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Abstract This work presents a new concept for realising

a reference electrode configuration in a PEM fuel cell by

means of laser ablation. The laser beam is used to evapo-

rate a small part of the electrode of a catalyst-coated

membrane (CCM) to isolate the reference electrode from

the active catalyst layer. This method enables the simul-

taneous ablation of the electrodes on both sides of the CCM

because the membrane is transparent for the laser beam.

Therefore, a smooth electrode edge without electrode

misalignment can be realised. A test fuel cell was con-

structed which together with the ablated CCM enables the

separation of the total cell losses during operation into the

cathode, anode and membrane overpotentials in PEFC as

well as in DMFC mode. The methanol tolerance of a

selenium-modified ruthenium-based catalyst (RuSex) was

investigated under real fuel cell conditions by measuring

polarisation curves, electrochemical impedance spectros-

copy (EIS) and current interrupt measurements (CI).

Keywords PEMFC � DMFC � Methanol-tolerant

catalyst � Reference electrode � Current interrupt

measurements � Electrochemical impedance spectroscopy

1 Introduction

The high-energy content of liquid methanol, a simple

storage and simple refilling make direct methanol fuel cells

(DMFC) a promising candidate for portable power appli-

cations. However, there are several serious technical

problems to overcome for such cells to be competitive in

the market. The thermodynamic reversible cell potential

for the overall cell reaction of a DMFC is 1.21 V at 298 K

[1]. However, the open circuit voltage (OCV) is typically

only in the range 600–750 mV [2–5]. This large overpo-

tential is caused by methanol crossover from the anode to

the cathode side, where methanol is oxidising on the

platinum catalyst and consequently causing a mixed

potential [2, 5–9]. To avoid the oxidation of methanol on

the cathode several methods have been explored. Possi-

bilities are the development of a novel membrane that

prevents the permeation of methanol through the mem-

brane [10, 11] or the use of methanol vapour instead of a

liquid methanol solution to reduce the amount of dissolved

methanol in water at the electrode/membrane interface [12]

and therefore the diffusive flux of methanol to the cathode.

Another approach to overcome the decrease in cathode

performance by methanol crossover is to use a methanol

tolerant oxygen reduction electrocatalyst, i.e., an oxygen

reduction reaction (ORR) selective catalyst [7, 9, 13–15].

High methanol tolerance is reported in the literature for

non-noble metal catalysts based on chalcogenides and

macrocycles of transition metals or platinum-based binary

alloyed catalysts [14]. Investigations of the electrocatalytic

activity of such catalysts using rotating disc electrode

(RDE) measurements in acidic media show cathode

potentials up to 1 V [14, 15]. Nevertheless, the OCV of

technical electrodes with methanol tolerant cathode cata-

lysts in DMFCs do not show such high values. Thus, either

the anode potential of the methanol oxidation reaction

(MOR) is far above the theoretical value of approx. 20 mV

[1] or a so far not completely understood coupling between

the cathode and anode causes this low OCV despite of a

methanol tolerant catalyst.
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Under real fuel cell conditions it is difficult to investigate

the influence of methanol on the cathode performance and

the coupling of the electrodes, respectively, without having

a reference electrode (RE) configuration in the cell.

Recently, several papers have been published about refer-

ence electrodes in a fuel cell. Some of these publications

focus on modelling the influence of the position of the ref-

erence electrode [16–18]. It was found that a misalignment

of the working and counter electrodes in the range of a few

microns (depending on the membrane thickness) results in a

highly asymmetric potential distribution near the electrode

edges in the membrane, causing an unknown potential shift

of the reference electrode towards the overhanging elec-

trode. Additionally, this shift depends on the current applied

to the cell, which leads to significant errors in electro-

chemical impedance spectroscopy (EIS) measurements. An

exact alignment is necessary for the reference electrode to

contact a current independent potential in the centre of the

membrane. This makes the preparation of a catalyst-coated

membrane (CCM) including a reference electrode very

difficult and hardly feasible. Thus, few publications can be

found presenting a reference electrode configuration in a

fuel cell [16, 19, 20] to determine polarisation data of the

cathode and anode. Due to the higher requirements on the

reference electrodes for EIS measurements only one paper

presents impedance spectra [21].

This work demonstrates a completely new concept for a

state-of-the-art prepared CCM (even a commercially

available CCM is possible) that will be treated by laser

ablation to produce a reference electrode on the same

membrane. This technique allows partial electrical insula-

tion of the electrodes by evaporation of a small isolation

gap with a laser beam. The segmented part can be used as a

reference electrode. By means of this reference electrode

configuration in a test cell the performance of a methanol

tolerant ruthenium-based catalyst modified with selenium

(RuSex) was investigated using polarisation curves, EIS

measurements and current interrupt measurements (CI).

2 Experimental

2.1 Preparation of reference electrodes

The preparation of the CCMs generally follows a standard

procedure. For the anode side a PtRu/XC72 catalyst from

Johnson Matthey (HiSpec10000) was used. For the cathode

side 40w%RuSex on 60w%XC72 was used. The catalyst ink

was pasted on a decal foil and then hot pressed on a Nafion

117. The catalyst loadings for the investigated CCMs can be

found in Table 1. A carbon cloth from E-Tek (thickness

350 lm) with a micro porous layer (40%PTFE/60%Vulc-

anXC72, thickness 80 lm) was used as gas diffusion layer for

all experiments. Starting from the prepared CCM the catalyst

layer is removed at the boundary of the working (WE) and

counter electrode (CE), respectively, and the reference elec-

trodes (RE) by laser ablation. Thus, a CCM with electrically

isolated catalyst layer regions is obtained (Fig. 1).

The CCM laser ablation was carried out with a

Nd:YAG-LASER (‘Rofin Sinar Laser GmbH’) operating at

a wavelength in the near infrared of 1,049 nm. Due to the

high adsorption values of the carbon supported catalyst and

the fact that the membrane is transparent to the laser beam,

the catalyst layers are very effectively removed on both

sides simultaneously without damaging the membrane. The

laser beam burns a gap of about 30 lm in the catalyst

layers. To ensure sufficient isolation between WE/CE and

RE and to avoid edge effects of the potential distribution in

the membrane to the reference potential the laser ablation

was repeated 10 times with a small offset of 10 lm. An

isolation gap of 300 lm was reached (Fig. 1a). By means

of this technique sharp electrode edges with an exact

alignment of the cathode and anode catalyst layers

(Fig. 1b) can be realised which would not be possible with

conventional electrode preparation methods. A detailed

discussion of MEA laser ablation can be found in [22].

2.2 Test cell and bench

The CCM treated by laser ablation was sandwiched

between two gas diffusion layers with micro porous layers.

The current collectors were made of titanium. Figure 2

shows the single channel flow field milled in the current

collector with a geometric area of 1 cm2. The cell tem-

perature was controlled by water channels inside the tita-

nium block connected to a cryostat (Fisherbrand FBC 720).

The cell temperature was measured by a thermocouple

1 mm above the flow channel in the titanium plate on the

cathode side. The contacts to the laser ablated reference

electrodes were realised by a gold wire positioned on the

gas/fuel outlet of the cell, approximately 2 mm from the

working/counter electrodes. The gold wire was wound like

a spring to achieve a good and stable contact to the elec-

trodes even when the membrane was swelling or shrinking.

Note that the reference electrode on the anode side and

Table 1 Catalyst loadings of the investigated CCMs

No. Cathode Anode

Catalyst Loading

(mg cm–2)

Catalyst Loading

(mg cm–2)

CCM #1 RuSex 0.9 Pt/Ru 2.0

CCM #2 RuSex 0.6 Pt/Ru 0.5

CCM #3 RuSex 1.26 Pt/Ru 1.9

CCM #4 Pt 1 Pt/Ru 3.0
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cathode side is in the same reactant compartment as the

WE and CE, respectively. Therefore, the potential of the

reference electrode on the cathode side is not that of a

normal hydrogen electrode (NHE) but the equilibrium

potential of the ORR and the potential of the reference

electrode on the anode side is the equilibrium potential of

the MOR. The advantage of this configuration is that the

reference electrodes are located as close as possible to the

WE/CE because no sealing is necessary to separate dif-

ferent reactant compartments. Disadvantageous is the fact

that the absolute values of the potentials (referred to the

NHE) cannot be measured and therefore poisoning of the

reference electrodes can impact the potential measure-

ments. This problem is discussed in the next section.

Figure 3 schematically shows an ablated CCM. The five

measurable voltages (V1–V5) and impedances (Z1–Z5) are

illustrated. The equipotential lines of an ideal symmetric

electrode alignment and homogeneous conductivity of the

membrane are pictured. The electrical potentials of the REs

(Ue
ra; Ue

rc) are connected via the phase boundary to the

protonic potential level in the middle of the membrane.

A SOLARTRON 1286 in combination with a SOLAR-

TRON 1250 frequency response analyser (FRA) was used

for electrochemical measurements. The current and cell

potential were recorded by the load itself. The cathode

overpotential (gc ¼ Ue
c � Ue

rc;) the anode overpotential

(ga ¼ Ue
a � Ue

ra) and the voltage difference of the REs

(UOC;R ¼ Ue
rc � Ue

ra) were measured with a Datalogger (HP

34970A). The electrochemical impedance spectra were

recorded in the frequency range 100 mHz to 10 kHz. The

current interrupt measurements were carried out using a

KEPCO load (BOP 20-5M), whereas the potential

Fig. 1 (a) Top view of the

ablated CCM: an isolation gap

of about 300 lm with sharp

electrode edges is reached. Only

a few particles are left on the

membrane. (b) Profile view: the

electrode edges are exactly on

top of each other

Fig. 2 The contact to the reference electrode is realised by a wound

gold wire at the gas/fuel outlet of the cell

Fig. 3 Schematic diagram of an

ablated CCM. Five different

voltages and impedances are

measurable
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relaxations were recorded on a digital oscilloscope (TEK-

TRONIX TDS3014B). The abrupt current interruption was

realised by releasing a fast protect switch. The gas flow was

regulated with gas flow controllers (Bronkhost) and was

humidified by passing each gas stream through an external

tempered humidifier. Temperatures of gas lines between

humidifier and cell were maintained 5 �C above the

humidifier temperature to avoid condensation. A pump

(HPLH20/200-PF, Ingenieurbüro CAT) was employed to

supply aqueous methanol solution from a reservoir.

3 Results and discussion

First, a proof of concept of the laser ablation for isolating

reference electrodes from a CCM is given. Figure 4a shows

a polarisation curve of the DMFC (CCM #1) together with

the cathode and anode overpotentials. Additionally, the

voltage difference between both reference electrodes

(UOC;R ¼ Ue
rc � Ue

ra) is pictured, which shows a stable po-

tential under load of about 610 mV. The cathode over-

voltage is corrected by the iR-drop whereas the resistance

is taken by the high frequency resistance (HFR: 10 kHz)

measured from the cathode (CE) to the cathode reference

electrode (see Fig. 2). The anode overvoltage is also cor-

rected by the iR-drop measured from the anode (WE) to the

anode reference electrode. For this operating condition the

activation overpotential of the ORR is about twice as large

as the overpotential of the MOR. The open circuit voltage

is about 605 mV (close to UOC,R). Polarisation curves of

CCM #2 fed with hydrogen as fuel are depicted in Fig. 4b.

The measurements show a higher OCV (875 mV) and a

higher limiting current density. The reference potentials are

also stable but UOC,R only reaches a value of about

820 mV. An explanation for this could be that the refer-

ence electrodes have never been under load and therefore

the catalyst is not completely activated or is in oxidized

state which would cause a lower UOC,R. The activation

overpotential of the hydrogen oxidation reaction (HOR) is

negligible compared to the ORR. The results of the steady

state measurements show that oxygen, as well as methanol,

generates a stable reference potential. An isolation gap of

300 lm in case of a Nafion 117 is large enough for the REs

not to be influenced by edge effects from the WE/CE.

Figure 5a shows impedance spectra of CCM #1 at a cell

potential of 50 mV (Tcell = 51 �C) using an aqueous

methanol solution (1 M) as fuel. Both small impedance

loops are anode spectra: Z4 is measured versus the cathode

reference electrode and Z5 is measured versus the anode

reference electrode (see Fig. 2). The diameter of the loops

are equal, indicating that both reference electrodes are

stable for EIS measurements. Z2 and Z3 are the cathode

impedance spectra referring to the two different reference

electrodes. Their diameters are also the same. The addition

of the measured anode and cathode impedance spectra

(Z3 + Z5) results in the measured total cell impedance.

This result is a good proof for time stability of the REs

(measuring all five spectra one after another needs about

10 min).

Figure 5b shows impedance spectra of CCM #2 at a cell

potential of 600 mV (Tcell = 41 �C) with hydrogen as fuel.

As opposed to the DMFC the anode impedance of a PEFC

is small compared to the cathode impedance. The anode

impedance shows an inductive behaviour in the low

frequency range. Explanations for this fact could be the

ad-/desorption process of hydrogen molecules on the active

sites or the water dependence of the electrode performance

[23, 24].

Despite nearly perfect electrode alignment the high

frequency resistances (HFR) of the anode and cathode

spectra differ both in DMFC and in PEFC measurements.

This means that the reference electrodes do not contact the

electrolyte potential in the middle of the membrane with a

symmetrical potential distribution such as depicted in

Fig. 6a. The simulation shows that a non-homogeneous

membrane conductivity (d) due to a gradient in the

Fig. 4 Measured polarisation curves of the cell (Ucell), the OCV

between the two reference electrodes (UOC,R), absolute value of

cathode and the anode overpotential during a sweep measurement: (a)

methanol is used as fuel, _VMeOH ¼ 2 ml min�1; _VO2
¼ 12 ml min�1;

Tcell = 71 �C; (b) hydrogen is used as fuel, _VH2
¼ 8 ml min�1;

_VO2
¼ 12 ml min�1; Tcell = 41 �C
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membrane water content results in an asymmetrical

potential distribution even with a perfect electrode align-

ment (Fig. 6b). Therefore, HFRanode is smaller than

HFRcath in DMFC measurements due to the aqueous

methanol solution humidifying the anode side very well. In

PEFC measurements it is vice versa due to the higher water

content on the cathode side from the product water of the

ORR and the electroosmotic drag.

Impedance spectra at different cell potentials indicate a

constant ratio of the HFRanode to HFRcathode. This means

that the asymmetrical potential distribution is not affected

by the applied current and therefore does not disturb the

EIS measurements.

Figure 7 shows two polarisation curves of the CCM #3.

First the cell was operated with methanol (1 M) as fuel

before switching to hydrogen as fuel. It is obvious that the

PEFC shows much better performance. An increase of the

OCV from 610 mV to 860 mV is observed, which leads to

an increase of the peak power density from 16.4 mW cm–2

to 120 mW cm–2. The huge difference in OCV remains

unexplained because the methanol tolerant RuSex-catalyst

should not be sensitive towards methanol permeation. A

closer look at the polarisation curve of the cathode

potential for both measurements (Fig. 8) shows that the

activation overpotentials differ slightly. The cathode

overpotential of the methanol-driven cell is slightly higher

than that of the PEFC. It is assumed that an additional mass

transport limitation in the porous gas diffusion electrode

due to the presence of permeated liquid methanol/water

solution could cause this difference.

In Fig. 9 the cell impedance spectra of CCM #3 at a

current density of 0.033 A cm–2 in DMFC and PEFC mode

is shown. Due to better membrane humidification the high

frequency resistance of the DMFC is lower than that of the

PEFC, but shows a significantly larger impedance loop.

The measured cathode impedance of the DMFC (Fig. 10a)

differs moderately from that of the PEFC. The loop is

slightly enlarged which can be explained by the same effect

as discussed for the overpotential curve above: the aqueous

methanol solution blocks the active sites and finally leads

to additional mass transport limitations. A parasitic MOR

on the cathode can be excluded. A large difference is

measured in the anode impedance (Fig. 10b). In contrast

the impedance of the hydrogen-driven anode is negligible

compared to the methanol-driven anode.

Fig. 6 Simulated potential distribution in a membrane with (a)

homogeneous conductivity, (b) a linear increasing conductivity from

bottom to top

Fig. 5 (a) Impedance spectra at a cell voltage of 50 mV of the total

cell (Z1), the cathode (Z2, Z3) and the anode (Z4, Z5) with methanol

as fuel. (b) Impedance spectra at a cell voltage of 600 mV of the total

cell (Z1), the cathode (Z3) and the anode (Z5) with hydrogen as fuel.

The summation of the cathode and anode impedance (Z3 + Z5)

results in the total cell impedance (Z1) in both cases

Fig. 7 Comparison of the performance of the RuSex-cathode catalyst

(CCM #3) between hydrogen ( _VH2
¼ 8 ml min�1; Tcell = 64 �C) and

methanol ( _VMeOH ¼ 2 ml min�1; Tcell = 83 �C) as fuel. In both cases

the oxygen flow rate was _VO2
¼ 12 ml min�1 : Changing from

hydrogen to methanol shows a drastic decrease of the performance
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3.1 Methanol tolerance of RuSex

The investigation of methanol tolerance of a catalyst is

easy to carry out in half cell measurements in liquid

electrolyte because the potential of the working electrode is

measurable versus a reference electrode and the potential

of the investigated electrode is not affected by the counter

electrode. Under real fuel cell conditions the measurable

cell voltage depends on both electrode potentials (WE/CE)

influencing each other (e.g., methanol crossover), therefore

the potential difference between the cathode and the anode

at open circuit is not a good measure for the methanol

tolerance of a catalyst.

One possibility to investigate the methanol tolerance of

the cathode catalyst is to measure the cathode exhaust. If

there is a large amount of carbon dioxide (CO2) in the

exhaust gas, a high methanol oxidation reaction rate on the

cathode can be concluded, since CO2 is the product of the

MOR. A problem of this measurement technique is diffu-

sion of CO2 from the anode side through the membrane.

Therefore, CO2 is always present in the cathode gas com-

partment, which has to be considered. In several publica-

tions an overshoot of the cell voltage is measured if there is

a sudden load step from a high current to a low current. In

most cases the phenomenon is discussed as an interaction

between the relaxation of the ORR potential and the

methanol crossover building a mixed potential on the

cathode side [8, 25, 26]. Thus, we used the current interrupt

technique to prove the methanol tolerance of the RuSex-

catalyst with the reference electrode configuration.

Figure 11 shows the cathode potential relaxation of two

different CCMs. A current density of 100 mA cm–2 was

applied before the load suddenly switched off. One CCM is

prepared with Pt/C (CCM #4) as cathode catalyst while the

other CCM is prepared with RuSex/C (CCM #3). Pt/Ru is

used as anode catalyst for both CCMs. The curve with the

Pt-catalyst shows an overshoot behaviour of the cathode

potential (grey line), while the RuSex-based CCM does not

show such a behaviour (black line). This is good evidence

for the methanol tolerance of the RuSex-catalyst.

However, the measured cell voltage of the RuSex-based

CCM also shows an overshoot behaviour (Fig. 12). By

means of the reference electrode configuration this over-

shoot of the cell potential can be clearly attributed to an

undershoot of the anode potential. This means that on the

anode side there are at least two processes with two dif-

ferent time constants competing with one another. The

faster process is responsible for the anode potential

decrease to a low potential (favourable for fuel cell

application), the second process after some seconds

(approx. 6 s) forces the anode potential to an adverse high

potential. The undershoot behaviour of the anode relaxation

curve leads to the conclusion that the anode potential at

steady state is at least 100 mV higher as expected from the

theory. This assumption cannot be proven with the used

reference electrode configuration because the absolute

value of the REs are unknown. Here, a hydrogen reference

electrode is essential. The increased anode potential con-

sequently results in a low cell voltage even if a methanol

tolerant catalyst is used. Figure 13 shows the dependence of

the anode potential relaxation on the load current and

methanol concentration. Starting from a load current of 0.01

and 0.04 A, respectively, the anode potential relaxation was

Fig. 9 Measured cell impedance spectra in PEFC ( _VH2
¼

8 ml min�1; Tcell = 65 �C) and DMFC ( _VMeOH ¼ 2 ml min�1;
Tcell = 81 �C) mode. In both cases the oxygen flow rate was
_VO2
¼ 12 ml min�1

Fig. 8 The steeper increase of the cathode overpotential if methanol

is used as fuel could be explained by flooding due to permeated

aqueous methanol solution causing a limitation for the oxygen

diffusion to the active sides
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measured with two different methanol concentrations (0.5

and 3 M). The curves show clearly that a higher load

current results in larger undershoot. The relaxation curves

with 0.5 M methanol solution reach steady state after

approximately 14 s, while the relaxation curves with 3 M

methanol solution do not reach steady state within 30 s. The

origin of the undershoot can be poisoning effects of the

anode by intermediates such as CH2OH, CHOH, CHO or

CO described in [8, 12]. For a qualitative conclusion

concerning the behaviour of the anode further experimental

investigations have to be conducted.

4 Conclusion

A new concept for realising a reference electrode config-

uration in a polymer electrolyte fuel cell is presented. By

means of a laser ablation technique a selected part of the

electrodes (cathode/anode) of a state-of-the-art CCM was

electrically isolated and used as a reference electrode. It

was shown that oxygen, as well as methanol, generates a

stable reference potential for steady-state measurements

and dynamic measurements such as electrochemical

impedance spectroscopy and current interrupt measure-

ments. The separation of the cathode and anode losses for a

PEFC, as well as a DMFC, is practicable. The performance

of a selenium-modified ruthenium-based (RuSex) cathode

catalyst was investigated under real fuel cell conditions.

Polarisation curves and impedance spectra of the RuSex-

catalyst based electrode show the same cathode perfor-

mance for both hydrogen and methanol as fuel. In DMFC

mode, the missing overshoot behaviour of the cathode

potential after current interruption indicates the methanol

tolerance of the RuSex-catalyst. Nevertheless, it was found

that despite the methanol tolerance of the cathode catalyst

there is a large difference in the OCV depending on

Fig. 11 The cathode polarisation relaxation curve after current

interruption of a Pt-based electrode shows an overshoot behaviour

due to methanol crossover and the consequential mix potential. The

RuSex-based electrode do not show such overshoot behaviour, which

can be interpreted as a positive proof of the methanol tolerance of this

catalyst. ( _VMeOH;1 M ¼ 2 ml min�1; _VO2
¼ 12 ml min�1; Tcell = 81 �C)

Fig. 12 A large undershoot behaviour can be measured of the anode

potential after current interruption resulting in a overshoot behaviour

of the cell voltage. (RuSex-catalyst, _VMeOH;1 M ¼ 2 ml min�1;
_VO2
¼ 12 ml min�1; Tcell = 81 �C)

Fig. 10 (a) Cathode impedance

spectra in PEFC and DMFC

mode. With methanol as fuel the

loop of the impedance spectrum

is a little bit larger than with

hydrogen as fuel. (b) The loops

of anode impedance spectra are

completely different in their size
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whether methanol or hydrogen is used as fuel. The relax-

ation curve of the anode potential shows a strong under-

shoot behaviour (up to 100 mV), which cannot be fully

explained. It is assumed that there is a strong influence of

CO poisoning (or other intermediates) on the anode

potential that also causes the lower OCV. Due to the lack

of reference electrodes in fuel cells many researchers

publishing dynamic DMFC measurements overestimate the

influence of methanol crossover building a mixed potential

on the cathode (responsible for the low OCV). The

explanation for the overshoot behaviour of the cell voltage

after load change is, in most cases, completely explained

by the methanol crossover which can be excluded by our

measurements. The anode potential clearly shows an

undershoot behaviour. By means of the reference electrode

configuration it can be shown that the high anode potential

(poisoning effect) at steady state has a strong impact on the

low cell voltage of a DMFC. Finally, it can be concluded

that a reference electrode configuration is necessary in

order to distinguish losses of the anode and cathode for

examining coupled phenomena, which is not possible in

half cell measurements often carried out for DMFC.
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Tranitz M, Hebling C (2004) Fuel Cells 4(3):1

23. Wiezell K, Gode P, Lindbergh G (2006) J Electrochem Soc

153(4):A749

24. Wiezell K, Gode P, Lindbergh G (2006) J Electrochem Soc

153(4):A759

25. Argyropoulos P, Scott K, Taama W (2000) J Power Sources

87:153

26. Argyropoulos P, Scott K, Taama W (2000) Electrochim Acta

45:1983

Fig. 13 The amplitude and the relaxation time of the undershoot of

the anode potential depends on the load current as well as on the

methanol concentration. (RuSex-catalyst, _VMeOH;1 M ¼ 2 ml min�1;
_VO2
¼ 12 ml min�1; Tcell = 81 �C)

1454 J Appl Electrochem (2007) 37:1447–1454

123


	Realising a reference electrode in a polymer electrolyte fuel cell �by laser ablation
	Abstract
	Introduction
	Experimental
	Preparation of reference electrodes
	Test cell and bench

	Results and discussion
	Methanol tolerance of RuSex

	Conclusion
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


