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a b s t r a c t

We describe here the development of an optical high-throughput screening method for direct methanol
fuel cell catalysts based on the fluorescence of protonated quinine generated during electro-oxidation
eywords:
ptical screening
igh-throughput
MFC catalysts
cid stability
lectrocatalyst

of methanol. The design of the working electrode allows the parallel quantification of the fluorescence
development for up to 60 materials. For the preparation of the working electrode a coating routine
has been developed, which allows the use of sol–gel derived materials. Due to the required stability
of the electrode catalysts towards the acidic polymer membrane, a fast optical pre-screening method
for acid stable materials has been developed. The electrochemical high-throughput system has been
validated with Pt-Ru catalysts. Automation of data acquisition and data processing led to a fast and

scree
reliable high-throughput

. Introduction

The direct methanol fuel cell (DMFC) is an alternative for a
ecentralized power supply. The high power density of methanol

n combination with a low operating temperature and the possibil-
ty to incorporate compact membrane electrode assemblies (MEAs)
n the DMFC makes this type of fuel cell applicable for a variety of
echnical areas, especially mobile devices such as mobile phones,
DAs, laptops or even for electric vehicles. Compared to hydrogen-
ased fuel cells no reforming unit or high pressure storage tank is
eeded. In addition, the compatibility of methanol with the existing
etrol distributions system may become a key aspect for potential
uture applications of the DMFC.

A DMFC MEA consists of a cathode and an anode divided by a
roton conducting polymer electrolyte membrane (PEM). Nafion, a
opolymer of a tetrafluoroethylene and perfluorinated vinyl-ether
omonomer [1], is commonly used as PEM. Due to its sulfonic-acid
roups, Nafion determines the milieu of the catalyst/polymer mem-
rane interface (pH ∼ 1) [2]. Therefore, the corrosion resistance of
he electrodes is absolutely required. Flow field plates, positioned
ext to the electrodes, provide the oxygen and the aqueous solution
f methanol. Oxygen is reduced to water (Eq. (1)) at the cathode

hile methanol is oxidized to carbon dioxide at the anode by its

lectrode catalyst (Eq. (2)).

.5O2 + 6H+ + 6e− � 3H2O (1)
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E-mail address: w.f.maier@mx.uni-saarland.de (W.F. Maier).
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CH3OH + H2O � CO2 + 6H+ + 6e− (2)

1.5O2 + CH3OH � CO2 + 2H2O

Among pure metals, platinum shows the best activity for the
electro-oxidation of methanol at temperatures below 80 ◦C [3,4].
In the course of methanol electro-oxidation, platinum is poisoned
by carbon monoxide (CO), an intermediate product adsorbed on the
catalyst surface (Eq. (3)). Hydroxyl groups (OH), originated by water
activation, oxidatively remove the adsorbed CO. Water activation
on the platinum surface is responsible for a high over potential for
the electro-oxidation of methanol on pure platinum [5].

Pt + CH3OH → Pt-COads + 4H+ + 4e− (3)

Ru + H2O → Ru-OHads + H+ + e− (4)

Ru-OHads + Pt-COads → CO2 + Pt + Ru + H+ + e− (5)

In order to decrease the over potential due to the water activa-
tion platinum was alloyed with oxophilic metals. Among them,
binary platinum-ruthenium (PtRu) alloys show the best activity for
the electro-oxidation of methanol [5], but still methanol-oxidation
kinetics is sluggish because ruthenium does not adequately activate
water (Eq. (4)) [6]. Eqs. (3)–(5) illustrate the bi-functional mecha-
nism of the electro-oxidation of methanol.

The high noble metal contents of the DMFC cathode and the

PtRu-anode in combination with the slow reaction kinetics of elec-
trode reactions [7] exhibit the economic weakness of the DMFC as
a ubiquitous decentralized mobile power source. Present research
activity concentrates on the optimization of the PtRu catalyst sys-
tem through composition, surface area, particle size, morphology,

http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:w.f.maier@mx.uni-saarland.de
dx.doi.org/10.1016/j.cattod.2010.03.006
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Fig. 1. Overview over the existing elemental compositions of DMFC anode catalysts of (a) PtX, (b) PtXY(Z), (c) PtRuX and (d) PtRuXY. Elements are labelled whether reported as oxidic phase or alloyed with the Pt, Ru; unused and
unusable. Associated literature is referenced [16–27,29,30–52,54–57,60–65,67,68,70,72–78,80,81–86,88,89,92–94,96].



1 sis Tod

d
t
o
o
a
i

-
-

-

-

a
a
p
m
5
e
b
a
d
o
o
m
s
m
[
t
o
a
d
o
c
i
p
t
a
o
i
h
l
b
w
o
p
[
m
o
c
b
d
a
I
M
b
v

c
t
D
m
r

10 F.G. Welsch et al. / Cataly

ispersion on different carriers, reduction of the noble metal con-
ent and increase in activity [8–15] as well as on the search for new
r alternative elemental compositions of anode catalysts. Based
n the established system PtRu, without regarding the oxidic or
lloyed state of the added element, four main strategies can be
dentified from the literature:

Ruthenium is replaced by another element (PtX, Fig. 1a).
Ruthenium is substituted by up to three elements to form ternary
or quaternary systems (PtXY(Z), Fig. 1b).
One element is added to the PtRu system, leading to ternary sys-
tems (PtRuX, Fig. 1c).
Two elements are added to the PtRu system, resulting in quater-
nary systems (PtRuXY, Fig. 1d).

Fig. 1 reviews the existing elemental compositions of DMFC
node catalysts of PtX, PtXY(Z), PtRuX and PtRuXY. The
ssociated elements are labelled whether reported as oxidic
hase or alloyed with the Pt, Ru; unused and unusable ele-
ents with associated references are given [16–27,29,30–52,54–

7,60–65,67,68,70,72–78,80,81–86,88,89,92–94,96]. Some of the
lemental combinations shown in Fig. 1 were widely researched
y the use of different high-throughput (HT) methods to acceler-
te the process of catalyst optimization. These HT methods can be
ivided into two groups based on the screen used for the detection
f active materials. The first group is based on the measurement
f current or potential variations during the electro-oxidation of
ethanol [59,69,71,90,97–100]. One limiting factor for the array

ize and therefore the size of the materials library that can be
easured at once, is the complex and costly hardware needed

101]. In contrast to this group, high-throughput setups based on
he detection of optical effects induced by consecutive reactions
f the protons produced during the methanol conversion are an
ttractive alternative with respect to hardware complexity. Red-
ington et al. published the fundamental work in 1998 [95]. Based
n the transformation of quinine (at neutral pH) and the Ni2+

omplex of 3-pyridin-2yl-[4,5,6]triazolo[1,5-a]pyridine (at low pH)
n a protonated, fluorescent-active form during the drop of the
H resulting from methanol conversion, the optimum composi-
ions of quaternary alloys have been successfully identified. The
uthors have essentially deposited composition gradients as films
n top of conducting carbon papers as working electrode and mon-
tored fluorescence during methanol oxidation. In a comparison of
igh-throughput electrochemical methods for DMFC anode cata-

yst development the optical screening method was mentioned to
e effective in ranking for high and low activity and for surveys
ith large numbers of materials [102]. Mapping of active regions

n a working electrode array and optimization of catalyst com-
ositions have been reported by such fluorescence experiments
53,58,79,87,91]. The charm of such a method is its simplicity. The

ajor drawback of such simple fluorescence experiments is the lack
f quantification; it provides only yes/no answers. Since fluores-
ence of quinine solely depends on the number of protons released
y methanol oxidation, quantification of the fluorescence signal
uring a potential sweep should be possible. We set out to do so
nd published first results of our work in September 2008 in the 5th
nternational Conference on Combinatorial and High-Throughput

aterials Science in Seeon, Bavaria. In 2007 Jin et al. [66], followed
y Gregoire et al. [28], published the first semi-quantitative obser-
ation of the fluorescence development during a potential sweep.

In this work, we first combine the versatility of the sol–gel pro-

ess with respect to automation and elemental compositions of
he achieved materials [103] with an optical screening method for
MFC catalyst based on the work by Reddington et al. All catalyst
aterials studied here are free of any noble metal, while all mate-

ials found in the literature (references in Fig. 1) are doped Pt/Ru
ay 159 (2011) 108–119

catalysts, either as alloys or oxides. Apparently there are no reports
of mixed oxides in the literature in connection with fuel cell elec-
trodes. We developed a setup and a coating procedure tailored to
the needs of the obtained mixed oxides and the reduced materi-
als thereof. For a fast detection of materials corroding in the acidic
media, we developed a fast and reliable pre-screening method to
reduce the number of electrochemical measurements. A special
working electrode design allowed the quantification of the fluo-
rescence intensity by the protonated quinine species during the
methanol conversion.

2. Materials and methods

2.1. Commonly used materials

For all fluorescence based measurements the electrolyte solu-
tion was composed of 100 �M quinine (Fluka), 1 M methanol
(Sigma–Aldrich) and 0.1 M sodium sulfate (Sigma–Aldrich). All
experiments were performed in deionised water (Elga Purelab UVF,
Elga Labwater). The fluorescence emission was excited by a UV
lamp at 365 nm (VL-115 L, 15 W, UV Consulting Peschl). A poten-
tiostat was used to control the potential of the working electrode
arrays (PP 220, Zahner Elektronik). If not further specified, a plat-
inum net was used as counter electrode and a Hg/HgSO4 electrode
(Ref 621, Radiometer Analytical) as reference electrode. All poten-
tials were reported versus (vs.) the standard hydrogen electrode
(SHE). Microscopic images were obtained using a Nikon Optiphot-2
microscope, equipped with a CCD camera (UEye LE, Ids Imaging).

2.2. Notation and synthesis of compounds

A simple notation was used to name the examined materials,
for example, a binary mixture or binary mixed oxide is indicated
by the contraction AxB100−x generally. A and B denote a particu-
lar element, the lower case x describes the molar fraction of the
respective element in mol % not accounting for the oxidation states
of the elements in the compound and thus not for any oxide con-
tent. Consequently, the mixture may be either metallic or oxidic or
a mixture of both. Materials processed before reduction in H2 are
marked with the abbreviation Ox.

1300 transition metal containing materials were synthesized by
a modified sol–gel process as described previously [104–106]. Syn-
thesis was planned and controlled by the software Plattenbau [107]
and carried out with the help of a pipetting robot (Zinsser Lissy).
Mixed oxides were obtained after calcination and reduced materi-
als after a reduction step in pure hydrogen as described below.

For the synthesis of Pt50Ru50, 1.0 ml of a 0.1 M solution of
ruthenium-(III)-acetylacetonate (Sigma–Aldrich) and 0.4 ml of a
0.25 M solution of tetraamineplatin-(II)-acetate (Umicore) in a mix-
ture of isopropanol and propionic acid (1:1, v/v) were mixed in 2 ml
GC vials. After mixing, the sample was placed in an orbital shaker
(Titramax 100, Heidolph) for 1 h. The sample was dried for 2 days
at room temperature and for additional 8 days at 40 ◦C. The sample
was calcined under static air at 250 and 400 ◦C for 5 h at both tem-
peratures (heating rate 30 ◦C/h). After calcination, the sample was
reduced under pure hydrogen in an oven with gas supply (VMK-
80-Vac, Linn Hightherm, 50 ml/min) at 450 ◦C for 1 h (heating rate
13 ◦C/min).

2.3. Optical pre-screening for acid stability
Acid stability testing was carried out using 96-well plates
(Greiner Bio). The wells of the plates were filled with approximately
5 mg of the compounds of interest in powder form. Subsequently
250 �l of a 1 M H2SO4 solution (Analytical Standard, Riedel de Haen)
was added to each well. The well plates were positioned on an
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rbital shaker for 1 h. Additionally, five wells of the plate were filled
ith the pure acid solution for reference. Images were acquired
sing a scanner (ScanMaker X 12 USL, Mustek) and commer-
ially available acquisition software. Comparable light conditions
ere guaranteed by the use of a tailor-made well-plate lid, which

llowed the reproducible positioning of the plate on the scanner.
mages were acquired directly after the addition of the sulfuric acid
olution and after 1, 3, 24, 48 and 72 h of acid contact time.

.4. Cutting and Teflon coating of the graphite plates

The structured graphite plate was designed with commercial
vailable CAD software. The structure was cut by a CNC machine
sing 150 mm × 150 mm × 15 mm and 75 mm × 75 mm × 15 mm
raphite plates (Graphite Cova), respectively. Teflon coating was
erformed using a reverse dip coating procedure. A 60 wt% Teflon
uspension was diluted 1:1 with deionised water, stirred for 10 min
nd filled into the cut wells and channels so that the walls between
ells were covered up to the upper edge to gain a uniform seal-

ng of the graphite plate electrolyte interface. Due to the porosity
f the graphite plates some suspension liquid leaked through the
late after a certain period of time. Thus, after a contact time of 30 s
he Teflon suspension was removed using a water-driven pump.
he residual Teflon suspension was blown off by a N2 flow. Drying
as carried out under static air at 107 ◦C for 2 h at a heating rate of
◦C/h. For removal of the surfactant of the Teflon suspension the

emperature was raised to 250 ◦C with a heating rate of 1 ◦C/h and
eld for 2 h. Sealing of the graphite was achieved at 270 ◦C for 1 h
ith a heating rate of 1 ◦C/h. The coated graphite plates were pol-

shed (rotating bristles brush, 7000 rpm), washed with deionised
ater and kept in a vacuum dryer under reduced pressure for 16 h.
efore the first measurement, the Teflon coatings on the catalyst
upport areas were removed using a special drill (8 mm diameter).
he removal of the Teflon coating was controlled using a resistance
eter.

.5. Coating of working electrode spots

For the coating of the electrode spots, 5 ± 0.15 mg of the catalysts
ere dispersed for 10 min in a mixture of ethylene glycol and water

7:3, mass concentration: 0,35 mg/30 �l), using an ultrasonic bath
MK 100, Bandelin). 30 �l of the catalyst dispersion was pipetted
irectly from the dispersion vial positioned in the ultra sonic bath
o the catalyst support area on the working electrode array. The
emoval of the ethylene glycol water mixture was carried out in a
acuum oven at room temperature for 1 h at 0.2 bar followed by
6 h at 10−3 mbar.

After drying of the catalyst coatings, 10 �l of a 0.05% Nafion
olution in isopropanol (Standard: Nafion 117 solution, 5%;
igma–Aldrich) were pipetted on top of each of the catalyst coat-
ngs and dried for 20 min in an argon flow. The achieved coatings

ere rinsed with water for 5 h by filling the wells of the working
lectrode with 500 �l of deionised water. Before the measurement,
he water was removed by the use of a water-driven pump.

.6. Fluorescence intensity measurement

.6.1. Pretest of the high-throughput setup by optical images
The pretests were carried out in a darkroom using a poly-

hrome CCD camera (Ixus 40, Canon) positioned perpendicular to
he working electrode array, which was connected to the poten-

iostat via a platinum foil positioned below the electrode array.
mages were obtained manually after a holding time of 1 min at
otentials between 450 and 850 mV vs. SHE in steps of 10 mV. The
V lamp was positioned as close as possible to the camera objec-

ive to guarantee a uniform illumination of the working electrode
ay 159 (2011) 108–119 111

array. The counter electrode was separated from the reference elec-
trode/working electrode compartment by three electrolyte bridges.

2.6.2. High-throughput fluorescence intensity measurement
setup and modifications for single material measurement

High-throughput fluorescence intensity measurements were
carried out in a tailor-made wooden box impermeable to light.
A digital high-resolution monochrome 12-bit CCD camera (Retiga
4000 R, Q Imaging) equipped with a lens (TAM 25-HB/12, Tamron)
and band-eliminition filter (E 420 LP, Chroma Technology Corp.)
was positioned perpendicular to the plane of the graphite plate.
The UV lamp was placed next to the camera lens to ensure a uni-
form illumination of the working electrode array. A copper foil
positioned below the working electrode array was used for connec-
tion to the potentiostat. Reproducible contact and exact positioning
of the working electrode array towards the camera were guaran-
teed by two location screws in combination with a positioning
aid. The counter electrode was separated from the reference elec-
trode/working electrode compartment by five electrolyte bridges.

For single material measurements, in addition to the setup
described above, hand-cut frits (4 mm × 4 mm × 2 mm, porosity 1,
blanks purchased from Robu Glasfiltergeräte GmbH) were posi-
tioned in the channels surrounding the vials of interest.

2.6.3. Data acquisition, processing and analysis
2.6.3.1. Pre-screening for acid stability and test of the high-throughput
setup. Images were acquired manually. No further data processing
of the images was carried out.

2.6.3.2. High-throughput fluorescence intensity measurement setup.
Images were automatically acquired and processed using a PC and
commercial imaging software (Image-Pro Plus, Media Cybernet-
ics). The potentiostat was controlled by a tailor-made Labview
application. Images were obtained after a holding time of 1 min
at potentials between 300 and 1000 mV in steps of 10 mV and
between the 1000 and 1175 mV vs. SHE in steps of 25 mV. Addi-
tionally, an image for background subtraction was acquired at the
beginning of the measurement. Using Image-Pro Plus software,
60 areas of interests (AOI) in each image according to well posi-
tions were defined. A bitmap analysis for each AOI was carried
out. The summation of the obtained greyscale values for each pixel
was realized using a commercially available spreadsheet calcula-
tion software, resulting in intensity values with arbitrary units for
each well and potential, respectively. For data analysis, the intensity
values were plotted against the potential vs. SHE. The automation
of data analysis was achieved by the use of macro software tool
(MacroTools Works, Pitrinec Inc.).

2.7. Cyclic voltammetry (CV)

The cyclic voltammetry experiments were carried out at 25 ◦C
in a three-electrode cell. An oxygen free (purged with argon) 0.5 M
H2SO4 solution containing 1 M methanol was used as electrolyte
for methanol-oxidation experiments. The anodes were prepared as
described above on glassy carbon sticks (5 mm in diameter, 50 mm
in length). The sticks were mounted in a Teflon holder contain-
ing a gold tip as current collector. A Pt-wire was used as counter
electrode. The measurements were carried out with a scanrate of
20 mV/s.

3. Results and discussion
The goal of the project was to develop a HT-technology, which
allowed to screen for potential anode catalysts of unlimited com-
position. For catalyst synthesis the versatile sol–gel methods were
chosen. For rapid and simple quantification of electrochemical
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roperties fluorescence was selected. In order to separate the flu-
rescence of individual materials for quantification, the library
ad to be composed of separated compartments for each catalyst.
raphite, which lends itself well for machining and CCD-processing
nd has a high conductivity (graphite electrodes) was chosen as
ibrary material and working electrode at the same time. In order to
educe the number of potential catalyst candidates it was essential
o exclude all materials not stable under acidic conditions. For rapid
dentification of such acid sensitive materials, a simple screening

ethod had to be developed.

.1. Optical pre-screening for acid stability

The stability of a catalyst in the acidic environment of MEA with
pH of ∼1 is of paramount importance. In the high–throughput

creening process for new DMFC catalysts based on automated
ol–gel synthesis, electrochemical measurements are bottle necks.
re-selection of unsuitable materials before electrochemical eval-
ation thus accelerates the process. Therefore we developed a fast,
arallel optical pre-screening based on the use of translucent 96-
ell plates, an orbital shaker and a simple document scanner to

apidly identify acid sensitive candidates among the freshly syn-
hesized materials for elimination. The materials were filled into
he 96-well plates. Images were acquired after defined time inter-

als (over a period up to 72 h) of the first contact with a 1 M H2SO4
olution (Fig. 2a). For the identification of acid instability, four
xclusion criteria were defined: complete solubility, discoloration
f the H2SO4 solution, hydrogen development and discoloration of

ig. 2. Pre-screening for acid stability: (a) well-plate filled with 50 materials and
M H2SO4 after a contact time of 72 h; exclusion criteria (b) complete solubility, (c)
iscoloration of the H2SO4 solution, (d) hydrogen development and (e) discoloration
f the material; images acquired directly after the contact between the material and
he acid and after 1, 3, and 24 h.
Fig. 3. Schematic drawing of the HT setup; working electrode (WE), counter elec-
trode (CE), reference electrode (RE).

the material. Fig. 2b–e illustrates the optical appearance of all four
criteria. A set of 1310 materials, binary and ternary mixed oxides
of eleven transition metals and in oxidized an reduced form (H2
at 450 ◦C) were screened for acid stability. With this pre-screening
method 134 materials were identified as acid stable regarding the
defined stability criterions, which amounts to an effective sam-
ple reduction by 90%. None of the 134 materials showed any
significant activity towards methanol oxidation in subsequent elec-
trochemical oxidation experiments. The described pre-screening
principle is presently used for materials with a low noble metal
content.

3.2. Primary design of the working electrode and coating with
sol–gel derived materials

As already mentioned graphite electrode material was chosen as
working electrode; it is affordable, conducting and can be machined
to accommodate catalysts and electrolytes. The size and depth of
the individual compartments for the catalysts, the positioning of
the reference, and counter electrodes had to be clarified first, as
well as the number of counter electrodes that are necessary and
if several catalysts can be monitored with one set of electrodes
and up to what distance they can be arranged. In other words, for
the final design of the working electrode library some pretesting
was required (Fig. 3). The working electrode was prepared from
solid graphite plates, commercially available as graphite electrode
materials. The first problem encountered was a graphite material,
which showed intensive fluorescence under potential scans with
methanol in the absence of any catalyst material. The binder used by
the manufacturer for the electrode preparation could be identified
as the origin of this unacceptable fluorescence. Binder free graphite
electrodes are also commercially available, but they are porous,
which lead to leakage during potential scans. After coating of the
machined graphite surface with Teflon, the problem was solved
and a usable working electrode was obtained. For deposition of the
catalyst films, however, the catalyst support areas had to be made
Teflon free. This was accomplished by cutting with the CNC-robot
about a 10th of a millimeter from the surface of each support area
in the wells. The rather viscous catalyst dispersion could now be
deposited properly and dried.

So far, conductive materials chosen for the working electrode
in screening setups based on the principle reported by Redding-
ton et al. [95] were carbon paper sheets [87,91], indium–tin oxide

layers [79] and metallic sputtering targets [28,53,58,66]. Those
substrates were coated in situ by impregnation or sputtering to
produce the catalyst libraries. In this work, catalysts were obtained
as powders by sol–gel processes, followed by reduction in hydro-
gen. Therefore, synthesis and coating of the working electrode are
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eparate steps. The separation of catalyst synthesis and coating
llows the screening of catalyst in powder form obtainable from a
ariety of synthesis techniques, such as sol–gel synthesis, impreg-
ation, precipitation, flame spray pyrolysis and others. In order to

orm uniform coatings of catalysts consisting of highly diverse ele-
ental compositions and therefore characteristics, powders were

ispersed in a mixture of ethylene glycol and water using an ultra-
onic bath. The main advantage of this mixture is its high surface
ension. When pipetted on a surface with well-defined borders (cat-
lyst support area), the dispersion forms stable and easy to handle
rops on the surface of the substrate. Therefore the catalyst com-
artments in the graphite library were drilled into the solid with
he bottom as support for the catalyst film. In order to avoid inter-
ctions of the film with the compartment walls and to create the
efined borders around the mentioned above, the well bottoms
ere surrounded by grooves, as can be seen in Fig. 4. After depo-

ition of the catalyst dispersions onto the catalyst support areas,
ue to its high boiling point the dispersion medium ethylene gly-
ol has to be removed under reduced pressure to obtain the catalyst
oatings.

Fig. 4a and b show the geometry of the first structured graphite
ibrary used for pretesting. It contains a variety of different cata-
yst spot geometries. The optimal catalyst spots size was found to
e 5 mm in diameter in the case of a pipetting volume of 30 �l
nd a catalyst concentration of 0.35 mg/30 �l of the catalyst. It
as found that due to diffusion of the fluorescent dye formed

he quantification of fluorescence was most reliable in the deep
ells.

A variety of dispersions pipetted onto the 5 mm graphite catalyst
upport in suspended and in dried form are shown in Fig. 4c and
, respectively, as photographic images. Fig. 5 shows microscope

mages of randomly selected catalyst films in the wells. In the lower
eft of each image a part of catalyst film was removed mechanically
o also show the surface of the graphite support area. The abla-
ion of the catalyst coating during measurement was prevented by
ipetting a 0.05% nafion solution in isopropanol onto the catalyst
oatings. After the evaporation of the alcohol and watering of the
ormed thin Nafion membrane, no catalyst particles got removed

uring the whole measurement contact time of 80 min between the
atalyst/nafion layer and the electrolyte. Although known for its
cidic properties, the nafion coating on the graphite spots effected
o increase in base fluorescence of the electrolyte as proven by
ontrol experiments.

ig. 5. Reflected light microscope images of coated catalyst on 5 mm spots (magnification
he graphite plate: (a) Co25Cr75, (b) CoCrCu, (c) Cu25Cr75, (d) Cu25Mo75, (e) Fe75Mn25Ox , (f
Fig. 4. Variations of catalyst spot geometries, (a) section view (line A–A) of the
graphite plate, shown in (b), (c) catalyst dispersions pipetted on 5 mm spots, (d)
catalyst coatings after drying under reduced pressure.

3.3. Pretesting for the development of high-throughput
fluorescence screening
For pretesting all catalyst support areas were coated with
identical amounts of the Pt50Ru50 catalyst and the library plate
was immersed completely in electrolyte. In the first setup it was
attempted to position the Pt-counter electrode in the form of a
Pt-net over all wells of the working electrode plate. In addition to

: 50); catalyst layer on the lower left on each spot removed to show the surface of
) Mn50Zr50Ox .
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ig. 6. Advance setup; quenching of the basic fluorescence of the electrolyte in the
ounter electrode area at 670 mV vs. SHE (bottom right); light circular areas coated
ith Pt50Ru50; (top right) reference electrode; (top left) contacting of the working

lectrode

bservable fluorescence in the wells, the whole area of the counter
lectrode started to glow at a potential of 200 mV. Apparently the Pt
f the counter electrode leads also to fluorescence at lower poten-
ials, which rendered this approach useless. In a 2nd attempt the net
as replaced by Pt-foil positioned in the corner of the electrolyte

ompartment. With this arrangement the basic fluorescence of the
lectrolyte was quenched at higher potentials as can be seen in the
ight bottom in Fig. 6 (photographic image, counter electrode in the
ottom right, reference electrode positioned upper right, connec-
ion to working electrode upper left). This effect was reproduced
lso with gold, palladium and indium counter electrodes foils. In
ddition, Fig. 6 shows that the diffusion of the fluorescent dye was
indered and concentrated in the graphite plate wells during the
easurement.
To overcome these setbacks, the counter electrode was sep-

rated from the working electrode and the reference electrode
ompartment by electrolyte bridges (Fig. 7). Instead of immers-
ng the working electrode completely into the electrolyte, channels

ere cut into the graphite plate connecting all catalyst wells with
he reference electrode compartment (see Fig. 8). This structured
raphite plate includes the compartment for the reference elec-

rode, which is surrounded by various channels of electrolyte
hannels, which connect various arrays of catalyst wells in different
istances. The counter electrode (Pt-wire) is connected to the ref-
rence electrode compartment via 3 electrolyte bridges as shown

ig. 7. From the reference/working electrode (right) compartment separated
ounter electrode (right); Separation was realized by the use of three electrolyte
ridges (middle).
Fig. 8. Graphite plate design for the proof of principle (75 mm × 75 mm), (bottom
left) compartment for the reference electrode; (top left, bottom right) basic vial
arrangements (1, 2), (bottom left to top right) vial arrangement for the visualisation
of the dependence of the fluorescent dye development on the channel length.

in Fig. 7. The progress of fluorescence development during poten-
tial increase as recorded with a simple digital camera is shown in
Fig. 9. At low potentials identical fluorescence was observed above
all catalyst wells. At 650 and 750 mV a small difference of the flu-
orescence intensity depending on the channel length between the
wells and the electrode compartment can be identified. The most
identical development of the fluorescence is seen only in the well
array 1 (see also Fig. 9). The tendency of dye diffusion to neighbour-
ing wells is documented in Fig. 10. Here only the lower right well
of array 1 contains the PtRu catalyst. It took about 40 min, before
significant fluorescence became detectable in the neighbouring
wells, which allows to place such densely packed arrays on the
library.

3.4. Design of the high-throughput library for fluorescence
measurements

3.4.1. The components
The design of the final library (=working electrode array) is

shown in Fig. 11. It is basically composed of the reference electrode
compartment on the lower left surrounded by four well arrays,
containing three times 16 and one time 12 wells (diameter 5 mm,
depth 9 mm, catalyst support diameter 4 mm). The wells are inter-
connected through shallow channels (4 mm wide and 2 mm deep).
To improve electric contact, 6 additional channels (12 mm deep,
3 mm wide), starting from the reference electrode compartment go
around the well arrays and interconnect through the middle of the
library (Fig. 11). With this library design a maximum of 60 catalysts
can be screened in parallel.

For fluorescence quantification the design of the working elec-
trode is as important as the standardization of the illuminating
conditions. For the elimination of external light sources, all the
components were enclosed in a light-tight wooden box sealed with
a double-layered door (Fig. 12a). The power supply and data con-
nection of the camera and the contact of the three electrodes with
the potentiostat were fed through light locks situated underneath
the working electrode. The optical opaqueness of the wooden box
was controlled by a light meter (0 W m−2). The excitation of the

protonated quinine was achieved by a UV lamp (15 W) with an
emission maximum of 365 nm (emission spectra: 310–400 nm)
positioned as close as possible to the perpendicular, centered
arranged monochromic 12-bit camera (Fig. 12b and c) above the
working electrode array and above the end of the camera lens.
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lar decline from the center to the image margins caused by the
used lens. Additionally, evoked by the non-centrically positioned
ultra violet lamp, a minor difference in the illumination condi-
tions of each vial can be assumed. To overcome these intensity
inconsistencies, a mathematical correction of the optical system
Fig. 9. Proof of principle; formation of the fluorescent dye during

xcited with light in the range of 340–390 nm, the emission maxi-
um of the protonated quinine (in 0.1 N H2SO4) is located between

58 and 466 nm [108,109]. Reflections of the exciting light, origi-
ating from setup components and the electrolyte surface (Fig. 10),
ere eliminated by the use of a band-gap filter with opaqueness
p to 420 nm and a transmission degree of 85% for light with the
avelength of 460 nm. To decrease resistance the separation of the

ounter electrode from the reference electrode compartment was
chieved by five electrolyte bridges (Fig. 12d and e).

.4.2. Determination of the exposure time, data analysis and
orrection of the optical system

Because of the application of a 12-bit monochromic camera,
096 grey scales per pixel could have been used as intensity range
f the fluorescence. To avoid overexposure of the images acquired
uring the measurements, a graphite plate was filled with the elec-
rolyte, acidified by four equivalents of sulfuric acid relative to the
uinine content to achieve a pH of 1. At this pH, the quinine is com-
letely transferred to its doubly protonated dication [109–111] and
o further intensity increase is possible. The optimization of the
xposure time was accomplished by mapping the saturation of the
rey scales of each pixel in an image while varying the exposure
ime (Fig. 13). At low exposure times (Fig. 13a), the pixels in the
uter ranges of the picture were under exposed (yellow (print ver-
ion: light gray) false color markings) while at high exposure times

Fig. 13e) underexposed ranges disappeared and overexposed pixel
anges are located in the middle of the pictures (red (print version:
ark gray) color markings). The optimal exposure time was found
o be 155 ms (Fig. 13c). In the corresponding image, underexpo-
ure was limited to outer ranges of the image and a few pixels with

ig. 10. Dye collection/concentration capability of the vial channel relief. After
0 min the dye starts diffusion in the neighbouring vials. Reflections of the ultra
iolet lamp on the liquid surface in each vial were removed in the high-throughput
etup by the use of a band elimination filter
anol oxidation at (a) 550 mV, (b) 650 mV and (c) 750 mV vs. SHE

overexposure were settled in the middle of the image. With the
definition of the exposure time, the system was calibrated to the
highest level of fluorescence intensity and the reduced transmis-
sion of the band gap filter was counterbalanced.

For the purpose of data analysis, a circular area of interest (AOI)
with a constant size was defined over each well position. In each of
these AOIs, a bitmap analysis was carried out to obtain the greyscale
values of each pixel included. The summation of the greyscale val-
ues led to cumulated intensity values in arbitrary units for each of
the 60 well positions in all of the images acquired during a mea-
surement. Plotted vs. the applied potentials, the intensity values
are interpreted as indicators of methanol conversion during the
increase of the potential displayed as signal visible under UV light.

As seen in Fig. 14, the intensity in an image of a graphite
plate, equally filled with an acidified electrolyte, exhibits a circu-
Fig. 11. High-throughput graphite plate design, (a) section view (line A–A) of the
graphite plate relief design shown in (b), (c) standardization of the catalyst spot
surface topography by the used cleaning process.
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Fig. 12. High-throughput setup: (a) light-tight wooden box (left) with double-layered cover (right), (b) arrangement of screening components: ultraviolet lamp, camera,
copper foil for contacting the working electrode, reference/working electrode compartment separated from counter electrode compartment by electrolyte bridges, (c)
ultraviolet lamp/camera arrangement, (d) separation of the counter electrode (left) from the reference/working electrode compartment. (e) Holder for five electrolyte
bridges.
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ig. 13. Determination of the optimal exposure time by mapping the saturation of
55 ms, (d) 170 ms, (e) 200 ms, yellow (print version: light gray): 0 (black), red (pri

omponents was implemented. For the calculation of correction
actors for each vial position, images of graphite plates, filled
ith electrolytes, acidified with varying amounts of H2SO4, were

cquired. The correction factors were obtained by relation of the
alculated intensities to the well position with the maximum inten-
ity value marked by the light cycle in Fig. 14a–d in each image.
ig. 15 shows a mapping of the average correction factors and the
tandard deviations depending on the well position on the graphite
late. For validation of the correction factors, a graphite plate filled
ith an electrolyte was acidified with a random amount of H2SO4.

or the corrected intensities of the 60 vial positions, a standard
eviation of 4% was obtained.

.4.3. Automation of data acquisition and data analysis
The automation of both, data acquisition and data analysis was

chieved by the combination of different kinds of software. Fig. 16

hows the software relationships. For the data acquisition, a home
ade control software was used, which allowed the stepwise

ncrease of the potential vs. SHE. Time programmed acquisition
f the images after each potential step was achieved by the use
f the image processing software (Image-Pro Plus). A macro tool

ig. 14. Images of the graphite plate filled with electrolyte acidified with different amo
quivalents referred to the quinine content.
eyscales of each pixel while varying the exposure time, (a) 100 ms, (b) 130 ms, (c)
ion: dark gray): 4095 (white).

executed the simultaneous start of the potential program flow and
the image acquisition sequence. The image processing tool allowed
the automation of background subtraction and bitmap analysis of
the 60 well positions for each image acquired. Without the coordi-
nating macro tool, the bitmap analysis would have to be carried
out manually image-by-image, because of the lack of two-way
communication between the image processing software and the
spreadsheet calculation program used for intensity calculations. In
addition, the macro tool was used for automated data accumulation
and data storage.

3.5. Validation of the high-throughput screening system

For validation of the high-throughput setup, the catalyst sup-
ports in the 60 wells on the graphite plate were coated with
the same amount of the Pt50Ru50 catalyst. During the increase of

the potentials, the first development of fluorescence was optically
determined at 470 mV. The fluorescence observed in all of the 60
vials was identical. For the creation of a comparability criterion, two
regression analyses were carried out: one in the range between 300
and 400 mV and the other in the range between 650 and 750 mV

unts of H2SO4: (a) non-acidified, (b) one equivalent, (c) two equivalents, (d) four
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value by the protons produced during methanol oxidation result-
ing in an increase of the concentration of the protonated dication,
ig. 15. Mapping of the correction factors (a) and standard deviations (n = 4)
epending on the vial position on the graphite plate.

Fig. 17). The abscissa of the intersection point of the two regression
ines was defined as the so-called calculated onset of the fluores-
ence development. The mean value for the calculated onset was
btained with a standard deviation of 2%, which shows a high repro-
ucibility of the fluorescence onset of the 60 catalyst spots.
The system still suffered under the deviations of fluorescence
ntensity of identical catalyst spots (Pt50Ru50) at higher potentials
s illustrated with the intensity plots of 2 reference catalysts in
ig. 18 (empty squares and circles). Diffusion effects of dye from
ell to well could be identified as origin of the deviation at higher

ig. 16. Overview over software and software relationships (lines) used for data
cquisition and analysis—arrows show possible data transfer.
Fig. 17. Enlarged onset regions, ranges of the two linear regression regions marked
in grey.

potentials. The problem could be eliminated by positioning of small
frits in the channels between the wells as illustrated in Fig. 19. Not
only were the plots obtained from the 2 wells now identical (see
Fig. 18, filled squares and circles), but also the intensity increased
rendering the setup more sensitive. The regression ranges were
the same used for the high-throughput measurement. The mean
value of the calculated onsets in the frit-supported measurement
varied 21 mV (4%) from the value obtained at the high-throughput
measurement. The standard deviation of the calculated onsets is
about 1%, which documents the reproducibility of all the pre-
measurement procedures, such as the coating procedure. Due to
the large resistance introduced in the case of filling all the channels
with frits, this method was only used for single material measure-
ments, not for array measurements.

Fig. 20 shows a comparison of the methanol-oxidation current
density and fluorescence intensity of Pt50Ru50. Measured in 0.5 M
H2SO4, the onset of the current density (measured in a conven-
tional cyclic voltammetry setup) shows a shift of about 60 mV to
lower potentials compared with the optical fluorescence intensity
onset. Starting from a pH of ∼6, the pH of the electrolyte solution
used in the fluorescence measurements has to be reduced to a lower
which is responsible for the fluorescence under UV light [110,111].
In contrast to the CV measurements, the fluorescence intensity

Fig. 18. Effect of the used frits on the fluorescence measurement. Ranges of the two
linear regression regions marked in grey.
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Fig. 19. Frits used for conventional measurements (a); frits positioned in the sur-
rounding channels of the graphite plate relief (b).
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ig. 20. Comparison of the magnified onset region of intensity and current den-
ity (geometric anode area: 0.20 cm2) of Pt50Ru50 measured during the methanol
xidation. The current density was measured in 0.5 M H2SO4 solution.

easurement is therefore also dependent on the kinetics of the
rotonation reaction of the quinine. This leads to an increase of the
ptical fluorescence onset. Nevertheless, the two onsets are in the
ame magnitude. The onset of the fluorescence intensity allows an
stimation of the current onsets in conventional CV experiments. It
as been shown, that potential dependent fluorescence measure-
ents, if carried out carefully, correlate well with conventional CV
easurements. Thus, fluorescence measurements, which are much

impler to carry out with arrays in parallel, provide a suitable means
o evaluate potential electrodes in high-throughput modes.

. Conclusion

The objective of the work described here was the develop-
ent of two high-throughput setups in the field of direct methanol

uel cell catalysts and beyond. For the pre-screening of a broad
ariety of catalyst powders as potential anode catalysts for acid
tability a simple optical method has been developed. Based on

our elimination criterions, about 1170 materials out of a test set
f 1300 materials were identified as acid instable, reducing the
umber of materials to be tested electrochemically by 90%. After
roper pretesting and suitable control experiments a library design
or parallel testing of up to 60 potential electrode catalysts for
ay 159 (2011) 108–119

methanol oxidation by screening of the fluorescence of quinine was
developed. The electrode compartment of the presented design is
positioned in the lower left corner of the graphite plate. It can eas-
ily be anticipated that the graphite plate can be increased to house
up to 240 wells, if the electrode compartment is positioned in the
middle of a centrosymmetric design. The optical detection of the
performance of electrode arrays is low cost and much simpler than
the alternative electrochemical setup based on parallel CV mea-
surements with arrays of counter electrodes. Another charm of the
method is its versatility with respect to potential catalysts, since
all catalysts accessible as powders can be tested. The system was
validated by coating a Pt50Ru50 catalyst onto the 60 spots of the
working electrode array. The standard deviation of the mean value
of the calculated fluorescence onsets was 4% (n = 60).
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