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a b s t r a c t

Oxygen reduction at the polarized water-1,2-dichlorobenzene interface, catalyzed by

5,10,15,20-tetraphenyl 21H,23H-porphine cobalt(II), is utilized in a novel type of flow fuel

cell. In this fuel cell, hydrogen is oxidized at the anode as usual, but oxygen reduction takes

place at the water-1,2-dichlorobenzene interface by a redox mediator, which is regenerated

at the cathode. Oxygen reduction is coupled with proton transfer from water to the organic

phase to form hydrogen peroxide, which is extracted into an aqueous phase flowing

through the cell. The advantage of the cell is that no platinum catalyst is required at the

cathode for O2 reduction. Furthermore, recombination of Hþ and O2 at the cathode, like in

a conventional fuel cell, is not possible, because the Gibbs free energy of transfer of protons

from water to an organic phase is very high, 50e60 kJ/mol. The experiments reported here

demonstrate that proton transfer is possible only by the facilitation of the catalyst.

Copyright ª 2011, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.

1. Introduction

Electrochemistry at the interface between two immiscible

electrolyte solutions (ITIES) has now been studied for over 40

years. Most of the studies have considered an ITIES formed by

water and an organic solvent, such as nitrobenzene or

1,2-dichloroethane because of their relevance in liquideliquid

extraction, or suitability to model biological membranes [1].

Recently, the interface between a room temperature ionic

liquid and water has also received a growing interest [2]. In

addition to simple ion transfer across the ITIES, assisted ion

(proton) transfer and electron transfer, which are

elementary charge transfer processes in cellular traffic, have

been studied [3]. In this work ITIES is utilized to catalyze

oxygen reduction reaction in a fuel cell.

The requirements for the organic solvent are low

mutual miscibility with water and relatively high relative

permittivity to enable the dissolution of the supporting

electrolyte (typically a hydrophobic bulky salt, like tetra-

phenyl arsonium tetraphenyl borate) in the oil phase. If the

electrolytes are not significantly partitioning between two

phases, the interface behaves as an ideally polarizable elec-

trode: the potential across the interface can be varied

significantly without any current. The potential region where

the interface behaves as a polarizable electrode is called the

potential window. When the aqueous phase is made very

positive compared to the oil phase, either a cation in the

aqueous phase (for example Liþ or Hþ) transfers into the oil

phase, or an anions transfers from the oil phase to the

aqueous phase. Ion transfer across the interface is observed

as electric current. The process taking place depends on the

standard potentials of ion transfer: for example tetraphenyl

borate transfers before lithium and, therefore, determines

the positive limit of the potential window [1]. If both phases
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have a common ion i, the potential across the interface is

determined by the Nernst equation:

fw � fo ¼ Dw
o f ¼ Dw

o f
0
i þ

RT
ziF

ln
ao
i

aw
i

(1)

whereDw
o f

0
i is the standard galvani potential of ion transfer for

species i fromwater to oil. Now the interface can be treated as

ideally non-polarizable electrode: even a small change in the

potential causes the common ion to transfer across the

interface, which is observed as current [1,4]. These two cases

are illustrated in Fig. 1.

Fig. 2 shows the typical voltammogram of the water-1,

2-dichlorobenzene (DCB) system. The aqueous phase contains

10 mM HCl and DCB contains 5 mM bis(triphenylphosphora-

nylidene) ammonium tetrakis(pentafluorophenyl) borate

(BATB). When the galvani potential difference across the

interface is made more positive, proton transfer from

the aqueous to the oil phase takes place at the positive limit of

the potential window. When the scan direction is switched at

0.55 V, protons in the oil phase transfer back to the aqueous

phase which is seen as a negative diffusion limited current

peak. Similarly, the reversible transfer of chloride from the

aqueous to the DCB phase is observed at the negative limit of

the potential window. Only a small current due to charging of

the electrical double layers of the interface is observed in the

middle of the window. When a small amount of

tetraethylammonium chloride (TEACl) is added to the aqueous

phase, the transfer of TEAþ is observed in the middle of the

window as a voltammetric wave, because its standard transfer

potential is low compared to the potentials of the supporting

electrolytes.

In low temperature fuel cells platinum and platinum alloys

are used to catalyze reduction of oxygen at the cathode and

oxidation of hydrogen at the anode. Low temperature fuel

cells have been reviewed extensively [5,6]. Due to the high

price of these precious metals, alternative catalysts would be

beneficial [7]. In nature, the oxygen reduction reaction (ORR) is

catalyzed by membrane bound enzymes with porphyrin

substructures [8e12]. Porphyrins are essentially

N4-macrocyclic metal complexes with a metal coordinated

with four nitrogen atoms. The review by Dodelet [7]

summarizes the oxygen reduction studies performed with

these macrocycles. Briefly, the first reported ORR catalyzed

by N4-macrocyclic metal complex (cobalt phtalocyanide) was

reported by Jasinski in 1964 [13]. Since then, different

N4-macrocyclic metal complexes have been studied

extensively. A number of different porphyrins have been

synthesized, as described in the review by Zagal et. al [14]..

ORR by these N4-macrocyclic metal complexes has been

studied by attaching the catalyst on a carbon support [7,14]

or studying the homogenous reaction in the presence of an

electron transfer mediator and protons [15e17]. In this case

metalloporphyrins were shown to catalyze ORR to hydrogen

peroxide by ferrocene in acetonitrile in the presence of

perchloric acid [15,16] and cofacial dicobalt porphyrins were

shown to catalyze reduction of oxygen to water by ferrocene

derivatives in the presence of perchloric acid in benzonitrile

[17]. Another approach has been to use heat treatment to

form catalytic sites for ORR from porphyrin precursors

[18e21]. This approach has been quite promising, resulting

in ORR activity comparable to platinum.

Recently, ITIES have been used to study the catalytic

activity of porphyrins toward ORR [22e26]. ORR can be

described as a proton coupled electron transfer (PCET) [22].

Putting an organic phase containing a porphyrin and

a mediator in contact with an acidic aqueous phase and

polarizing the interface gives a convenient way to control

the proton transfer step. A mediator is needed to reduce

oxygen, but a crucial reaction step is proton transfer across

the interface [22e26]. Therefore, cobalt porphyrin has two

roles in the process: it facilitates the proton transfer and

catalyzes the ORR to water [22] or to hydrogen peroxide

[22e26]. Since hydrogen peroxide and water are extracted to

the aqueous phase, ITIES allows the combination of solvent

extraction with electrocatalysis. This is an advantage for

hydrogen peroxide production, because now transition

Fig. 1 e Currentevoltage characteristics of a polarizable (A)

and non-polarizable (B) interface.

Fig. 2 e Cyclic voltammogram of a system of 10 mM HCl

(aq)j5 mM BATB (DCB) (left) and the same system with

a small amount of TEACl added in the aqueous phase

(right). Sweep rate of 50 mV sL1.
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metals present in the catalyst and mediator are separated

from the product and cannot catalyze the disproportionation

of hydrogen peroxide.

Electrosynthesis of hydrogen peroxide has been widely

investigated in a fuel cell [27e29] or in an electrolyzer [30,31].

Different carbon based electrodes have been used as cathodes

[32], while platinum has been a typical anode material. The

cathode reaction is always the same:

O2ðgÞ þ 2HþðwÞ þ 2e�/H2O2ðwÞ (2)

In a fuel cell hydrogen is oxidized, and in an acidic elec-

trolyzer the anode reaction is oxygen evolution:

H2/2Hþ þ 2e� (3)

2H2O/O2ðgÞ þ 4Hþ þ 4e� (4)

Current efficiencies of ca. 70% have been achieved with an

acidic electrolyzer, with hydrogen peroxide concentrations up

to 130 mM after 19 h [30]. The development of the hybrid fuel

cells including porphyrin based catalysts is summarized in the

review article by Yamanaka [33]. A maximum H2O2

concentration of 1.24 M (3.5 w-%) was achieved with the

current efficiency of 47% in the acidic conditions with heat

treated manganese octaethylporphyrin (2,3,7,8,12,13,17,18-

octaethyl-21H,23H-porphyrin) supported on activated

carbon. In alkaline media 2.5 M H2O2 solution (7 w-%) was

achieved with a current efficiency of 93% with a cathode

prepared from a mixture of Vulcan XC-72 carbon black and

vapor grown carbon fiber powder [33].

In this paper a molecular catalyst is utilized to catalyze

oxygen reduction reaction in a novel type of a fuel cell. This

concept also introduces a possibility to utilize heterogeneous

catalysis between two liquid phases in fuel cells. Oxygen is

reduced by a redox mediator at the polarizable watere1,

2-dichlorobenzene (DCB) interface and the reaction is cata-

lyzed by cobalt tetraphenyl porphyrin. The process is coupled

with catalyst facilitated proton transfer across the interface.

Mediators are different ferrocene derivates or tetrathiafulva-

lene, and a few other suitable solvents are also studied. The

advantage of DCB over 1,2-dichloroethane (DCE) is its lower

vapor pressure, which reduces the risk of exposure andmakes

it easier to handle. It can also be gelled with PVC, making it

more manageable, when the addition of PVC to DCE just

increases the viscosity of the solution.

2. Experimental

2.1. Chemicals

All chemicals were used as received. The aqueous solutions

were prepared with ultrapure water (Millipore Milli-Q, specific

resistivity 18.2 MUcm). Solvents used in this work were

1,2-dichlorobenzene (DCB, �98%, Fluka), 1,2-dichloroethane

(DCE, 99.9%, Merck), 1,6-dichlorohexane (DCH, 98%, Aldrich),

chlorobenzene (CB, 99%, Aldrich), chloropentane (CP, 99%,

Aldrich) and 1,2-difluorobenzene (DFB, 98%, Fluorochem

Limited), hydrochloric acid (FF Chemicals, 1 M), ethanol (94%,

Altia Corporation) and acetone (99.5%, Lab Scan). Ferrocene

(Fc, Purum, Fluka), decamethylferrocene (DcMFc, �95%,

Fluka), 1,10-dimethylferrocene (DMFc, 97%, Aldrich) and tet-

rathiafulvalene (TTF, 97%, Aldrich) were used as redox

mediators.

Other chemicals include potassium iodide (99%, Fluka),

ammonium molybdate tetrahydrate (�99%, Fluka), sodium

hydroxide (99%, Merck), lithium chloride (99%, Riedel de-

Haën), potassium hydrogen phthalate (KHP, analysis grade,

May & Baker Ltd.), tetraethylammonium chloride (TEACl, 98%,

Sigma) and high molecular weight polyvinyl chloride (PVC,

Sigma). Hydrogen (99,999%) and oxygen (99,999%) gases were

supplied by Aga (Finland). 5,10,15,20-tetraphenyl 21H,23H-

porphine cobalt (II) was a gift from prof. Jean-Michel Barbe,

l’Université de Bourgogne, Dijon. Lithium tetrakis(penta-

fluorophenyl)borate (LiTB) n-etherate (Boulder Scientific

Company) and bis(triphenylphosphoranylidene) ammonium

chloride (BACl, 97%, Aldrich) were used to prepare bis

(triphenylphosphoranylidene) ammonium tetrakis(penta-

fluorophenyl) borate (BATB) by metathesis of aqueous equi-

molar solutions of BACl and LiTB. The resulting precipitates

were filtered, washed, and recrystallized from acetone:etha-

nol (1:1) mixture.

2.2. Gel preparation

The organic phase was gelled by addition of high molecular

weight polyvinyl chloride (PVC) into an organic solvent con-

taining the required species (supporting electrolyte, mediator

and/or catalyst). Typically the concentration of PVC was

50 g dm�3. The mixture was heated to 100 �C in a water bath,

until the added PVC dissolved in the solvent. Since the vapor

pressure of DCB is only 84 mbar at 100 �C, concentration

changes due to heat treatment are insignificant [34]. A cyclic

voltammogram of the wateregel interface was measured

with a four electrode cell to demonstrate that the species

present in the organic phase were unaffected by the heat

treatment.

2.3. Electrochemical measurements

All the electrochemical measurements were performed at

ambient temperature (20 � 2 �C) in aerobic conditions. Cyclic

voltammograms (CVs) at the watereoil interface were

measured using an Autolab four electrode potentiostat

PGSTAT100 (Ecochemie, the Netherlands) at the scan rate of

50 mV/s. Positive feedback was used to compensate the

solution resistance of the cell. A four electrode glass cell

designed for liquideliquid interface experiments with the

interfacial area of 0.159 cm2 was a generous gift from prof.

Zdenĕk Samec, J. Heyrovský Institute of Physical Chemistry,

Prague (Fig. 3).

Two reference electrodes (RE, Ag/AgCl), placed in Luggin

capillaries to reduce iR drop, controlled the potential differ-

ence across the interface, while tungsten working electrodes

(WE) in both phases provided the current. The potential was

converted to the galvani potential difference ðDw
o fÞ, based on

cyclic voltammetry measurement of the reversible half-wave

potential of the TEAþ ion transfer (0.116 V in DCB) [35]. To

compare possible solvents for ITIES applications, potential
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windows of the cell described in Scheme 1 with x, y ¼ 0 mM

were measured in the presence of TEACl.

To study the effect of the gelling, the cell shown in Fig. 4

was used. The organic phase gelled with PVC was cast in

a Teflon cell with a Pt electrode. Reference electrode

capillary filled with aqueous reference solution was placed

in the gel and the cell was filled with aqueous solution. The

interfacial area of the cell was 1.13 cm2.

2.4. Two-phase reactions controlled by the Distribution
of a common ion

2.0 ml of organic solution containing reactants

(mediatorþ 5mM BATB/mediatorþ CoTTPþ 5mM BATB) and

an equal amount of aqueous solution containing 10 mM

HClþ 5mMLiTBwere added into a quartz cuvette (path length

10 mm). Both phases contained 5 mM of TB�, hence the gal-

vani potential difference across the interface was fixed to

a value for proton transfer to take place. Because Nernst

equation (Eq. (1)) applies to all common species, and

electroneutrality has to be fulfilled in the both phases,

transfer of HTB to DCB has to take place. Transferred

protons then react homogenously with the mediator and

oxygen, according to reaction (5):

2MðoÞ þO2ðoÞ þ 2HþðoÞ/2MþðoÞ þH2O2ðaqÞ (5)

The calculations of the galvani potential difference are

explained in the supplementary information. UV/Vis spectra

of the organic phase were measured with the wavelengths of

190e800 nm at fixed times (Varian Cary 50 Conc spectropho-

tometer). The hydrogen peroxide concentration of the

aqueous solution was measured with the KI method [36].

Briefly, equal volumes of basic KI solution and KHP

ammonium molybdate solution were mixed before the

analysis, followed by addition of the sample. Ammonium

molybdate catalyzes the oxidation of iodine by hydrogen

peroxide, so that triiodide is formed. The UV/Vis spectrum

was measured immediately afterward, and the absorbance

of the I�3 peak at 352 nm was recorded.

2.5. Ultramicroelectrode experiments

CVs of differentmediators (Fc, DMFc, DcMFc, TTF) in DCBwere

measured with a 25 mm Pt ultramicroelectrode (UME) at the

scan rate of 20 mV/s. The counter electrode was a platinum

disc and a silver wire was used as a quasi-reference electrode.

The supporting electrolyte was 5 mM BATB.

2.6. Fuel cell approach

In the fuel cell utilizing a liquideliquid interface the anode

was in contact with the aqueous phase and the cathode in

contact with the organic phase. The anode reaction proceeds

according to the Eq. (3). Protons formed at the anode transfer

through the ITIES and the electrons transfer to the cathode via

the external circuit. Oxygen gas saturated with the organic

solvent is fed on the cathode and forms a complex with

CoTPP. This complex receives protons from the aqueous

phase and electrons from the mediator (M), producing

hydrogen peroxide. The CoTPP is released and hydrogen

peroxide transfers to the water phase [22]. The data for

oxygen solubility in DCB is not available, but the

concentration of oxygen in chlorobenzene saturated with

pure oxygen at room temperature is 7.75 mM, seven fold to

that in water [37]. The oxidized mediator is regenerated at

the cathode, completing the catalytic cycle.

The reaction at the interface is

2MðoÞ þO2ðoÞ þ 2HþðaqÞ��!CoTPP
2MþðoÞ þH2O2ðaqÞ (6)

And the mediator is regenerated on the cathode:

MþðoÞ þ e�/MðoÞ (7)

The operation principle of the fuel cell is shown in Fig. 5.

To improve the hydrogen peroxide collection, the flow fuel

cell described in Fig. 6 was developed. It consists of aluminum

Fig. 3 e The four electrode cell used for the CV

measurements. The oil phase is shown shaded.

Scheme 1 e The electrochemical cell used in the CV

experiments. M is a mediator.

Fig. 4 e The cell used for four electrodemeasurements with

a gelled oil phase.
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endplates (can be thermostated) and graphite flow channel

plates (Tanso AB). A PTFE flow channel for aqueous phase

(thickness ¼ 3 mm) was placed between the flow channel

plates. On the anode side the flow channel plate is covered

by a gas diffusion layer (woven carbon, 60% PTFE, Cadillac

Products) and the Pt electrode on carbon support (E-TEK,

0.25 mg Pt/cm2). The aqueous flow was separated from the

anode by a Nafion 115 membrane (DuPont). On the cathode

similar gas diffusion electrode is used, covered with a gelled

organic phase. The area of the oilewater interface was

4.14 cm2. The cell was tightened with eight bolts, with the

torque of 5 Nm.

The Pt electrodes were cleaned with 1 M methanol for

30 min and washed with Milli-Q water and acetone. Gelled

organic phase was cast on the Teflon mold on a gas diffusion

electrode (E-TEK, 0.25 mg Pt/cm2). Thickness of the gel layer

was controlled with the mold thickness. Fc, DMFc, DcMFc and

TTF were used as mediators and CoTPP as a catalyst. The

supporting electrolyte was 5 mM BATB. About 10 g of 10 mM

LiCl þ 10 mM HCl solution was weighed into the aqueous

circulation tank. The aqueous flow rate was 0.5 ml/min. The

flow rates of the gases were 20 ml/min. Electrochemical

measurements were also done with the same Autolab

PGSTAT100potentiostat.CVsweremeasuredwithandwithout

iR compensation at a scan rate of 50 mV/s. Chronoampero-

metric or galvanostatic experiments were performed, and the

hydrogen peroxide concentration was determined afterward

from the water circulation by the potassium iodide method

[36]. The efficiency of H2O2 productionwas calculated from the

concentration of H2O2 in the water circulation, circulated

volume and the charge passed during the experiment. As

polarization of the anode is negligible due to fast kinetics and

mass transport, it can be regarded as a dynamic hydrogen

electrode, a combined reference and counter electrode for

fuel cell measurements [38].

3. Results and discussion

3.1. Four electrode cell measurements

Fig. 7 shows the iR compensated potential windows of 5 mM

BATB in oil phase and 10 mM HCl þ 10 mM LiCl þ 1 mM

TEACl in aqueous phase for different solvents at the scan

rate of 50 mV/s. The windows are shown relative to the half-

wave potential of TEAþ transfer. The widths of the potential

windows and physical properties of the solvents are shown

in Table 1. The widths were estimated from the return peak

potentials.

The results show that DCB has the widest, and DFB has the

narrowest window. The difference in the shapes of the

window limits is explained by uncompensated solution

resistance which increases with the decreasing relative

permittivity of the solvent due to ion-pairing of the supporting

electrolyte. The resistance of DFB and DCE solutions was the

easiest to compensate. The dissolution of BATB is fast in DCE,

DCB, DCH and DFB. The CVs measured for DCH and CB were

difficult to iR compensate, as could be expected from the low

relative permittivity of these solvents. The use of DCE is

problematic due to its high vapor pressure. Because DFB had

too narrow a potential window, DCB was chosen as the

solvent for further studies.

The compensated CVs for DCB solutions with 5 mM

BATB þ TEAþ and with different mediators (5 mM) þ 1 mM

Fig. 5 e Operation principle of the fuel cell utilizing

a liquideliquid interface. Hydrogen is oxidized on the

anode, and protons are transferred across the liquideliquid

interface. Oxygen is reduced on the interface, consuming

protons and DMFc, producing hydrogen peroxide and

DMFcD. Hydrogen peroxide is transferred to the aqueous

phase and DMFcD is oxidized to DMFc at the cathode.

Metalloporphyrins are used to catalyze the interfacial

reaction.

Fig. 6 e The flow fuel cell for hydrogen peroxide

production. The endplates and electrodes are similar to the

ones used in typical fuel cells. Aqueous circulation has the

task of the membrane to conduct protons, and also to

extract hydrogen peroxide.
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CoTPP are shown in Fig. 8A and the effect of the pH in Fig. 8B.

Fig. 8 shows that PCET takes place also in DCB, and the PCET

peak observed at the positive limit of the potential window

corresponds to the catalytic cycle for ORR in water-DCE

interface proposed by Partovi-Nia et al. [23] (Scheme 2). It is

also observed that both mediator and CoTPP are needed for

PCET to occur.

CoTPP has two roles in the system, as shown in Scheme 2.

One is to extract protons from the aqueous phase to the

organic, lowering its transfer potential by the factor

ðRT=FÞlnð1þ Ka½P�Þ, where Ka is the association constant of

proton with porphyrin, P. The Gibbs energy of transfer of

proton is of the order of 50e60 kJ/mol [41]. Thus, without

CoTPP this transfer would take place beyond the positive

limit of the potential window. The other role is to co-

ordinate the oxygen so that charge transfer can take place.

The PCET peak is also missing in anaerobic conditions (data

Fig. 7 e : iR compensated potential windows of different

solvents with 1 mM TEACl in aqueous phase.

Table 1 e The width of the potential windows and
physical properties of the solvents.

Solvent Width
(V)

Boiling
pointa (�C)

Vapor
pressureb

(kPa)

Relative
permittivitya,

20 �C

CB 0.90 131.7 1.2 5.62

CP 0.90 108.4 4.3 6.65

DCB 1.00 180 0.2 10.12

DCE 0.70 83.5 11.1 10.42

DCH 0.75 204 0.1 8.95

DFB 0.40 94 7.5 13.94

a Ref. [39].

b Ref. [40].

Fig. 8 e CVs in the presence of only the supporting

electrolyte (dotted black) and the effect of the different

mediators in the presence of 1 mM CoTPP. The effect of

gelling the DCB phase is also shown (dashed black) (A). pH

effect of the compensated potential window of 0.1 mM

CoTPP D 2 mM DcMFc D 5 mM BATB in DCB (B).

Scheme 2 e Reaction scheme for ORR by a mediator

catalyzed by CoTPP. IT is ion transfer and ET is electron

transfer [23].
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not shown), which means that without oxygen reduction the

transfer of protons is impeded after the catalyst is saturated

with protons.

The transfer of the oxidized mediator takes place in the

middle of the window, except in the case of DcMFcþ, the

transfer potential of which is outside the potential window.

The standard transfer potential of DMFcþ was estimated to be

ca. �0.024 V, based on its observed transfer half-wave poten-

tial. The transfer potential of DMFcþ from water to DCE is

reported to be between�0.064 and�0.090 V [42,43]. A value for

the DCB-water system can be estimated with the linear rela-

tion of Gibbs energies of transfer to be between 0.021

and �0.007 V. These values are within reasonable limits. The

method for estimation of the Gibbs transfer energies from

DCB to aqueous phase is presented in Supporting Information.

Fig. 8B shows that the window shifts about 0.05e0.1 V per pH

unit. Theoretically, the shift should be 59 mV, hence the CVs

are not fully iR compensated, which can also be seen from

the shapes of the CVs at their limits. Since gelling of the

organic phase did not have any significant effect on the

measured CVs (Fig. 8A), it is a good method to stabilize

the organic phase.

3.2. Ultramicroelectrode experiments

Ultramicroelectrode measurements were carried out to

establish the redox potentials of the different mediators. Also,

the effect of gelling on themobility of mediators was checked;

this issue is relevant considering the ohmic drop in the fuel

cell. The limiting current at the UME can be calculated with

the following equation [44].

Ilim ¼ �4nFDcba (8)

where n is number of electrons transferred, F Faraday

constant, D the diffusion coefficient, cb the bulk concentration

and a is the electrode radius. The diffusion coefficients were

calculated from the limiting current with Eq. (8) and are

shown in Table 2. For all the mediators n ¼ 1.

These results show that the diffusion coefficients decrease

with the increasing molecule size and gelling decreases the

coefficients by 15e25%. Diffusion in the gel is only slightly

slower because it forms a netlike structure which allows the

molecules to move rather freely. This phenomenon is analo-

gous to conduction of electric current in a dispersion con-

taining insulating particles [45]. Similar decrease has been

reported earlier with an aqueous agarose gel [46] and the

diffusion coefficient for DMFc compares well with the value

of 8.4$10�6 cm2/s reported earlier in Ref. [47]. The redox

potential scale for ferrocene derivates in DCB was measured

by mixing together solutions of 5 mM Fc, DMFc and DcMFc.

The formal potentials of the redox pairs were converted to

the SHE scale, using the known value of DMFc of 0.572 V [47].

The results agree with the redox potentials measured in

DCE [24] (Table 3). This methodology did not work for TTF,

probably because TTF reacted with ferrocene.

The formal potentials of the redox species are lower in DCE

because themore polar DCEmolecules are able to stabilize the

oxidized forms better than DCB [47]. This difference decreases

as the size and number of the substituents in the

cyclopentadienyl ring increases, because the methyl groups

are able to help to stabilize the positive charge of the central

iron atom.

Thermodynamic calculations were used to estimate the

standard redox potentials of the various redox pairs present in

the system, and the results are shown in Table 3. The values

for hydrogen and oxygen reduction reactions in DCB were

calculated from a thermodynamic cycle as shown in the

Supporting Information. Also the Gibbs transfer energies

from DCB to aqueous phase were estimated in the

Supporting Information.

For example, the reduction of oxygen to hydrogen peroxide

by ferrocene in oil phase is spontaneous with the standard

potential of 0.51 V in DCB and 0.53 V in DCE. The energy

required for the transfer of protons from aqueous to oil phase

can be compensated with a careful choice of a complexing

agent, facilitating the transfer.

3.3. Two-phase reactions controlled by the Distribution
of a common ion

To overcome the energy barrier of the proton transfer, TB�

was utilized to drive the protons into the oil phase. The UV/Vis

spectra of the organic phase (DCB) for 5 mM Fc with and

without CoTPP are shown in Fig. 9 at different times after

bringing the two phases in contact, without stirring. The

spectra with the other mediators are shown in Fig. 10.

The figures above prove that all the mediators are oxidized

during the measurements. The absorbance peaks of DMFcþ

and DMFc are at 653 nm and 781 nm, those of DcMFcþ and

DcMFc at 781 nm and 434 nm, and those of TTFþ and TTF at

581 nm and 447 nm, respectively. The time profiles of the

mediator cation absorbance are shown in Fig. 11.

Table 2 e The diffusion coefficients calculated from the
limiting current.

106 D (cm2 s-1)

5 mM DMFc in DCB 7.09

5 mM DMFc in gelled DCB 6.02

5 mM DcMFc in DCB 4.51

5 mM DcMFc in gelled DCB 3.38

5 mM TTF in DCB 5.89

5 mM TTF in gelled DCB 4.69

Table 3 e Standard redox potentials of various redox
pairs in the oil phase.

Reaction E0 vs. SHE
in DCB (V)

E0 vs. SHE
in DCEa (V)

Fcþ þ e� / Fc 0.73 0.64

DMFcþ þ e� / DMFc 0.57 0.48

DcMFcþ þ e� / DcMFc 0.06 0.03

Hþ þ e� / 1/2 H2 0.68 0.55

O2 þ 2Hþ þ 2e� / H2O2 1.24 1.17

1/2O2 þ 2Hþ þ 2e� / H2O 1.86 1.75

a Ref. [24].
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The reactions of DcMFc and TTF are much faster than

those of the other mediators. This is probably because DcMFc

has a lower redox potential as shown in Table 3. The redox

potential of TTF in acetonitrile, þ0.30 V vs. aq SCE, is similar

to redox potential of ferrocene in acetonitrile (þ0.31 V vs. aq

SCE) [48], so the observed increase in the reaction rate of

oxygen reduction is probably due to different reaction

mechanism. TTF did not produce any hydrogen peroxide,

implying that four electron reduction of oxygen to water

took place instead of the two-electron reduction. DcMFc

produced the largest amount of hydrogen peroxide (21 mg/l

after 90 min). DMFc and Fc produced only ca. 1 mg/l of H2O2

in 3 h. The addition of CoTPP in the organic phase catalyzed

the oxidation of the mediators, as seen from Figs. Fig. 9B and

Fig. 11. The concentration of H2O2 also increased from 1 mg/l

to 11 mg/l with CoTPP catalyzing the oxygen reduction with

ferrocene.

The galvani potential difference between the aqueous

phase initially containing 10 mM HCl þ 5 mM LiTB and a DCB

phase containing 5 mM BATB was calculated to be 0.64 V and

the composition of the two phases in the equilibrium is

tabulated in Table 4. Calculations are presented in the

Supporting Information.

Table 4 shows that addition of LiTB on the aqueous phase

drives protons into organic phase and these protons are

available for oxygen reduction. According to the Eq. (5),

ferrocenium ions were generated and protons were

consumed in the reaction, so the galvani potential difference

decreased to 0.37 V when all the ferrocene was depleted.

Still, this potential is enough to keep all of the Fcþ in the oil

phase. The transfer potential of Fcþ was estimated to be

0.099 V, based on estimation of the Gibbs transfer energies

from DCB to aqueous phase presented in the Supporting

Information.

3.4. Flow fuel cell

Fig 12 shows the iR compensated CVs of 5 mM DMFc, 8 mM

DcMFc and 5 mM Fc with 5 mM BATB and 1 mM CoTPP in

gelled DCB.

Fig 12A shows, as with the four electrode cell experiments,

that both a mediator and a catalyst are needed to produce the

PCET peak. Fig. 12B shows that the mediator has an effect on

the position of the window. The shift of the negative limit

results from the nature of the cell: in a two electrode cell

electrode reactions and charge transfer across the ITIES are

Fig. 9 e The UV/Vis spectra of the DCB phase, 5 mM

BATB D 5 mM Fc with (A) and without 0.1 mM CoTPP (B) in

contact with an aqueous solution of 10 mM HCl and 5 mM

LiTB. The absorption peak of FcD is at 627 nm and that of Fc

at 447 nm.

Fig. 10 e The UV/Vis spectra of 5 mM DMFc (A), DcMFc (B),

and TTF (C) in DCB in contact with an aqueous solution of

10 mM HCl and 5 mM LiTB. The base electrolyte in DCB is

5 mM BATB.

Fig. 11 e Time profiles of the absorbance of the mediator

cations during the experiment.

Table 4 e Calculated equilibrium concentrations between
5 mM BATB in DCB and 10 mM HCl and 5 mM LiTB in
water, with the galvani potential difference of 0.66 V.

cBAþ ðmMÞ cTB� ðmMÞ cHþ ðmMÞ cLiþ ðmMÞ cCl� ðmMÞ
DCB 5.00 6.18 1.14 0.04 6.22$10�22

Water 2.77$10�22 3.82 8.86 4.96 10.00
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needed to produce current. The negative limit corresponds to

the redox potentials of different mediators: Fc has the highest

redox potential (vs. dynamic hydrogen electrode), as shown

previously with the UME measurements, hence ferrocene

oxidation takes place at the lowest potential. According to

the UME measurements the formal potential of DMFc is

160 mV less than the formal potential of the ferrocene.

Utilization of DMFc as a mediator shifts the left hand side of

the potential window ca. 150 mV toward right, and with

DcMFc the shift is ca. 400 mV.

In general, negative current means that mediator is

oxidized on the cathode, and hydrogen evolution takes place

at the anode. When the current is positive, regeneration

(reduction) of the mediator takes place at the cathode and

hydrogen oxidation at the anode. The behavior of the vol-

tammogram in the middle of the potential window deserves

a couple of clarifying comments.

Let us consider scanning the cell potential from positive

limit to the negative direction. When the potential is shifted

less positive, the driving force of proton transfer fromwater to

oil is reduced and reaction (6) is eventually terminated. At

sufficiently negative cell voltages, the cathode becomes

positive and able to oxidize the mediator, but in order to

keep electroneutrality in the oil phase, either a cation from

oil or an anion from water must be transferred across the

interface. The transfer potentials of Fcþ and DMFcþ are

smaller than that of Cl�. Since their concentration in the oil

phase is at the trace level, as they are formed only via the

cathode reaction, a characteristic voltammetric wave is

seen, i.e. in the middle of the window the current is limited

by their diffusion. When the cathode is made even more

positive (cell voltage negative), the potential of the oil phase

becomes so positive that also Cl� is able to cross the

interface. Since its concentration is very high, there is no

current limitation due to its transfer, and an exponentially

decreasing current is seen at the negative limit. DcMFcþ is

more hydrophobic than Cl� so Cl� is transferred first, and no

voltammetric wave within the window is seen. When the

voltage is scanned back to the positive direction, opposite

processes take place; mediator Mþ returns from water to oil,

and/or Cl� returns from oil to water. These processes at the

limits of the potential window are also described in Scheme 3.

For the fuel cell operation the overall cell reaction is the

combination of the Eqs. (2) and (3).

O2ðgÞ þH2ðgÞ/H2O2ðwÞ (9)

The calculation of the open circuit cell voltage is shown in

Supporting information, and the result is simply

Ecell ¼ 1
2

�
m

� ;o
O2

þ m
� ;w
H2

� m
� ;w
H2O2

�
þ RT

2F
ln

 �
aO2

�1=2�
aH2

�1=2�
aH2O2

�1=2
!

(10)

Because hydrogen in aqueous phase is in equilibrium with

pure hydrogen gas at atmospheric pressure and oxygen in the

oil phase is in equilibrium with pure oxygen gas in atmo-

spheric pressure, the equation simplifies to give

Fig. 12 e CVs of 5 mM BATB (black), 5 mM BATB D DMFc

(dotted black) and 5 mM BATB D DMFc D 1 mM CoTPP

(dash-dot) in gelled DCB phasemeasured with the flow fuel

cell (A), and the effect of the different mediators on the

potential window (B).

Scheme 3 e The cell reactions at the positive (A) and

negative (B) limits of the potential window.
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Ecell ¼ 1
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The standard fuel cell voltage is then simply [49]

h
E

�
O2=H2O2

iw
SHE

¼ 1
2

�
m

� ;g
O2

þ m
� ;g
H2

� m
� ;w
H2O2

�
¼ 0:695 V (12)

Similarly, if oxygen were reduced to water, the cell voltage

would be

Ecell ¼
h
E

�
O2=H2O2

iw
SHE

þ RT
2F

ln

0
B@
�
fO2

�1=2
fH2

aH2O

1
CA (13)

h
E

�
O2=H2O2

iw
SHE

¼ 1:229 V

Hence, the liquideliquid interface in the cell does not have

an effect on the cell voltage, because the mediator and the

catalyst are regenerated in the process. The measured open

circuit voltage of the system varied between 0.5 and 0.65 V,

indicating that the reaction proceeded via the two-electron

pathway.

In the long term experiments, the cell was operated as an

electrolyzer, keeping the anode potentials higher than the

cathode potential. The hydrogen peroxide concentrations

after galvanostatic operation (current density 24.15 mA/cm2)

were about 1 mg/l (1 h) and 5 mg/l (16 h). The current effi-

ciencies for hydrogen peroxide productionwere less than 25%.

Probably the current densities in these experiments were too

high, resulting in depletion of the ferrocene at the interface.

10 mMDcMFc gel produced 3.8 mg/l of H2O2 with an efficiency

of 58% (25 mA/cm2, 1 h). Short circuit conditions with a 10 mM

Fc gel produced 7.7 mg/l of H2O2 with an efficiency above 50%

after 16 h. After some of the galvanostatic experiments

a white layer was formed on the gel surface, indicating that

a salt was precipitated at the interface. After galvanostatic

experiments the potential window shifted to higher potentials

due to concentration polarization of the cell. These experi-

ments demonstrate that production of hydrogen peroxide is

indeed possible with a molecular fuel cell utilizing a liquid-

eliquid interface, with a reasonable current efficiency.

In addition, some impedance measurements were per-

formed with the flow fuel cell. The impedance spectra are

basically only suitable for evaluation of the ohmic resistance

of the cell, because the cell was not designed for impedance

measurements. The main source of the cell impedance was

the thick gel layer. The typical ohmic resistance of the 2 mm

gel was 1000e2000 U.

4. Conclusions

Oxygen reduction at the immiscible oilewater interface is

utilized to produce hydrogen peroxide in a novel type of a fuel

cell. Four different redox mediators, ferrocene, 1,10-dime-

thylferrocene, decamethylferrocene and tetrathiafulvalene,

are used to reduce oxygen, and the reaction is catalyzed by

a molecular catalyst, cobalt tetraphenyl porphyrin. Because

tetrathiafulvalene is able to reduce oxygen directly to water, it

is not a suitable redox mediator for hydrogen peroxide

production. 1,2-dichlorobenzene is used as an oil phase, and it

can be gelled with PVC to have it more manageable. Oxygen

reduction is coupled with proton transfer from water to the

organic phase, which is facilitated by the catalyst. In the

absence of either the catalyst or fed oxygen no anodic current

could be seen, confirming the existence of heterogeneous

electron transfer according to the suggested reaction scheme.

These experiments show that heterogeneous molecular

catalysis can be utilized in a fuel cell/electrolyzer, and

hydrogen peroxide production is possible with this novel type

of a cell. Although this system has little of commercial

importance, it presents a novel paradigm for utilizing molec-

ular organometallic non-platinum catalysts for oxygen

reduction, which has significance in mimicking oxygen

reduction in biological systems.
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