










“The scientific man does not aim at an immediate result.   

He does not expect that his advanced ideas will be readily  

taken up. His work is like that of the planter – for the future. 

His duty is to lay the foundation for those who are to come,  

and point the way.”      

—Nikola Tesla 





  



  



  



  



  



  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  



  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

 

 

  

  

  

  

  

  



  

  

  

  

  

  

  

  





“The secret of genius is to carry the spirit  

of the child into old age, which means   

never losing your enthusiasm.”   
—Aldous Huxley 



  

 

“At some point, almost certainly 

within this decade, we will peak 

in the amount of oil that is  

produced worldwide” 

 
—Richard E. Smalley, 2005 
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“We don’t have to save the world. 

The world is big enough to look after itself. 

What we have to be concerned about is 

whether or not the world we live in 

will be capable of sustaining us in it.” 

 
—Douglas Adams 



  

“The future is green energy,  

sustainability, renewable energy.” 

 
—Arnold Schwarzenegger 



  

 



  



  



  



  



  



  

 



  

 

“Yes my friends, I believe that water will one day be employed as fuel, that hydrogen and oxygen which 

constitute it, used singly or together, will furnish an inexhaustible source of heat and light, of an intensity 

of which coal is not capable.... When the deposits of coal are exhausted we shall heat and warm ourselves 

with water. Water will be the coal of the future.” 

—Jules Verne,  The Mysterious Island  (1874-5) 
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2𝑂ଶ +   2𝐻ା + 2𝑒ି   → 𝐻ଶ𝑂
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“I was bold in the pursuit of knowledge, 

never fearing to follow truth and reason 

to whatever results they led.” 

—Thomas Jefferson 
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The important thing is do not stop questioning. 

Curiosity has its own reason for existence. One 

cannot help but be in awe when he contemplates 

the mysteries of eternity, of life, of the marvellous 

structure of reality. It is enough if one tries merely 

to comprehend a little of this mystery every day. 

Never lose a holy curiosity.” 

 
—Albert Einstein

http://www.brainyquote.com/quotes/quotes/a/alberteins133991.html
http://www.brainyquote.com/quotes/quotes/a/alberteins133991.html
http://www.brainyquote.com/quotes/quotes/a/alberteins133991.html
http://www.brainyquote.com/quotes/quotes/a/alberteins133991.html


  



  



  



  

 

Insanity:  

doing the same thing over and over again 

 and expecting different results.” 

 

—Albert Einstein 
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! Platinum cobalt catalysts are synthesized by a scalable straightforward process.
! Stability increasing post-preparation treatments are developed and optimized.
! RDE experiments and HT-PEM single cell tests are conducted.
! Platinum loading is reduced without loss of performance and durability.
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a b s t r a c t

Platinum cobalt catalysts (PteCo) have attracted much interest as cathode catalysts for proton exchange
membrane fuel cells (PEMFCs) due to their high activity toward oxygen reduction reaction (ORR). Many
of the reported catalysts show outstanding performance in ex-situ experiments. However, the laborious
synthesis protocols of these PteCo catalysts disable an efficient and economic production of membrane
electrode assemblies (MEAs). We present an economic, flexible and continuous Pt-M/C catalyst prepa-
ration method as part of a large scale membrane electrode assembly manufacturing. In comparison, the
as-prepared PteCo/C based high temperature (HT)-PEM MEA showed an equal performance to a
commercially available HT-PEM MEA during 600 h of operation under constant load, although the
commercial one had a significantly higher Pt loading at the cathode.

! 2014 Elsevier B.V. All rights reserved.

1. Introduction

Proton exchange membrane fuel cell (PEMFC) technology en-
ables clean and efficient energy conversion with high energy den-
sity and is therefore considered to be a key source of power in a
future society based on renewable and sustainable energy. So far,
this promising technology has not yet penetrated the market to
compete with conventional power sources.

Platinum offers the highest catalytic activity toward oxygen
reduction reaction (ORR) of any pure metals. But nevertheless the
ORR activity on Pt is too slow for an efficient operation of fuel cells.
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Due to kinetic limitations, at present, PEMFCs require relatively
high loadings of platinum. It has been shown, that the anode
loading could be reduced from 0.1 to 0.05 mg cm!2 [1,2]. However,
at the cathode, 0.4 mg cm!2 are required to compensate the high
overpotential losses of the ORR [1,3,4]. Considering state-of-the-art
high temperature PEM fuel cell technology even higher Pt loadings
are used. Recent developments led to a reduction of the Pt loading
at the anode to 0.9 mg cm!2, whereas the cathode still required
1.7 mg cm!2 [5].

Over the last two decades substantial efforts have been dedi-
cated to find new catalyst systems for fuel cells. As the replacement
of Pt by catalysts made of abundant elements, which show ORR
activities close to that of Pt, faces several challenges, such as long
term stability in acidic media, most of the research work focusses
on improving the ORR activity of Pt in fuel cells [1,3,6e12]. By using
an appropriate combination of platinumwith other metals (e.g. Pd,
Ru, V, Cr, Co, Ni, Cu etc.) it is possible to increase the activity toward
ORR significantly and hence reduce the Pt loading at the cathode
[1,3,13e23]. In particular the formation of platinum alloys with late
transition metals such as Co has been investigated extensively
[17,21e29]. The reported PteCo catalysts showan increased activity
toward ORR compared to pure Pt. Whereby this enhancement of
the electrocatalytic ORR activity of these catalysts is related to the
weaker binding of the surface to ORR intermediates, e.g. HO*
[1,3,4,14e17,23].

Although these Pt-M catalysts offer several advantages for
PEMFC technology, there are further improvements to be achieved.
Especially the highly corrosive conditions in PEM fuel cells result in
gradual dissolution of the transition metal, the agglomeration of
platinum or its loss to the electrolyte and consequently to a loss of
power density [1,3,29e33]. Hence, the combination of advanced
catalyst development, functionalization of support materials,
appropriate membrane manufacturing and the methods of their
composition lay the foundation for a large-scale catalyst and
membrane electrode assembly production and is the crucial step
toward commercialization of fuel cell technology.

In literature many approaches andmethods can be found for the
synthesis of carbon supported platinum alloy nanoparticles Pt-M/C.
In order to keep an easily up-scalable production process in mind, it
is most likely to use solution-based chemical approaches, such as
impregnation. For impregnationmetal precursor salts are dissolved
in an appropriate solvent and then merged with a suitable support
material, usually high surface area carbon (HSAC). The precursor
solution wets the pores of the support material by capillary forces.
The product is dried afterwards to remove excess solvent, heated
and finally reduced to give the corresponding metals. In order to
increase the reaction rate and to directly convert the metal salts
into metallic nanoparticles a reducing agent, e.g. ethylene glycol, is
added to the impregnation solution. Additionally, the as-prepared
catalysts can be leached in acid solution to remove the inactive
transitionmetal from the catalysts surface, leading to a so-called Pt-
skeleton surface [1,14,28,33]. A heat treatment of the Pt-M/C cata-
lysts, depending on the temperature, can either be used to
decompose any undesired organic residues or to rearrange the
positioning of Pt and M within the catalysts [28,34]. Due to the
lower surface energy of Pt, in comparison to the transition metal in
inert atmosphere, platinum migrates to the catalysts surface,
leading to a so-called Pt-skin structure [1,14,28,33]. Both processes,
leaching and heat treatment, form a Pt overlayer at the surface of
the Pt-M catalysts and induce through strain and ligand effects a
weakening of the binding of ORR intermediates at the Pt surface,
hence leading to a higher activity toward ORR [1,33]. Furthermore,
the Pt overlayer renders the Pt-M catalysts kinetically stable against
dissolution of the solute transition metal under the acidic and
oxidizing environment of the (HT-)PEM fuel cell cathode [1,33].

In this paper we present an economic, flexible and continuous
Pt-M/C catalyst preparation as part of a large scale MEA
manufacturing. The given MEA manufacturing process consists of
the following production steps: (i) deposition of high surface area
carbon (HSAC) on carbon paper, (ii) impregnation with metal salt
containing solutions, (iii) reduction of the precursor salts, (iv) sta-
bilization of the Pt-M catalysts, (v) dopingwith phosphoric acid and
(vi) assembling of the MEA.

The focus of our work was set on the establishment of an active
and stable catalyst system, which opens up the possibility for the
reduction of the precious metal loading, thus a cost reduction of a
state-of-the-art membrane electrode assembly. Every single step of
the MEA manufacturing has been designed to fit into a continuous
production process, such as roll-to-roll production. The continuous
deposition of the catalysts directly in the, for HT PEM usage opti-
mized, porous layer of the gas diffusion electrode leads to a better
utilization of Pt. In contrast, conventional impregnation of catalysts
onto HSAC and casting it afterwards onto the gas diffusion layer
leads to a higher loss of Pt during the production and therefore to a
more expensive process. Furthermore, Pt can be enclosed in carbon
aggregates during conventional deposition and is therefore lost for
the electrocatalytic reactions. The herein presented continuous
MEA fabrication is much more time and cost saving, since batch
processes, such as conventional loading of the HSAC, filtering or
centrifugation, multiple washing, drying and annealing steps in
tube furnaces, are eliminated. Moreover, the scrap, which could be
produced during the manufacturing of the porous layer, has no
expensive catalyst in it. So, higher scrap rates can be accepted.

2. Experimental

2.1. Preparation of gas diffusion electrodes

The catalyst support (turbostratic (t-carbon or disordered
graphite) HSAC, BET: 250e300 m2 g!1) material with PTFE as hy-
drophobic binder material was applied on a wet proofed carbon
based gas diffusion layer via a doctor blade process. The catalyst
support slurry consists of the HSAC, a PTFE dispersion (Dyneon!,
TF 5035 PTFE), deionized water and 2-propanol (gradient grade,
Merck). The gap of the doctor blade was adjusted to 610 mm to get
an optimal loading of carbon/PTFE on the gas diffusion layer. The
prepared gas diffusion electrode (GDE) was dried at 170 "C under
constant air flow.

2.2. Catalyst preparation

All chemicals were used as purchased without further
purification.

An optimized deposition of the nanocrystalline platinum cobalt
catalysts supported on HSAC (PteCo/C) was obtained by adjusting
the composition of the precursor solution, the reducing atmo-
sphere, the temperature and the atomic ratio of platinum and co-
balt salts as a function of each other, respectively. The impregnation
solution was drop-coated on previously fabricated GDE sheets,
resulting in a platinum loading of 1.00 mg cm!2. In order to achieve
a cheap and easy deposition of the catalysts, we obtained best re-
sults with an impregnation solution, having a Pt:Co ratio of 1:5. The
solution contained hexachloroplatinic acid (H2PtCl6*6H2O, Sigmae
Aldrich), cobalt nitrate (Co(NO3)2*6H2O, SigmaeAldrich), ethylene
glycol (EG, Carl Roth) as reducing agent and 2-propanol (Sigmae
Aldrich)/ultrapure water (18.1 MU cm, Barnstead nanopure) (1:1)
as solvent. Furthermore, activity and stability enhancing treatment
of the active catalyst layer includes the addition of a non-ionic
surfactant (Brij-30, SigmaeAldrich) to the precursor solution to
prevent the nanoparticles from agglomeration during the reduction
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step, acid leaching and annealing steps after reduction [35]. The
reduction of the deposited metal salts was initiated by a mild
thermal treatment at 240 !C in nitrogen atmosphere. Conducted
post-preparation treatments of Pt:Co 1:5 catalysts and their com-
binations are given in Table 1.

A commercially available Pt/C catalyst sample was obtained
from elcomax GmbH and used as reference.

2.3. MEA preparation

After the deposition of the cathode catalysts on the GDE as
described above, the HT-PEM MEAs were manufactured by doping
the catalyst layer with a mixture of phosphoric acid (85 wt.%) and
1-pentanol. After evaporation of 1-pentanol at 230 !C, the elec-
trodes were hot pressed with a membrane based on poly-
benzimidazole (PBI) at 150 !C to form the membrane electrode
assembly.

The membranes were casted from a solution based on PBI and
dimethylacetamide (N,N-DMAc, synthesis grade, Merck). Therefor
meta-PBI powder was dissolved in DMAc under stirring for 3 h at
200 !C under pressure. All chemicals were used as purchased
without further purification. The membranes were casted by sol-
vent evaporation at 70e100 !C on a carrier foil. Afterwards, a
thermal treatment of the membranes, to remove DMAc residues,
was performed.

For the anode a standard Pt based GDE from elcomax GmbHwas
used. The reference HT-PEM MEA was also obtained from elcomax
GmbH.

2.4. Structural and chemical analysis

A FEI Titan 80e 300 scanning transmission electron microscope
(STEM) equipped with an EDAX energy dispersive X-ray spectros-
copy (EDX) detector for analytical measurements was used for the
investigation of the catalysts nanoparticles. The measurements
were performed at 300 kV. The electrode material was suspended
in 2-propanol/water (1:1), ultrasonicated for 10 min and one
droplet of the suspension was dripped on a holey carbon coated
nickel grid. The crystal structure was determined via electron
diffraction patterns measured over several nanoparticles and by
analyzing high resolution TEM micrographs. In addition, the size
and distribution of the catalyst particles was determined by TEM.

X-ray powder diffraction profiles were obtained on a Bruker
AXS D8 Advance powder diffractometer in Bragg-Brentano q-q
geometry operated at 40 kV and 40 mA, using Cu Ka radiation
(l ¼ 1.54178 !A). The 2q diffraction angles were measured by
scanning the goniometer from 30 to 138! 2q having a step size of
0.025! 2q. The profile-fit was performed using PANalytical X’Pert
High Score Plus software using the crystal structure data of
metallic Pt [36] and Co [37]. Calculations using Vegard’s law [38]
support the observed shifts in the peaks when compared to
those for pure Pt and Co. The average primary crystallite sizes of
the samples (dxRD) were determined according to the broadening
of the diffraction peaks using the Scherrer relationship [39]

(dxRD¼(Kl)/D(2q) cosq) where d is the mean crystallite dimen-
sion, K is the shape factor (0.9), l is the X-ray wavelength in nm,
D(2q) is the peak broadening at full width at half-maximum in
radians and q is the Bragg angle.

2.5. Electrochemical studies

Electrochemical studies were conducted in 0.1 M HClO4 as
electrolyte at room temperature and in a 50 cm2 HT-PEMFC single
cell at 160 !C, respectively. Ex-situ characterization served for
preliminary evaluation and screening of the catalysts; whereas, in-
situ studies were carried out using the most auspicious
formulation.

2.5.1. Ex-situ characterization
All glassware was cleaned for 24 h in sulfuric acid solution,

followed by heating and rinsing with ultrapure water to remove
sulfate residues. The electrochemical experiments were carried out
using an Autolab PGSTAT302N potentiostat (Metrohm Autolab
B.V.), controlled by a computer. The rotating disc electrode (RDE)
assembly was a combination of a rotator and an electrode from Pine
Instruments Company (AFE5T050GC). Prior to electrode prepara-
tion, the glassy carbon rotating electrode disc was polished to a
mirror finish using a 0.05 mm alumina suspension (MasterPrep,
Buehler).

The electrolyte, 0.1 M HClO4 (Fixanal, Fluka Analytical), was
prepared with ultrapure water. The working electrode was a com-
mercial glassy carbon disc electrode of 5 mm fixed diameter. A
platinized titanium rod (Bank Elektronik e Intelligent Controls
GmbH) was used as counter electrode and the reference electrode
was a reversible hydrogen electrode (RHE, Hydroflex, Gaskatel
Gesellschaft für Gassysteme durch Katalyse und Elektrochemie
mbH). Hence, all potentials reported here are quoted with respect
to RHE and are corrected for ohmic losses. 0 VRHE was controlled
subsequently after each measurement by performing the hydrogen
evolution reaction on Pt in the same electrolyte. The internal
resistance drop was determined by carrying out an impedance
spectrum with a peak-to-peak amplitude of 10 mV in the range
from 100 kHz to 1 Hz. The ohmic drop was evaluated from the high
frequency intercept point on the real axis of the Nyquist plot.
Typically the uncompensated resistance came to 25e30 U. RDE
measurements were conducted in a nitrogen (5.0, Messer Group
GmbH) saturated electrolyte, whereas, the oxygen reduction reac-
tion (ORR) activity measurements were performed in an electrolyte
saturated with oxygen (5.5, Messer Group GmbH). During mea-
surement the oxygen supply was sustained to keep the oxygen
concentration in solution at a constant level.

In order to prepare the rotating disc electrodes for cyclic vol-
tammetry and ORR measurements, 2 cm2 of the impregnated gas
diffusion electrodes were suspended in 2-propanol and treated in
an ultrasonic bath to form a homogeneous catalysts dispersion. A
10 ml aliquot of the dispersion was dispensed onto the working
electrode resulting in a loading of 28 mgPt cm#2 geometric surface
area.

The electrocatalysts were pre-treated using 250 cyclic voltam-
metry scans between 0.050 and 1.255 VRHE at a scan rate of
500 mV s#1. Afterwards, an analysis cycle was performed from
0.050 to 1.055 VRHE at 50 mV s#1. The electrochemical active plat-
inum surface area (ECSA) was determined from the mean integral
charge Q of the hydrogen adsorption/desorption area (Hupd) after
double-layer correction, considering 210 mC cmPt

#2 as conversion
factor [3,40] according to Eq. (1). LPt is the Pt loading on theworking
electrode (mgPt cm#2) and Ag (cm2) is the geometric surface of the
glassy carbon electrode and the cathode for HT-PEM in-situ ECSA
determination, respectively.

Table 1
Nomenclature of the prepared PteCo/C catalysts and their post-preparation
treatments.

PteCo/C 1st Treatment 2nd Treatment

untreated e e

leached Leaching, 10 vol.%
H2SO4

e

leached þ HT Leaching, 10 vol.%
H2SO4

Ramped annealing, starting at
30 !C, 5 !C min#1 to 220 !C,
dwell 45 min
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ECSA cm2 mg!1
Pt

! "
¼

QHupd Cð Þ
210% 10!6 C cm!2

Pt LPt mgPt cm!2
# $

Ag cm2
# $

(1)

To investigate the ORR activity potential sweeps between 0.050
and 1.055 V with a scan rate of 50 mV s!1 were conducted at a
rotating speed of 1600 rpm. The specific current density (specific
activity, SA) and the mass activity (MA) were calculated at 0.9 VRHE,
respectively [41].

In order to determine the stability and durability of the as-
prepared catalyst samples accelerated stress tests (AST) were
conducted. Therefore, the electrodes were cycled 1665 times be-
tween 0.5 and 1.4 VRHE in deaerated 0.1 M HClO4 at a scan rate of
500mV s!1. Every 555th cycle the ECSAwas determined. The loss of
ECSA gives information on the stability of the synthesized PteCo
electrocatalysts.

2.5.2. In-situ characterization
2.5.2.1. Polarization curves. A single cell setupwith an active area of
50 cm2 and a serpentine channel flow field structure on anode and
cathode was chosen. Reactant flow rates were measured and
controlled using mass flow controllers. Cell temperature was set to
160 &C controlled by electrical heating cartridges and the stoichi-
ometries were kept constant at 1.2 for hydrogen (3.0,Westfalen AG)
or synthetic reformate (76.0% H2, 1.2% CO and 22.8% CO2, Westfalen
AG) and 2.0 for air, respectively.

2.5.2.2. Long term operation under constant load. Long term oper-
ation under constant load was conducted at a current density of
0.2 A cm!2 and at a temperature of 160 &C. The single cell was
fueled with hydrogen on the anode with a stoichiometry of 1.2 and
air at the cathode with a stoichiometry of 2.0.

2.5.2.3. Cyclic voltammetry. Cyclic voltammograms were recorded
using a Zahner power potentiostat (PP241, Zahner Elektrik) and a
Zahner electrochemical workstation (IM6ex, Zahner Elektrik). The
MEAs were tested in a 50 cm2 single cell and fed with dry hydrogen
on the anode (which was also used as pseudo-reference electrode)
and humidified nitrogen on the cathode. The ECSAwas determined
by cycling the cathode between 0.095 and 1.100 V with 100 mV s!1

100 times, followed by an analysis scan with 50 mV s!1. The ECSA
was calculated according to Eq. (1).

2.5.2.4. Electrochemical impedance spectroscopy.
Electrochemical impedance spectra (EIS) were recorded in a
pseudo-galvanostatic mode with a Zahner power potentiostat
(PP241, Zahner Elektrik) and the results are presented in Nyquist
plots. The peak-to-peak amplitudewas set to 5mV at 0.2 A cm!2. At
the anode synthetic reformate was supplied.

Equivalent circuit (EC) analysis was used to quantify the
different losses occurring in the as-prepared HT-PEM MEA.

3. Results and discussion

3.1. Structural and chemical analysis

In order to obtain information about the size of the catalysts
particles as well as their distribution on the carbon electrode TEM
measurements were performed. The high-resolution TEM images
in Fig. 1 show the crystalline catalysts particles on the turbostratic
carbon electrode before leaching and heat treatment (a) and af-
terwards (b). The separate spherical nanoparticles are randomly
distributed across the HSAC and possess a size of 4.6'1.1 nmwith a
minimum value of about 2.2 nm and a maximum of 7.3 nm in
diameter before leaching. The average size of the nanoparticles
after the leaching is 4.5 ' 0.9 nm with a minimum value of about
2.4 nm and a maximum of 7.0 nm in diameter. The morphology as
well as the size of the catalysts nanoparticles did not change
significantly during leaching and heat treatment. The electron
diffraction patterns shown in the insets of Fig. 1 reveal the quasi
polycrystallinity. The diffraction rings were obtained by averaging
over several randomly oriented platinum crystals. When
comparing the measured d-values with literature values for cubic
platinum [42] a maximum deviation of 1.3% can be detected after
leaching. Neither for cubic nor for hexagonal crystalline cobalt
diffraction intensities were observed. Nevertheless, the presence of
cobalt was verified via EDX measurements taken over an area of
several hundred nanometers in dimension. The ratio of cobalt to
platinum after leaching shows that the amount of platinum with
96.5 ' 1.3 at.% highly outweighs the contained amount of cobalt
with 3.5'1.3 at.%. The analysis of the elemental distributionwithin
an individual nanoparticle was not successful due to the weak
signal. Given this small quantity of cobalt, a supposed alloy of
platinum and cobalt would result in only slightly modified lattice
plane distances. Therefore the detection of such an alloy cannot be
achieved via electron diffraction or high-resolution TEM regarding

Fig. 1. High-Resolution TEM images of PteCo loaded HSAC before leaching and heat treatment (a) and afterwards (b). The insets show the electron diffraction patterns of the
crystalline catalysts particles. The indicated d-values are given in !A.
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the experimental error. EDX measurements before leaching show a
significant higher ratio of cobalt (28.0 ! 6.0 at.%) to platinum
(72.0 ! 6.0 at.%). Electron diffraction experiments before leaching
also show intensities originating from crystalline cubic platinum
only. The deviation from literature d-values (1.5%) for platinum is in
the same range as for the leached sample and represents the
measuring error. This finding and the fact that about 88% of the
initial amount of cobalt is removed during the leaching process,
lead to the assumption that most of the cobalt on the electrode was
present in amorphous state.

The PteCo/C catalysts were further analyzed using X-ray
diffraction technique. The XRD patterns of the untreated, the
leached and the leached and heat treated PteCo/C samples as well
as the Pt/C reference are given in Fig. 2. The 2q Bragg peaks at ca.
39.8", 46.3", 67.7", 81.4", 85.5", 103.6", 118.1" and 123.2" correspond
to the face-centered cubic (fcc) reflections of Pt(111), Pt(200),
Pt(220), Pt(311), Pt(222), Pt(400), Pt(331) and Pt(420), respectively
[36]. The average particle size of the catalysts was determined by
using the Scherrer relationship [39]. The obtained crystallite sizes
of the PteCo/C catalysts are within a range of 2.6e2.9 nm, whereas
the particle size of the Pt/C sample is 4.1 nm. As XRD only provides
the average size of the diffracting crystals rather than the particle
size, the calculated crystallite sizes of the as-prepared PteCo/C
catalysts are smaller than those determined from HR-TEM images.
The Co contents within the PteCo/C samples were calculated by
comparing the lattice parameters (a) obtained from the measured
2q Bragg peaks with those of the commercial Pt/C catalyst
(a¼ 0.39147(7) nm), metallic Pt (a¼ 0.39231 nm) [36] and metallic
Co (a ¼ 0.35441 nm), respectively [37]. The lattice parameter of the
commercial Pt/C sample is comparable with the previously pub-
lished value of 0.39158 nm [38]. The lattice parameters of the
nanocrystalline samples, the contents of Co in the PteCo/C catalysts
derived from Vegard’s law [38,43] and crystallite sizes are given in
Table 2. The amounts (at.%) of Co refer to the lattice parameter of
the Pt/C sample of 0.39147(7) nm. However, if the lattice parameter
of metallic Pt of 0.39231 nm [36] is used as reference for Vegard’s
law, the Co content of the PtCo solid solutions is increased by
2.3 at.%. In both cases, the results obtained from the XRD mea-
surements are in accordance to the EDX analysis.

3.2. Catalytic activity and degradation tests

After having discussed the structural and chemical properties of
the prepared catalysts, we focus on their electrochemical and cat-
alytic characteristics. Figs. 3 and 4 depict the beneficial effects of

the performed post-preparation treatments on the catalytic prop-
erties of the PteCo/C catalyst, which are summarized in Table 3.
Fig. 4(b) shows the ORR polarization curves of the leached and heat
treated PteCo/C catalyst and the Pt/C catalyst. Clearly, the leached
and heat treated PteCo/C catalyst shows a more positive onset
potential than the Pt/C catalyst and a higher current in the mixed-
kinetic-diffusion region. The positive effect of acid-leaching on the
performance of the Pt-transition metal catalysts in comparison to
the Pt/C catalyst is ascribed to the dissolution of the inactive tran-
sition metal components and the segregation of Pt at the surface of
the catalysts, resulting in a roughening of the surface and leaving
behind a Pt-skeleton structure with a negligible amount of the
solute metal [1,14,28,33]. Treating the carbon supported PteCo
catalysts in 10 vol.% H2SO4 for 30 min led to a 1.7-fold increase of
the specific activity (SA) and a 1.6-fold increase of the mass activity
(MA) in comparison to the Pt/C sample. Additionally, a heat treat-
ment was performed. In contrast to previously reported annealing
steps in inert, reducing atmosphere or in vacuum at temperatures
above 450 "C [1,28,33,44], a mild heat treatment at 220 "C in ni-
trogen atmosphere was performed [34,45]. The heat treatment step
was initiated with an applied temperature ramp of 5 "C min$1

starting at 30 "C. The final temperature of 220 "C was held for
45 min; afterwards the catalyst samples were removed from the
oven and cooled down to room temperature immediately. The
additional heating induced a further increase of the MA of the
catalysts toward ORR in comparison to the leached samples,
resulting in a 2-fold activity increase over the Pt/C catalyst,
whereas, the SA was not affected. The Tafel plot in Fig. 4(a) com-
pares the electrocatalytic ORR activities of the differently treated
catalysts samples to the commercial Pt/C sample.

The cyclic voltammograms (CVs) in Fig. 3, recorded in nitrogen
saturated 0.1 M HClO4 solution, show the typical features of Pt-
based catalysts including a Hupd region, a double layer and an ox-
ide formation region. The Hupd region reflects the catalysts

Fig. 2. X-ray diffraction patterns of the untreated, leached, the leached and heat
treated PteCo/C catalysts and the Pt/C catalysts.

Table 2
Summary of the properties of the differently treated PteCo/C catalysts and the
commercial Pt/C catalyst obtained from XRD measurements. The amounts (at.%) of
Co refer to lattice parameter of the Pt/C sample of 0.39147(7) nm.

a/nm at.% Co Size/nm

PteCo/C untreated 0.39013(8) 3.6 2.9
PteCo/C leached 0.39079(8) 1.8 2.6
PteCo/C leached þ HT 0.39060(7) 2.4 2.6
Pt/C 0.39147(7) e 4.1

Fig. 3. Cyclic voltammograms of the as-prepared PteCo/C catalysts and the Pt/C
reference recorded at a scan rate of 50 mV s$1 in nitrogen saturated 0.1 M HClO4

electrolyte.
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electrochemical active surface area. It is evident that the catalysts
reveal a higher ECSA after post-preparation treatment. As discussed
above, the increase in ECSA is mainly due to the dissolution of the
electrocatalytically inactive Co at the catalysts surface. Further-
more, the leaching and especially the heat treatment of the PteCo/C
catalysts led to the removal of ethylene glycol, its decomposition
products and the non-ionic surfactant from the catalysts surface.
Onewould anticipate a decrease of ECSA during heat treatment, but
using rather low temperatures, the cleaning of the catalysts surface
from organic residues has a higher impact on the active surface
than the increase of the mean particle size (see Fig. 3) [34,45].
However, since the annealing step is part of a continuous process,
oxygen impurities in the N2 atmosphere are almost unavoidable.

Thus, the CV of the leached and heat treated catalyst exhibits an
increased double layer capacitance compared to the other catalyst
samples due to partial surface oxidation of the HSAC. The CV of the
Pt/C catalyst sample equals the leached PteCo/C catalyst.

As mentioned before, due to the highly acidic and oxidizing
environment of an HT-PEMFC cathode, Pt-M catalysts are prone to
gradual degradation, which limits the lifetime of the PEMFC
significantly. Especially high potentials (>1.2 V) lead to the corro-
sion of the carbon support material, the detachment of the Pt
nanoparticles, their agglomeration and/or loss of electrical contact
[1]. In order to determine the stability and durability of the pre-
pared PteCo/C catalysts samples accelerated stress tests were
conducted. Fig. 5 compares the degradation behavior of the un-
treated (a) to the leached and heat treated catalyst (b) and to the Pt/
C reference (c). By treating the as-prepared catalysts according to
the procedures mentioned above the initial ECSA as well as the
stability are increased significantly. In accordance to the results
obtained from XRD and TEM analysis and since the ECSA increases
after leaching and heat treatment, the increase of stability cannot
be attributed to an enlargement of the average particle size. We
support the speculation of Stephens et al. that the annealing pro-
cedure smooths out the surface of the catalysts and/or removes
defects of undercoordinated sites, which are most susceptible to
corrosion [1].

3.3. HT-PEMFC studies

To enhance the knowledge of the interactions of the as-prepared
leached and heat treated PteCo/C catalyst with other components
inside an HT-PEM MEA, e.g. phosphoric acid, single cell tests were
carried out. Furthermore, the operation in fuel cells should give
information on the performance of the synthesized nanoparticles
and their long term stability toward corrosion and/or de-alloying.

3.3.1. Polarization and power density
After manufacturing, the MEA was characterized by investiga-

tion of polarization, power density and electrochemical impedance
properties, using hydrogen and synthetic reformate as anode
feedstock, respectively. In Fig. 6 the polarization of the leached and
heat treated PteCo/C based MEA and the commercial Pt/C based
HT-PEMMEA are shown. The first polarization curve of the leached
and heat treated PteCo/C based MEA was recorded immediately
after the MEA hot pressing step; the second was taken after 600 h
long term operation under a constant load of 0.2 A cm!1 at 160 "C.
In both cases, applying pure hydrogen and synthetic reformate at
the anode, the performance of the in-house prepared HT-PEMMEA
was enhanced during operation. The open cell voltage (OCV) value
as well as the ohmic resistance improved during the long term test.
The polarization and power density of the commercial Pt/C MEA
showed no change during the 600 h long term operation. While fed
with hydrogen, the in-house prepared PteCo/C based HT-PEM
MEA, having a lower Pt loading at the cathode, shows an
enhanced performance over the commercial MEA after 600 h of
operation, especially at higher current densities (Fig. 6(a)). How-
ever, when fueled with synthetic reformate, both MEAs exhibit an
equal performance (Fig. 6(b)). The results of the durability test
confirm the higher activity of the as-prepared leached and heat
treated PteCo/C catalyst compared to the commercial Pt/C catalyst,
as observed in ex-situ analysis, due to the equal performance while
having less Pt.

3.3.2. Long term operation under constant load
The as-prepared MEA demonstrated a good durability in single

cell operation (Fig. 7). The average degradation rate of the leached
and heat treated PteCo/C based HT-PEMMEA during the 600 h test

Fig. 4. (a) Tafel plots obtained from corresponding ORR polarization curves of the Pt/C
and the PteCo/C catalyst samples, recorded at a scan rate of 50 mV s!1 in oxygen
saturated 0.1 M HClO4 electrolyte with a rotation speed of 1600 rpm. (b) Comparison of
the ORR polarization curves of the leached and heat treated PteCo/C catalyst and the
Pt/C catalyst.

Table 3
Summary of the properties of the differently treated PteCo/C catalysts and the Pt/C
reference catalyst.

SA/
mA
cm!2

MA/A mgPt!1 Roughness
factor/
cm2

Pt

cm!2
geo

Initial
ECSA/
cm2

mgPt!1

ECSA loss
after 3rd
AST/%

PteCo/C untreated 0.090 0.018 5.54 198 38
PteCo/C leached 0.318 0.081 7.18 257 23
PteCo/C

leached þ HT
0.322 0.100 8.68 310 20

Pt/C 0.188 0.049 7.29 260 49
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under steady state conditions at 160 !C was 0 mV h"1. Especially
during the first 14 h of the long term operation a very steep increase
in cell voltage was observed, followed by a constant increase up to
500 h runtime. After that, the cell voltage stabilized at 604 mV. In
contrast, the commercially obtained HT-PEM MEA from elcomax
GmbH showed a better performance at the beginning of the
durability test, but lost cell voltage continually over the first 400 h
of operation, which stabilized at 608 mV afterwards. The 1 kHz AC

resistances were at a constant value of 2.4 mU for the leached and
heat treated PteCo/C based HT-PEM MEA and 1.7 mU for the
commercial one, respectively. Both values indicate a good distri-
bution of H3PO4 electrolyte within the catalyst layer of the cathode
electrode. By comparison, both MEAs showed an equal

Fig. 5. Cyclic voltammograms of the untreated PteCo/C catalyst (a), the leached and
heat treated PteCo/C catalyst (b) and the Pt/C catalyst (c) recorded at a scan rate of
50 mV s"1 in nitrogen saturated 0.1 M HClO4 electrolyte. The gradual degradation of
the catalysts during AST cycling is given after 555, 1110 and 1665 cycles in form of the
loss of ECSA.

Fig. 6. Polarization curves and power densities of the leached and heat treated PteCo/
C based HT-PEM MEA before and after 600 h long term operation and the commercial
HT-PEM MEA under constant load at 160 !C, fueled with hydrogen (a) and synthetic
reformate (b) at the anode and air at the cathode.

Fig. 7. Comparison of cell voltages and the corresponding 1 kHz AC resistances of the
leached and heat treated PteCo/C based HT-PEM MEA and a commercial HT-PEM MEA
during durability testing at 160 !C. The insert shows the first 14 h of the long term
operation of the in-house prepared MEA.
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performance during 600 h of operation under constant load,
although the commercial HT-PEM MEA had a much higher Pt
loading at the cathode.

3.3.3. Electrochemical impedance spectroscopy
EIS is a commonly applied tool in electrochemistry to investigate

corrosion processes and to quantify losses occurring in electro-
chemical devices, such as batteries. In fuel cell research it is a
reliable method, providing information on catalyst and membrane
materials [46]. In general, the information on the catalyst and
membrane materials derives either from a process model based on
physicochemical relations, kinetics, mechanisms and consequently
analytic equations or from a measurement model by means of
equivalent circuit (EC) analogs. Both evaluation approaches offer
advantages, but have insufficiencies as well. For example a good
numerical complex nonlinear least square fit of a measurement
model to experimental data does not necessarily mean the correct
EC is applied. On the other hand a process model approach is often
too complex to be applied on multipart systems like fuel cells.
Rezaei Niya et al. gives a very concise comparison of these two
approaches with respect to fuel cell applications [47] and Mac-
donald makes a very detailed distinction between models and an-
alogs [48]. Due to the increasing complexity of process models with
the increasing number of components in a fuel cell a measurement
model based analysis is the more straight-forward approach for our
HT-PEMFC investigation. Although the physical meaning of the
applied EC elements may be under discussion at least correlations
can be drawn between the described equivalent circuit and the
analysis as follows.

Herein, EC analysis was used to simulate the entire frequency
range of the given impedance spectra (e.g. Fig. 8). Therefore, electric
components, such as resistors and capacitors, were used for the
simulation and fitting process. The applied EC (Fig. 9) is based on
the modified Randles cell equivalent circuit suggested by Zhang
et al. [49] and its further modification as described in Ref. [50].

In Fig. 8 the recorded EIS spectra of the leached and heat treated
PteCo/C based MEA are presented in form of their Nyquist plots.
The measurement at the beginning of the long term operation
shows three depressed semicircles, while after 600 h of operation a
fourth arising semicircle may be observed additionally. Both
impedance spectra show the same frequency dependence and are
interpreted as follows.

The beginning semicircle which is observed in the very high
frequency area may not be attributed to an anode charge transfer
reaction since the characteristic frequency (23208 Hz) is too high to
be formed by a chemical reaction. The origin of this rc element is
due to contact resistance between the flowplates and the MEA
while the capacitance is attributed to small amounts of H3PO4 at
the interface between the two layers. Other explanations for such a
behavior refer these potential independent high frequency

semicircles to the distribution of resistance effects within the
electrolyte in the catalysts layer [51,52]. This phenomenon leads to
the fact that the high frequency intercept, which is commonly
ascribed to the electrolyte resistance (Re), is not seen directly within
the observed frequency range. Therefore, the membrane resistance
is obtained by calculating the sum of these distributed ohmic
contact resistances (Rc) and the electrolyte resistance (Re) and is in
accordance with [50,53] denoted by membrane resistance (Rm).

In the mid frequency area at least one depressed semicircle is
observed which is attributed mainly to the ORR charge transfer re-
action. The corresponding anode impedancesemicircleoranode loop
is masked by the more significant ORR semicircle. Especially at the
beginning of the long term operation the characteristic frequencies
are tooclose together tobe seenas separate semicircles.After600hof
operation the characteristic frequencies have separated leading to
two semicircles in theNyquist plot and the anode reaction semicircle
is observed. Since the origin of this loop is still under discussion the
corresponding equivalent circuit element is better denoted by high
frequency loop (RhfjjCPEhf) than by anode loop [54].

In the low frequency area mass transport limitations are
observed in both spectra, but are more significant after 600 h of
operation. Additionally, the fluctuations in the low frequency arc
indicate a slight flooding event. According to this interpretation the
equivalent circuit shown in Fig. 9 was applied for our fitting pro-
cedure and simplified for the discussion.

The for the fitting procedure applied formulas as well as the
obtained parameters are shown in Table 4, where the kinetic

Fig. 8. Nyquist plots of the EIS measurements of the leached and heat treated PteCo/C based HT-PEM MEA at BoL and after 600 h of operation.

Fig. 9. Equivalent circuit which was applied for fitting procedure (1) and simplification
steps (2) and (3).
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resistance Rkin is the sum of the charge transfer and high frequency
resistances (Rct þ Rhf). The membrane resistance Rm is, as described
above, the sum of the ohmic contact resistances (Rc) and the elec-
trolyte resistance (Re). Rgt specifies the resistance occurring by the
transport of the reactant gases through the porous layer of the GDE.
The overall Warburg impedance ZW is calculated from theWarburg
diffusion interpretation parameter TW, the finite length Warburg
resistance RW and theWarburg exponent PW. The second column of
Table 4 specifies the different coefficients Tct, Thf, Tc and Tgt and
their corresponding exponents Pct, Phf, Pc and Pgt of the constant
phase elements (CPEs) given in Fig. 9. All of these parameters
exhibit changes during the long term operation experiment. After
the first step of simplification it is seen that the membrane resis-
tance Rm (¼Rc þ Re, see Table 4) has decreased starting from
1.95 mU to 1.53 mUwhich is slightly lower than the obtained 1 kHz
AC resistance (Fig. 7) recorded throughout the long term experi-
ment. This decrease indicates an improved electrolyte distribution
within the active layer, which leads to a decrease of Rc and Rm,
respectively. Furthermore, it indicates that the main part of the
membrane resistance rather originates from an insufficient elec-
trolyte distribution in the active layer than from the electrolyte
resistance itself.

The decrease in the diameter of the mid frequency semicircle
(Rkin¼ Rctþ Rhf) is also due to the improved electrolyte distribution
within the catalysts layer. During the operation the exponent (Pdl)
of the constant phase element ascribed to the double layer (CPEdl)
decreased as well, which generally indicates a broader distribution
of time constants and a better distribution of H3PO4. Both ten-
dencies, the decreased Rkin as well as the decreased Pdl, indicate an
increased active catalyst surface area due to an improved H3PO4
distribution. But nevertheless, the fractional increase of the ob-
tained ECSA by CV analysis (see Fig. 10) goes beyond the fractional
increase of the kinetic conductance (Table 5). This difference may
be explained by the surface roughening effect of the catalysts par-
ticles, which increases the accessible inner surface of the catalysts
particles and consequently the obtained ECSA.

In Fig. 10 the cyclic voltammograms of the leached and heat
treated PteCo/C based HT-PEMMEA before and after the durability
test are shown. During operation the ECSA of the cathode catalysts
layer increased slightly from 104 to 113 cm2 mgPt#1. This enlarge-
ment of the active surface area can be attributed either to the
redistribution of the H3PO4 electrolyte in the doped catalysts layer,
resulting in an improved membrane resistance (Rm ¼ Re þ Rc) as
well as kinetic conductance (Skin ¼ 1/Rkin), as observed in EIS
measurements, or to an additional removal of impurities and
inactive Co sites at the surface of the GDE.

According to the obtained parameters (Table 4) the diameter of
the low frequency semicircle which is observed more clearly after

600 h of operation under constant load is increased. This may also
be attributed to an increased wetting of the active layer and
consequently longer diffusion pathways when thinking of a flooded
agglomerate model [55]. The fluctuations in the low frequency arc
also indicate a slight flooding of the active layer although the po-
larization curve does not indicate such an issue.

4. Conclusion and outlook

In this paper we have presented roll-to-roll processed Pt-M/C
catalysts as part of an economic and flexible large scale MEA
manufacturing for application as cathode catalysts in PBI-based HT-
PEM fuel cells. During production it has been paid attention to keep
the synthesis of the catalysts as simple as possible. To obtain a higher
Pt utilization the continuous deposition of the catalystswas achieved
directly in theoptimizedporous layerof thegasdiffusionelectrode. In
contrast to conventional casting of catalyst loaded HSAC onto the
GDL, the loss of Pt during production is reduced by the presented
process, rendering itmore economical. Furthermore, Pt enclosures in
carbon aggregates are eliminated and due to the absence of batch
processes, such as filtering, centrifugation, multiple washing, drying
and annealing in tube furnaces, the herein presented continuous
MEA fabrication is much more time and cost saving.

After post preparation treatment, such as acid-leaching and
annealing, the developed PteCo catalysts exhibit good catalytic
properties and enhanced stability in ex-situ tests. In comparison to

Table 4
Parameters obtained by the EC fitting procedure (*: fixed parameters).

0 h 600 h 0 h 600 h

0Rkin Rct/U 5.01E-03 4.99E-03 2Tdl/A V#1 dim[(ju)#P] 1.17Eþ01 7.91Eþ00
Rhf/U 4.81E-03 4.61E-03 2Thf/A V#1 dim[(ju) #P] 5.10Eþ00 6.29Eþ00

0Rm Rc/U 1.48E-03 1.21E-03 2Tc/A V#1 dim[(ju) #P] 1.00E-02 1.00E-02
Re/U 4.70E-04 3.18E-04 2Tgt/A V#1 dim[(ju) #P] 50.4Eþ00 57.4Eþ00

Rgt Rgt/U 3.08E-05 1.17E-03 2Pdl 6.43E-01 5.59E-01
1ZW TW 3.77E-04 3.77E-04 2Phf 1.09Eþ00 1.02Eþ00

RW/U 3.27E-03 4.41E-03 2Pc 8.58E-01 9.00E-01
*PW 0.5 0.5 2Pgt 1.10Eþ00 1.10Eþ00

0Rkin ¼ Rct þ Rhf

1ZW ¼ RW
tanh½ðjuTwÞPw '

ðjuTwÞPw

2ZCPE ¼
1

TxðjuÞPx

9
>>>>>>>=

>>>>>>>;

Applied formulas
j ¼ square root of #1; u ¼ angular frequency/rad s#1

Fig. 10. Cyclic voltammograms of the cathode layer of the leached and heat treated Pte
Co/C based HT-PEM MEA before and after long term operation test, recorded at a scan
rate of 50 mV s#1. The anode (fed with dry hydrogen) was used as pseudo-reference
electrode. The cathode was supplied with humidified nitrogen.
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reported Pt3Co catalysts, which have been prepared by laborious
and expensive production processes, our PteCo catalysts lack in
high specific and mass activity toward oxygen reduction reaction
under ex-situ conditions. Though, under in-situ conditions our
catalysts perform equally to commercially available Pt catalysts or
even outperform them.

The begin-of-lifetime polarization curves, which were obtained
directly after hot-pressing of the leached and heat treated PteCo/C
based HT-PEM MEA, show a poor performance. Within the first
14 h of operation at constant load a steep increase of the cell per-
formance was observed. We ascribe this voltage gain to the redis-
tribution of the electrolyte within the cathode catalyst layer after
hot-pressing and to a further cleaning of the catalysts surface. EIS
measurements, recorded in synthetic reformate, and fitting of the
data thereof confirm our assumption. After the steep increase the
cell voltage stabilized at 604 mV for the remaining test period. A
comparison of the polarization curves taken before and after the
long term HT-PEM test for 600 h showed a significant increase of
cell performance and OCV.

By using our newly developed catalyst deposition system we
achieved a reduction of the platinum loading of HT-PEM MEA
cathodes without loss of performance.

Currently, a fuel cell stack test including long term operation
with natural gas reformate is under progress. With these results we
will gain further insight into the durability of our PteCo/C catalyst
system and its feasibility for HT-PEM fuel cell systems.
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