous solution in the membrane
during the oxidation. No accumulation of H2O2 was
observed in the aqueous phase. If H2O2 was produced
on the cathode during the cell reactions, H2O2 should
immediately reduce to HO• or H2O under reaction
conditions.

2.2.3. Effects of additives in CW cathode on the
hydroxylation of benzene

In order to improve the catalytic activity of the
CW cathode for the hydroxylation of benzene, the
favorable effects of the addition of various metal com-
pounds to the cathode were examined [33,37]. Fig. 9
shows the yields of PhOH and hydroquinone (HQ)
obtained for the CW cathodes with various additives.
Compared with the results of CW alone (uppermost),
the addition of Pd-black to CW (Pd-black/CW) in-
creased the current and the yields of PhOH and HQ.
When Pt-black was added to the CW cathode, the
current increased by four times of that of CW cath-
ode, but the yield of oxygenates decreased to about a

half of that of CW. In the case of Fe2O3/CW cathode,
the total yield of PhOH and HQ increased by ca. 1.3
times of that of the CW cathode, but the increase in
the charge passed was only a slight. Therefore, the
addition of Fe2O3 improved the current efficiency
for the formation of PhOH and HQ. Co-addition of
Pd-black and Fe2O3 to CW remarkably accelerated
the formation of PhOH and HQ, suggesting a syn-
ergism of the two compounds. Other combinations
between each of the electrocatalysts in (Pd, Pt, Rh, Ru
and the oxides of Fe, Cu, Mn, Co, Sm, and La) did not
accelerate the formations of PhOH and HQ, except
for the combination of Pd-black and Fe-compounds
(FeCl3, Fe3O4, Fe(NO3)3, FeCl2, FeSO4). Among
these Fe-compounds, Fe3O4 was the most effective
electrocatalyst for the formation of phenols in the
presence of Pd-black as can be seen in Fig. 9. These
results strongly indicate the synergism of Pd-black
and Fe-compounds on the hydroxylation of benzene
to PhOH and HQ.

We propose here a tentative reaction mechanism on
the basis of our experimental results, as below. The
active oxygen species over the CW cathodes both in
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Fig. 10. Reaction mechanism for the synergism of Pd-black and Fe3O4 and the hydroxylation of benzene.

the absence and presence of additives of Pd-black and
Fe3O4 must be HO• radical [13,21–28,33–37]. In this
case, the hydroxylation of benzene proceeds through
the Fenton Chemistry as already been discussed in
Fig. 7. The synergism of Pd-black and Fe2O3 can
be explained in terms of the cooperative actions of
the additives, which is demonstrated schematically in
Fig. 10. It is reasonable to assume that Pd0 acceler-
ates the reduction of O2 into H2O2 (step 1) during
the H2–O2 cell reaction [21]. The acceleration in the
reduction of O2 increases the current or the charge
passed which was actually observed in Fig. 9. The
redox of Fe3+/Fe2+ on Fe3O4 enhances the gener-
ation of HO• from H2O2 (step 2) according to the
following equation:

H2O2 + Fe2+ + H+ → HO• + Fe3+ + H2O (9)

This HO• attacks benzene producing PhOH
and HQ as demonstrated in the Fenton Chemistry
[23–28,33–36]. The addition of HO• to benzene
produces a hydroxyl-hexadienyl-radical (A) interme-
diate. The intermediate (A) is oxidized to PhOH by
Fe3+ (r2). If the intermediate (A) is oxidized with O2

(r3), PhOH is also produced via r5 and HQ via r6.
The intermediate (A) could be dehydrated into phenyl
cation intermediate (B) by acid catalysis (r4). This
intermediate (B) may be reduced back to benzene by
a reductant such as Fe2+ or H–Pd (r7).

The synergism of Pd-black and Fe-compounds on
the hydroxylation of benzene was explained by the
following three enhancing effects. These are (i) the
increase in the rate of formation of H2O2 due to
the electrocatalytic function of Pd-black (step 1), (ii)
the acceleration in the generation of HO• according
to Eq. (9) through the redox of Fe3+/Fe2+ of the
Fe-compounds (step 2), and (iii) the enhancement of
the rate of oxidation of intermediate (A) by Fe3+ (at
r2) [36,37].

We speculated the formation of H2O2 on the
(Pd-black+ Fe-compound)/CW cathode during the
cell reactions but no accumulation of H2O2 was ob-
served in the membrane after the oxidation. If H2O2
was produced on the cathode, it must be immedi-
ately reduced to HO• and H2O under the reaction
conditions. The effect of the addition of H2O2 aq. to
the aqueous membrane on the hydroxylation of ben-
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zene was studied. The formation of phenol was not
observed under open circuit conditions. Under short
circuit conditions, phenol was certainly produced dur-
ing H2O2–H2 cell reactions but the yield of phenol
was lower than 1/5 times of that during O2–H2 cell
reactions. These results suggest that in situ synthesis
of H2O2 on the cathode is essential to generate active
oxygen species for the hydroxylation.

2.2.4. Cogeneration of oxygenates and electricity
The hydroxylation of benzene on the (Pd-black+

Fe-compounds)/CW cathode described so far has
been carried out under short circuit conditions. The
cathode potential of this electrode under short-circuit
conditions (−0.22 V vs. Ag| AgCl) did not change
appreciably with the change in the conditions of the
cathode (Pd-black/Fe-compounds ratios, partial pres-
sures of O2, concentration of benzene, etc.). It is
interesting to examine the effect of the terminal volt-
age on the hydroxylation of benzene by changing the
externally-applied voltage. The terminal voltage is
the relative potential of the cathode with reference to
the anode. The anode potential was almost constant
(≈0 V vs. NHE) under the reaction conditions in Fig.
11. The yield of phenol and the charge passed for the
(Pd-black+ Fe2O3)/CW are plotted as functions of
the terminal voltage in Fig. 11 (dotted curve). The re-
sults for this cathode indicate that the highest yield of
phenol is obtained at the terminal voltage of−0.1 V.
The negative terminal voltage<−0.1 V decreased the
phenol formation, thus the current efficiency drasti-
cally decreased with negative terminal voltage. The
results for the CW cathode without additives and for
those with CuO, Fe2O3, SnO2, Mn2O3 or Cr2O3 are
also plotted in Fig. 11. Except for the CuO/CW cath-
ode, the yield of phenol increased with a decrease in
the terminal voltage from+0.2 to−0.3 V. The maxi-
mum phenol yield was obtained at the terminal voltage
of −0.1∼ −0.5 V, which corresponded to the cathode
potential of−0.32∼ −0.72 V vs. Ag | AgCl. On the
other hand, the CW cathode added with CuO showed
very specific effect of the terminal voltage on the for-
mation rate of phenols as well as on the current. The
current and the yield of phenol were accelerated with
a rise in the terminal voltage from 0 to+0.30 V. The
maxima in the current and the formation rate of phe-
nol were obtained at a terminal voltage of ca.+0.30 V.
Very similar effects of the terminal voltage were ob-

Fig. 11. Effect of the terminal voltage on the hydroxylation of
benzene for various cathodes based on carbon whisker. Terminal
voltages;+0.5∼ −0.5 V, reaction time; 2 h, cathode; metal oxide
(5 mg)/CW (70 mg). Other conditions were the same as Fig. 9.

served for the CW cathodes added with other copper
compounds such as CuSO4, Cu(NO3)2, Cu(OAc)2,
CuCl2, and CuCl. The most effective Cu-compound
for the formation of phenol was CuSO4 [21]. For
this cathode, the maximum current was obtained at a
cell voltage between+0.20 and+0.30 V. The electric
power output shows the maximum (1.5 mW cm−2) at
a cell voltage of+0.20∼ +0.30 V. The amount of the
sum of PhOH and HQ gave the maximum at+0.30 V.

The cathode potential for the CuSO4/CW under
short circuit conditions was−0.21 V (vs. Ag | AgCl).
The potential at a terminal voltage of+0.30 V was
+0.06 V (vs. Ag| AgCl). The redox potentials of
copper are−0.044 V (Cu2+/Cu+ vs. Ag | AgCl),
+0.140 V (Cu2+/Cu0), and +0.324 V(Cu+/Cu0).
Considering these potentials, we can expect the for-
mations of H2O2 and HO• through Eqs. (10) and (11)
[38,39].

O2 + 2Cu+ + 2H+ → H2O2 + 2Cu2+ (10)
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H2O2 + H+ + Cu+ → OH• + H2O + Cu2+ (11)

C6H6 + HO• + Cu2+ → C6H5OH + Cu+ + H+ (12)

The HO• attacks benzene, forming PhOH in Eq.
(12). The formation of PhOH proceeds through the
similar mechanism to that of Fenton chemistry by re-
placing the redox of Fe3+/Fe2+ to that of Cu2+/Cu+
[38,39]. Therefore, the redox of Cu2+/Cu+ on CW
controls the rate of reduction of O2 (current) and the
yield of PhOH. When the terminal voltage decreases
from +0.50 to +0.30 V, the reduction rate of Cu2+
to Cu+ must be accelerated, increasing the current
as well as the formation rate of PhOH as can be
seen in Fig. 11. When the terminal voltage decreases
further from+0.30 to 0 V (short circuit conditions),
the cathode potential decreases to−0.06∼ −0.21 V
(Ag | AgCl) which inevitably converts Cu2+ and Cu+
into Cu0. Therefore, the steady state concentration of
copper cations decreases, which should reduce the cur-
rent and the formation rate of HO•, consequently the
yield of phenols.

The H2–O2 fuel cell system described above can
cogenerate oxygenates and electricity if we put a load
in the outer circuit (chemical cogeneration). However,
for every chemical cogeneration systems reported so
far [17–21], the generation of electric power output
by putting load in the outer circuit always reduced the
production of chemicals because of the decrease in
the current compared to the results at the short-circuit
conditions. Under these circumstances, the copper
compound-added cathodes are very specific in the
sense that both the maximum electric power out-
put and the maximum production of phenols can be
obtained at the same terminal voltage.

2.3. Oxidation of light alkanes

2.3.1. Oxygenation in the gas phase
Partial oxidation of light alkanes such as CH4,

C2H6, and C3H8 into their alcohols and aldehydes is
one of the most attractive subjects for the utilization
of natural gas as a chemical feed stock. Therefore,
we applied the same H2–O2 cell reactor described
above for the oxidation of light alkanes by bubbling
them into solvent such as CH2Cl2. However, the oxi-
dations of CH4, C2H6, and C3H8 were not successful
by applying the same cathodes used for the hydrox-

ylation of benzene such as (Pd-black+ Fe3O4)/CW,
CuSO4/CW and SmCl3/graphite. This might be due
to a low solubility of light alkanes in the solvents
compared with the oxidation of benzene and cyclo-
hexane. Therefore, the light alkanes (g) were directly
supplied to the cathode of the H2–O2 cell without
using any solvent [40]. In other words, a gas mix-
ture of light alkanes and O2 was passed through the
cathode compartment and hydrogen and water vapor
flowed in the anode one. Both compartments were
separated by a silica–wool disk containing aqueous
H3PO4 (1 M). The screening of carbon materials suit-
able for the partial oxidation of propane concluded
that the cathodes made from the carbon whisker (CW)
[41] and the vapor phase-grown-carbon-fiber (VGCF)
[42] were active for the oxidation of light alkanes at
room temperature even in the absence of additives in
the cathodes. Both carbon materials have no microp-
ores and showed good electric conductivity and high
chemical stability.

The effect of various electrocatalysts on the oxi-
dation of propane was examined by using the VGCF
as the host carbon material of the cathode. Fig. 12
shows the effects of the addition of Pd-black and
vanadyl acetylacetonate (VO(acac)2) on the oxidation
of propane in the gas phase during the H2–O2 cell
reaction. The products were acetone, acetic acid, and
CO2. When a mixture of propane and O2 was passed
through the cathode compartment under open circuit
conditions, no products were observed. The compari-
son of the results in Fig. 12 suggests the synergism of
VO(acac)2 and Pd-black on the oxidation of propane.
The addition of Pd-black to VGCF increased the cur-
rent more than five times but the yield of products
decreased drastically. When VO(acac)2 was added to
the VGCF cathode, the formation rates of products de-
creased clearly, indicating that VO(acac)2 itself cannot
enhance the catalysis of the VGCF cathode. However,
co-addition of VO(acac)2 and Pd-black considerably
enhanced the activity of the propane oxidation. The
selectivities to acetone and acetic acid on the basis of
the propane reacted were 48 and 12%, respectively.

2.3.2. Propane oxidation over
(VO(acac)2 + Pd-black)/VGCF cathode

Fig. 13 shows the effects of partial pressure of
propane on the formation rates of acetone, acetic
acid, and CO2 for the (VO(acac)2 + Pd-black)/VGCF
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Fig. 12. Oxidation of propane in the gas phase with the cathodes based on VGCF during H2–O2 cell reactions.T= 298 K, specific area of
the electrodes 2 cm−2. Cell configuration: [O2 (50.5 kPa), propane (50.5 kPa), cathode | H3PO4 aq. (1 mol l−1) in silica–wool disk | anode, H2
(48.5 kPa), H2O (4 kPa)]. Total flow rate was 10 ml min−1. Cathode: Pd-black (0.5 mol%)+ VO(acac)2 (1 mol%)+ VGCF (50 mg). Anode:
Pt-black (20 mg)+ Gr (50 mg).

cathode under a constant partial pressure of oxygen
of 50 kPa in the cathode compartment. In the up-
per part of the figure, the current and the current
efficiency of the sum of acetone and acetic acid
are plotted. The current decreased with increasing
P(C3H8), which may be ascribed to the competitive
adsorption of O2 and C3H8 on the active site be-
cause the current is determined mainly by the rate of
reduction of O2. The formation rate of acetone in-
creased sharply with increasing P(C3H8) in contrast
with the decrease in the current. The formation rate
of acetone depended on P(C3H8) by second order.
The current efficiency for the oxidation products at
high P(C3H8) reached to 10%. This value was quite
high compared to the ones observed in the oxidation
of benzene or cyclohexane (65%). These results sug-
gest that a radical chain mechanism may govern the
oxidation of propane and the formation of acetone.
We speculate that the activation of propane is cause
by a free HO• evolved into the gas-phase at the vicin-
ity of the interface of electrode/electrolyte. The CW
and VGCF, which have high outer surface without
micropores, may be suitable for releasing HO• into

the gas phase. It was suggested that the free HO•
was a stronger oxidant than hydrated one [28]. The
oxidation of propane must proceed mainly via radical
chain mechanism initiated by the free HO• in the gas
phase.

We propose here a tentative mechanism for the
synergism of Pd-black and VO(acac)2 on VGCF, as
below. It is reasonable to consider that Pd0 acceler-
ates the reduction of O2 into H2O2, as described for
the (Pd-black+ Fe3O4)/CW cathode. We hypothesize
that the redox of V4+/V3+ enhances the genera-
tion of HO• from H2O2 according to the following
equation:

H2O2 + V3+ + H+ → HO• + V4+ + H2O (13)

This HO• abstracts hydrogen from the C–H bond of
propane generating C3H7

• in the gas phase. O2 adds
to C3H7

• producing C3H7OO•. This peroxide radical
reacts with propane being converted into acetone, co-
generating H2O and C3H7

•. The C3H7
• contributes in

the propagation of the radical chain reactions. Thus,
the formation of acetone should depend on the sec-
ond order of P(C3H8), which was actually observed
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Fig. 13. Effect of P(C3H8) on the oxidation of propane in the gas
phase with (Pd-black, VO(acac)2)/VGCF cathode during H2–O2

cell reactions. P(C3H8) = 0∼ 50.5 kPa, P(O2) = 50.5 kPa, other re-
action conditions were the same as Fig. 12.

in Fig. 13. The synergism of Pd-black and VO(acac)2
can be explained by the similar idea that has already
been described in the case of (Pd-black+ Fe3O4)/CW
cathode in Fig. 10.

The (VO(acac)2 + Pd-black)/VGCF cathode was
applied also for the oxidations of CH4 and C2H6 at
301 K. In the case of CH4 oxidation, the product was
only CO2. Methanol, formaldehyde, and formic acid
were not detected. However, it should be noted that
CH4 can be activated at room temperature, although
the product is CO2. In the case of C2H6 oxidation,
CO2 was also the main product but acetic acid was
produced with 22% selectivity. In contrast with the
results of CH4 and C2H6, the oxidation of C3H8 pro-
duced the useful oxygenate (acetone and acetic acid)
with relative high selectivity of 60%. The rate of
alkane oxidation increased as CH4 (current efficiency
0.5%)< C2H6 (5%)< C3H8 (10%), as we expected.
This result suggests that the strength of C–H bond
would determine the rate of oxidation. Further studies
on the reaction mechanism and design of electro-

catalysts are necessary to enhance the rate and the
selectivity of oxygenates from the light alkanes.

3. Conclusion

As described so far, the reductively activated oxy-
gen at the cathode of H2–O2 fuel cell realized the
selective oxygenation of C6 alkanes and aromat-
ics and non-selective oxidation of light alkanes at
room temperature. However, we have not succeeded
epoxidation of alkenes. The reason for this may be
that the active oxygen species generated on most of
the cathodes is HO•. It is well known that HO• is
active for the hydroxylation of aromatics and oxy-
genation of alkanes but not so for the epoxidation
of alkenes [26–28]. In the case of SmCl3/graphite
cathode, the active oxygen species was suggested
to be the one different from HO• [23]. In fact, we
confirmed that SmCl3 catalyzed the epoxidation of
alkenes with reductively activated oxygen by Zn and
MeCO2H in the liquid phase [42,43]. This fact sug-
gests a possibility that, if we can design a proper
cathode with rare earth metal cations, the epoxidation
of alkenes may be realized during the H2–O2 cell
reactions.

The most serious problem to be solved for all the
systems described in this review is to improve the cur-
rent efficiency and the formation rate of oxygenates.
Therefore, more active and selective electrocatalysts,
more appropriate electrolytes, and better design for
enhancing the three phase boundaries are definitely to
be developed. At the moment, the method introduced
in this work could be applied for the synthesis of ex-
pensive chemicals to compensate the low reaction rate
and current efficiency.

As described above, the epoxidation of alkenes
did not succeed with the H2–O2 cell system yet
but the epoxidation of propene and hexene suc-
ceeded at the anode with Pt-black (PtO2/Pt) and
PtO2/graphite during the electrolytic decomposition
of H2O at room temperature [44,45]. If benzene and
O2 are present in the cathode compartment by using
(Pd-black+ Fe3O4)/CW cathode, we can expect both
cathodic hydroxylation of benzene and anodic epoxi-
dation of alkenes at the same time [21,22,46]. These
cogeneration of chemicals both at the cathode and the
anode and the cogeneration of chemicals and electric-
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ity described earlier may become attractive processes
in the next century.
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