Appendix
Photoinduced Electron Transfer Reaction at the
Liquid/Liquid Interface
A.1 Introduction
In natural photosynthesis, the light energy from the sun is used to facilitate the uphill
reaction between carbon dioxide (CO2) and water, finally resulting in its conversion into
chemical energy that is stored in carbohydrate molecules. The proteins that participate in light
harvesting and the following electron-transfer events are embedded within cell membranes.
Due to the great success of natural photosynthesis in powering life for billions of years and
the current global energy and environment crisis, a great deal of efforts has been made to
mimic this process. The term of “artificial photosynthesis” is then coined and it mainly
focuses on the realization of elementary function but not the complicated mechanism occurred
in natural photosynthesis. Hence, designing efficient systems utilizing sunlight to make
renewable fuels such as hydrogen (H2) from water splitting and hydrocarbons from CO2
reduction is one of the Holy Grails in chemistry.1 The advantage of H2 over hydrocarbons is
that hydrogen can be burned either in a flame or in a fuel cell to produce only water.2
However, storage and carriage of H2 is a technological concern.
Hydrogen peroxide (H2O2) can be an energy carrier alternative to fossil fuels or H2, due to
its potential to be used as a fuel in a direct H2O2 fuel cell.3 Currently 95% of world’s H2O2
production is made through the biphasic anthrahydroquinone oxidation (AO) process via
reduction of oxygen with hydrogen in a high yield.4 An electrocatalytic 2e− reduction of O2 to
H2O2 powered by a photovoltaic solar cell has been demonstrated by Fukuzumi’s group.3
Another methodology, utilizing (catalyzed)oxygen reduction reaction (ORR) at a liquid/liquid
interface, or the interface between two immiscible electrolyte solutions (ITIES), that is
normally composed of two phases between water (w) and an organic solvent (o) such as 1,2dichloroethane (DCE), has been developed for ca. 20 years.5,6 Very recently, Rastgar et al.
has developed a simple method for H2O2 production via ORR at the ITIES catalyzed by insitu generated reduced graphene oxide (RGO), with a yield of ca. 43%.7 The non-ideal H2O2
yield from this protocol compared to the AO process lies in the fact that in the former case
ORR mainly occurs in the bulk of the organic phase8 and some of the produced H2O2 will be
either decomposed or reduced by the transition-metal complexes such as ferrocene (Fc) and
its derivatives before its partition into the aqueous phase.9,10 A very recent work from
Opallo’s group11 showed that H2O2 could be also generated from ORR at the liquid/liquid
interface under conditions unfavorable for proton transfer, but the reaction is really slow. It
should be noted that in 2004, Nagatani et al. Have suggested the photo-production of H2 at the
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ITIES employing 5,10,15,20-tetraphenylporphyrinato zinc (ZnTPP) as a lipophilic sensitizer
in contact with an acidic aqueous phase to regenerate the photooxidized sensitizer,12 but the
product is more likely H2O2 from oxygen reduction than H2, considering that oxygen
reduction is much easier from the thermodynamic point of view. The yield of H2O2 in this
experimental configuration should be higher, taking into account its heterogeneous nature.
Photoinduced heterogeneous electron transfer (ET) reactions between a sensitizer (S) and a
quencher (Q) located at either side of the ITIES can mimic the photosynthesis process that
leads to the facile charge/product separation from the intermediate ion pair (S+Q−) formed at
the interface.13 Eugster et al. Investigated the heterogeneous ET between a series of Fc
derivatives and a zinc porphyrin heterodimer at the polarized w/DCE interface and a quasisquare-wave shaped photocurrent response was observed when decamethylferrocene (DMFc)
was used as the lipophilic quencher.14 They suggested that the back ET is slower compared to
the product separation, as the driving force for the forward ET increases and the driving force
for the back ET decreases, resulting from the more negative redox potential of the DMFc in
comparison with the other ferrocene based donors.14 However, a detail was mentioned that the
photocurrent transients in the presence of DMFc could last for hours of illumination, which
has not been understood.
In the present chapter, photoinduced ET between a hydrophilic zinc meso-tetra(4carboxyphenyl)porphyrin (ZnTPPC) and DMFc in DCE has been studied. The results show
that the photocurrent intensity is dependent on the ET driving force and increases with the
increase in the aqueous acidity. Biphasic shake-flask experiments has also been conducted to
show that ZnTPPC is not degraded during ca. 2h illumination and a mechanism involving
ZnTPPC regeneration via reducing O2 to H2O2 by ZnTPPC− is thus demonstrated. The yield
of produced H2O2 is estimated to be 55.7% that is highest in the ITIES system up to date. To
further improve the system, the electron donor could be regenerated photocatalytically for
example by dark TiO2,15,16 accomplishing the production of solar fuel sustainably.

A.2 Experimental section
A.2.1 Chemicals
All chemicals used throughout this chapter have been summarized in Section 2.2 in Chapter
2.

A.2.2 Photoelectrochemical measurements
Cyclic voltammetry (CV) and photocurrent transient measurements were recorded at the
w/DCE interface (1.53 cm2) in a normal three-compartment, four-electrode glass cell with a
PGSTAT30 potentiostat (Metrohm, CH).13 Photocurrent measurements were achieved by
illumination at the w/DCE interface by a blue InGaN LED light (peak wavelength at 450 nm,
typical power output of 20 mW, GmbH, Austria) controlled by a wave-function generator.
The following photoelectrochemical cells were used :
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10 mM NaCl

x mM Fc derv. 10 mM LiCl

Ag AgCl 0.1 mM ZnTPPC y mM BATB 1 mM BACl AgCl Ag
(aq )
( DCE )
(aq ~ ref .)

(Cell A-1)

In Cell A-1, two quasi-reference electrodes, Ag/AgCl, were used to measure the
potential/polarization of the interface ; ‘Fc derv.’ Refers to the two ferrocene derivatives
evaluated individually – Fc and DMFc. It should be noted that the potential scale was not
calibrated into the conventional Galvani potential scale ( ∆ owφ ), as here only preliminary
results were shown. However, the cell potential, E, is related to ∆ owφ by E = ∆ owφ + ∆Eref, in
which ∆Eref is dependent on the compositions of the two reference electrodes and the junction
potential at the DCE-aqueous reference phase interface.17 Hence the non-calibrated potential
scale E is still equivalent to ∆ owφ . All experiments were performed under aerobic conditions.

A.2.3 Two-phase shake flask reactions
Two-phase shake flask reactions were performed in a small flask under stirring (1000 rpm)
and illumination (with a monochromatic high power LED of ~200 mW at 455 nm, Thorlabs,
M455L2, USA) conditions to clarify the reaction mechanisms. For these experiments, equal
volumes (2 mL) of DCE and aqueous solutions containing the reactants with the initial
compositions shown in Scheme A-1 were employed. After reaction, the aqueous and organic
phases were separated and the UV/Vis spectrum of the DCE phase was measured directly.
The aqueous phase was firstly acidified by 1 M HCl to precipitate the ZnTPPC and then
subject to ultracentrifugation for 1 min. The obtained supernatant was used to analyze the
probable reaction product – H2O2, following the methodology detailed in Section 2.4.1.1.1 in
Chapter 2.18 At the same time, microelectrode voltammetry employing a commercial glassy
carbon (GC) microelectrode (Princeton Applied, diameter 13.7 μm) was conducted in a threeelectrode system with a CHI900 electrochemical workstation (CH Instruments, Austin, USA)
to estimate the percentage of consumed DMFc. The quasi-reference electrode is an Ag wire
and the counter electrode is a Pt wire. UV/visible (UV/Vis) spectra were obtained with an
Ocean Optics CHEM2000 spectrophotometer with a quartz cuvette (path length : 10 mm).

Scheme A-1. Schematic representation of the initial compositions for shake-flask experiments under aerobic and
illumination conditions. Stirring rate : 1000 rpm ; LED : 455 nm ; Duration : 2 h 13 min for (a) and 14 h for (b).
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A.3 Results and discussion
A.3.1 Photoelectrochemical measurements
Figure A-1 shows the cyclic voltammograms of the w/DCE interface recorded in the dark,
employing the electrochemical Cell A-1 with x = 1 Mm Fc and y = 2 (full line) and with x = 5
Mm DMFc and y = 5 (dashed line), respectively. In the case of Fc, the potential window of
nearly 600 mV without any evident Faradaic signal is observed, which is ca. 100 mV wider
than that reported previously.19 This is probably because the iR drop was much larger in the
cell used before.19 The absence of Faradaic signal in the potential window indicates that no
ET event occurs across the w/DCE interface when ZnTPPC is at ground state. Interestingly,
the potential window is much narrower featured with the dramatic shift of the positive limit to
more negative potential, in the case of DMFc. This phenomenon can be caused by oxygen
reduction in the organic phase catalyzed by hydrated alkali metal cation (here Na+) transfer.20
Nevertheless, it should be stressed that the CV recorded in the presence of DMFc ensues from
illumination at the w/DCE interface over a period of time. This may produce some species
that limit the positive potential window.

Figure A-1. CVs recorded at 50 mV s−1 using electrochemical Cell A-1 with x = 1 mM Fc, and y = 2 (aerobic,
full line) and x = 5 mM DMFc, and y = 5 (aerobic, dashed line), respectively. Notes : LED at 450 nm has been
turned on and off over a period of time before the dashed line is recorded, besides, the potential is not corrected
in the Galvani scale.

Photocurrent transient responses obtained using electrochemical Cell A-1 with 5 mM DMFc
as the quencher in DCE and 0.1 mM ZnTPPC as the photosensitizer in aqueous are shown in
Figure A-2, at different interfacial potential differences.
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Figure A-2. Photocurrent transient measurements at different interfacial potentials obtained using the
electrochemical Cell A-1 with x = 5 mM DMFc, and y = 5. Notes : The employed potential for photocurrent
measurement is not corrected in the Galvani scale, and the current value recorded in the dark is set to zero.

It can be seen that positive photocurrent responses are observed at all potentials, indicating
the heterogeneous photoinduced electron transfer is directed from DMFc to excited ZnTPPC,
marked as ZnTPPC*. Besides, photocurrent intensity increases with the increase in the
interfacial potential differences. The quasi-square-wave photocurrent response also reflects
the absence of the back electron transfer. The photocurrent transients in the case of Fc as a
function of the interfacial potential were also investigated (not shown), showing that the
photocurrent also increases with increasing the applied interfacial potentials. However, in the
presence of Fc, the photocurrent relaxes after the initial illumination and then a negative
overshoot is observed upon interruption of the illumination, indicating a back electrontransfer process. The driving force or the standard Gibbs free energy ( ∆Get° ) for this
heterogeneous electron transfer can be expressed as

(

DCE
°
]w − [ EQ° + /Q ]SHE
∆Get° = − F [ EP*/
+ ∆ owφ
P − SHE

)

(A-1)

°
DCE
]w and [ EQ° + /Q ]SHE
where [ EP*/
are the standard redox potentials (vs. SHE) for the excited
P − SHE

sensitizer/porphyrin and quencher in aqueous and DCE, respectively, and F is Faraday
constant. The specific potential values are shown in Figure A-3 – energy level diagram.
Equation A-1 and Figure A-3 explain the different behavior between Fc and DMFc in the
photocurrent transients.
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Figure A-3. Energy level diagram of the participated species during the photoelectrochemical reaction. Notes : P
denotes ZnTPPC, ITIES means the interface between two immiscible electrolyte solutions.

Then, the mechanism behind this photocurrent can be generally described by :19
hv
ZnTPPC w 
→ ZnTPPC∗w

(Photoexcitation)

(A-2)

kd
ZnTPPC∗w 
→ ZnTPPC w

(Decay of the excited state)

(A-3)

ket
→[ZnTPPC − Q + ]ITIES
ZnTPPC∗w + Q o 

(Electron transfer)

(A-4)

ps
→ ZnTPPC−w + Qo+
[ZnTPPC− Q + ]ITIES 

(Product separation)

(A-5)

krec
[ZnTPPC − Q + ]ITIES →
ZnTPPC w + Q o

(Recombination)

(A-6)

k

where [ZnTPPC− Q + ]ITIES is the photoinduced intermediate ion pair formed at the ITIES.
Interestingly, the photocurrent transients in the presence of DMFc under a given interfacial
potential increase dramatically with the dropwise addition of acid (0.1 M HCl) into the
aqueous phase, seen from Figure A-4. Besides, the photocurrent increases with time after the
addition of acid, probably caused by diffusion of H+ towards the interfacial site thus providing
more H+ for reaction. Considering the redox species available in the aqueous phase, the water
or oxygen will be the electron acceptor from the reduced ZnTPPC, resulting in the
regeneration of ZnTPPC. But it cannot exclude the possibility of increased concentration in
ZnTPPC adsorbed at the ITIES upon acidification,21 considering the pKa1 of the carboxylic
group of ZnTPPC is 4.2.22
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Figure A-4. Effect of acid (0.1 M HCl) added in the aqueous phase and its diffusion with time on photocurrent
response. Notes : The employed potential for photocurrent measurement is not corrected in the Galvani scale,
and the current value recorded in the dark is set to zero.

Figure A-5 shows the time profile of the photocurrent transients with and without the
addition of HCl in aqueous phase. The photocurrent is stable without any degradation during
this period and even lasts for hours. Comparing the results in Figures A-4 and A-5, it implies
that ZnTPPC is recycled.

Figure A-5. Time profile of the photocurrent transients with and without additional HCl in aqueous phase.

A.3.2 Two-phase shake flask reactions
To confirm further the claims made above, biphasic shake-flask experiments employing the
initial composition described in Scheme A-1 “a” under illumination (455 nm) were
conducted, shown in Figure A-6. It can be seen that ZnTPPC is not degraded and DMFc is
oxidized to DMFc+ featured with the green color, after ca. 2 h of reaction.
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Figure A-6. Photographic illustrations of photocatalytic biphasic reactions employing the initial compositions
described in Scheme A-1 “a” at the beginning (a) and after 2 h 13 min (b).

The UV/Vis spectra of DCE and aqueous phases were also analyzed and shown in Figure
A-7. It can be seen in Figure A-7 (red line) that DCE solution after biphasic reaction shows an
absorption band with the maximum located at 779 nm corresponding to DMFc+, whereas the
characteristic absorption peak for DMFc at 425 nm disappeared. Formation of DMFc+ was
also confirmed by microelectrode voltammetry, as illustrated in the inset of Figure A-7.
Aqueous phase was firstly acidified to precipitate out ZnTPPC, and then analyzed for H2O2
by NaI method. The color of the aqueous after addition of NaI changed from colorless to deep
yellow immediately, indicating the formation of a large amount of I3−. I3− has absorption
bands located at 286 and 352 nm, as seen in Figure A-7. So it can be deduced that H2O2 is
formed from oxygen reduction by ZnTPPC− to recycle the ZnTPPC. Additionally, no reaction
occurred with the initial composition described in Scheme A-1 “b”. It indicates that chemical
polarization of the liquid/liquid interface to a slightly positive potential is essential for this
biphasic photocatalytic reaction to proceed.

Figure A-7. UV/Vis spectra of the aqueous phase (diluted 6 times, black line) after treatment with 0.1 M NaI for
0.5 h and organic phase (red line) after the biphasic photocatalytic reaction using the composition in Scheme A-1
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“a”. Inset shows the microelectrode (glassy carbon, diameter 13.7 μm) voltammetry in the DCE phase after the
biphasic photocatalytic reactions.

The percentage of DMFc oxidized and the H2O2 yield are summarized in Table A-1. It is
promising to have 55.7% yield of H2O2 that is highest in the ITIES system reported up to
date.7 This is because ZnTPPC works as a photocatalyst mediating vectorial electron transfer
from lipophilic DMFc to aqueous O2 in this novel strategy, minimizing the decomposition and
further reduction of H2O2 by DMFc in the strategy reported before.9,10

Table A-1. The percentage of oxidized DMFc and H2O2 yield.

Electron donor

Conversion / %

Detected H2O2 / Mm

Theoretical H2O2 / Mm

H2O2 yield / %

DMFc

72.7

0.2024

0.3635

55.7

A.3.3 Mechanism
Based on the discussions above, the biphasic photocatalytic reaction goes via the
mechanism depicted in Figure A-8. Upon illumination, ZnTPPC is excited to ZnTPPC* and
then electron exchange between DMFc and ZnTPPC* occurs with the formation of ZnTPPC−
and DMFc+ in aqueous and DCE, respectively. Simultaneously a TMA+ ion will transfer from
DCE to aqueous phase to keep the charge neutrality in each phase. Aqueous O2 works as the
final electron acceptor from ZnTPPC− to regenerate ZnTPPC and produce H2O2.

Figure A-8. The proposed mechanism for this photocatalytic biphasic reaction, in which P denotes ZnTPPC.

A.4 Conclusions
Photoinduced heterogeneous electron transfer from lipophilic DMFc to aqueous ZnTPPC
was demonstrated at the w/DCE interface. Photocurrent increases dramatically with the
acidity increase in aqueous, due to either the regeneration of ZnTPPC via oxygen reduction or
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increase in concentration of ZnTPPC adsorbed at the ITIES upon acidification. Acidification
also makes oxygen reduction easier; this might be one reason for the increasing photocurrents.
The quasi-square-wave shaped photocurrent response can be explained by both the increase in
driving force for the electron transfer and ZnTPPC recycling. A photocatalytically
heterogeneous H2O2 production strategy with a relatively high yield can be developed if the
lipophilic electron donor can be recycled by e.g. water oxidation photocatalytically. In
principle, H2 can be also obtained using this system under anaerobic conditions, implied by
the energy level diagram of Figure A-3. Then an indirect water splitting system can be
envisaged.
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Chapter 8
Conclusions and Perspective
Chapter 1 of this thesis gives a comprehensive review of the state-of-the-art of the research
on liquid/liquid interface electrochemistry. Chapter 2 summarizes the experimental and
instrumentation details employed in conducting the research throughout this thesis.
Chapter 3 to 7 in this thesis is dedicated to elucidation of the mechanism,
thermodynamics/kinetics of oxygen reduction reaction (ORR) at the liquid/liquid interface,
which is fundamentally important to both biology (i.e. respiration) and practical applications
such as in catalysts screening for fuel cells. The methods employed are UV/Vis spectroscopy,
microelectrode voltammetry, four- and three-electrode liquid/liquid interface voltammetry,
scanning electrochemical microscopy (SECM), as well as finite element method (FEM)
simulations. The ORR can be initiated by either the transfer of protons or hydrophilic metallic
cations from aqueous to organic phase controlled by either an external power source or a
phase transfer catalyst, and the reaction requires the presence of an electron donor in the
organic phase. With ferrocene derivatives used as the lipophilic electron donors, the ORR
mainly goes via the 2e−/2H+ pathway with H2O2 as the product even though the yield is not so
high due to the further reduction and decomposition of H2O2 by these transition metal
complexes. Specifically, the overall biphasic reaction is composed of a potential dependent
proton/cation transfer (i.e. ion transfer, IT) followed by two homogeneous chemical reactions
(C1C2) occurring in the organic phase – an IT-C1C2 mechanism.
In Chapter 3, when 1,2-diferrocenylethane (DFcE), a multiferrocenyl compound, is used as
the lipophilic electron donor, the ORR in the organic phase proceeds via oxidation of one
ferrocenyl side to form DFcE+ until all DFcE is converted. DFcE+ can be further oxidized by
oxygen to produce DFcE2+, but at much slower rate due to the lower thermodynamic driving
force. Depending on the published results (by others) and the investigations herein, it implies
that the supporting electrolyte and solvent can have significant influence on the reaction
pathway. Besides, H2O2 can be reduced by DFcE at a rate that is even faster than that for ORR
by DFcE.
In Chapter 4, a novel method − H2O2 production via ORR catalyzed by in-situ generated
reduced graphene oxide (RGO) at the liquid/liquid interface is developed. RGO is formed by
heterogeneous reduction of GO in aqueous by ferrocene derivatives in the organic phase. The
H2O2 yield with decamethylferrocene (DMFc) as the lipophilic electron donor is ca. 43%.
This simple approach could be an alternative method for H2O2 production, instead of the
traditional, ungreen anthraquinone oxidation (AO) process.1 While, the AO process involves
the use of the expensive palladium catalyst, sequential hydrogenation and oxidation of the
anthraquinone in an organic phase, and the liquid/liquid extraction of H2O2.
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Chapters 5 and 6 provide new physical insights into the mechanistic details of this biphasic
ORR by comparison of the cyclic voltammetry (CV) and SECM experiments with the FEM
simulations through COMSOL Multiphysics software. Kinetic rate constants for the ratedetermining step – protonated electron donor formation (1) and the following HO2• formation
step (2) during the ORR are determined and the reaction is recognized to occur mainly in the
bulk organic phase. In the CV strategy, the rates of 1 and 2 were determined to be 5 × 102 and
1 × 104 L∙mol−1∙s−1, respectively, for DMFc as the electron donor. In the SECM approach, the
rate of 1 was estimated as ca. 1-2.5 × 102 L∙mol−1∙s−1. This implies a good agreement between
these two methods. Besides, counter-anions such as ClO4− can inhibit the ORR kinetics
significantly due to ion-pair formation, so does H2O concentration.
Chapter 7 shows that ORR can also occur without any pre-existing protons but in the
presence of hydrophilic metallic cations in the organic phase, proving that hydrophilic ion
transfer is an activated rather than a simple diffusive process – interaction between a
protruding water finger and the transferred ion at the interface plays an important role for the
successful transfer.2 These small cations either are re-hydrated by the pre-existing water
clusters dispersed inside the organic phase after transfer or just keep their hydration shells
inert during the transfer process. Hydrophilic cations polarize the water molecules in their
solvation shells due to electrostatic interactions between the ions and the water dipoles and
with the help of hydrogen bonding from adjacent water molecules, making the protons more
acidic. Now the mechanism of oxygen reduction mirrors the mechanism under proton
conditions, with the difference that now the proton source is water from the solvation shell of
the cation. Additionally, hydrogen evolution and SN1 reaction are also demonstrated in the
presence of hydrophilic metal cations. A hydration asymmetry parameter “HA” can interpret
the salt (e.g. LiTB) case. Besides, crown ether can enhance either the transferred cation
amount in the organic phase or the acidity of water molecules surrounded over the cations
entrapped in the macrocycles of crown ether, speeding up the reaction.
The Appendix chapter was focused on the photoinduced electron transfer across the
liquid/liquid interface with some preliminary results. The hydrophilic sensitizer is proven to
be recycled upon relaying electrons to oxygen to produce H2O2 directly in the aqueous phase,
minimizing the encounter between H2O2 and lipophilic quencher. 55.7% in H2O2 yield in this
heterogeneous photocatalyzed system implies a promising future if lipophilic quencher can be
recycled for example by photocatalytic water oxidation.
In the future, some works need to be considered:
1. [1.1]ferrocenophane, a multiferrocenyl compound, could be employed as the lipophilic
electron donor for ORR and hydrogen evolution at the liquid/liquid interface. Some
interesting phenomena in terms of reaction mechanism, such as generation of sandwich-kind
of complex intermediates, are expected. If so, the efficiency and kinetics of the reactions
could be promising. Besides, methylation on the cyclopentadienyl rings will lower the redox
potential of this compound to enhance the rate of ORR and hydrogen evolution.
2. Effect of different metal cations with varied charge densities and the corresponding
crown ethers or other kinds of complexing agents could be investigated for ORR and
hydrogen evolution at the liquid/liquid interface. It would also be interesting to search for
ligands that can inhibit the cation hydrolysis in the organic phase, as this would give more
information about the solvation of cations and complexed cations.
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3. Further work on photocatalyzed H2O2 production in the liquid/liquid interface system
should be conducted, such as SECM studies on the kinetic and mechanistic aspects. H2 should
be obtained under anaerobic conditions from the viewpoint of thermodynamics. It is proposed
to regenerate the electron donor at the expense of water oxidation photocatalytically by such
as dark TiO2, accomplishing the production of solar fuel sustainably.
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voltammetry at thin-film or three-phase electrode to study the thermodynamics and
kinetics of the ion transfer across the liquid/liquid interface.
Northwest A & F University, Yangling
• Under supervision of Lecturer Hui Mao.
• Deacidification studies on the hydrolyzed wastewater of acidated food oil;
• Optimum process conditions have been recognized.

Honors:
2007
2010

Outstanding diploma thesis (college level), Northwest A & F University
Outstanding diploma thesis (college level), South China University of Technology
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Patents:
Wang, L.; Huang, X.; Deng, H. Arbitrary function waveform voltammeter, Patent Number: CN101871908 B
Posters and Seminars:
1. “Oxygen reduction by decamethylferrocene at a liquid/liquid interface: a kinetic study by scanning
electrochemical microscopy” in the 63rd annual meeting of the International Society of Electrochemistry, 19-24
August, 2012, Prague, Czech Republic.
2. “Oxygen and hydrogen peroxide reduction by 1,2-diferrocenylethane at a liquid/liquid interface” in the 6th
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3. “Autolab” user meeting, 4th September, 2012, Zofingen, Switzerland.

Hobbies:
Hiking, Skiing, Swimming, Jogging, Pingpong, and so on.
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