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Abstract The activity, selectivity, and methanol tolerance
of novel, carbon supported high-metal loading (40 wt.%)
Pt/C and Pt:Me/C (Me = Ni, Co) catalysts for the O,
reduction reaction (ORR) were evaluated in model studies
under defined mass transport and diffusion conditions, by
rotating (ring) disk and by differential electrochemical mass
spectrometry. The catalysts were synthesized by the orga-
nometallic route, via deposition of pre-formed Pt and Pt;Me
pre-cursors followed by their decomposition into metal
nanoparticles. Characteristic properties such as particle si-
zes, particle composition and phase formation, and active
surface area, were determined by transmission electron
microscopy, energy dispersive X-ray spectroscopy, X-ray
photoelectron spectroscopy, and X-ray diffraction. For
comparison, commercial Pt/C catalysts (20 and 40 wt.%, E-
Tek, Somerset, NJ, USA) were investigated as well,
allowing to evaluate Pt loading effects and, by comparison
with the pre-cursor-based catalyst with their much smaller
particle sizes (1.7 nm diameter), also particle size effects.
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Kinetic parameters for the ORR were evaluated; the ORR
activities of the bimetallic catalysts and of the synthesized
Pt/C catalyst were comparable and similar to that of the
high-loading commercial Pt/C catalyst; at typical cathode
operation potentials H,O, formation is negligible for the
synthesized catalysts. Due to their lower methanol oxida-
tion activity the bimetallic catalysts show an improved
methanol tolerance compared to the commercial Pt/C cat-
alysts. The results indicate that the use of very small particle
sizes is a possible way to achieve reasonably good ORR
activities at an improved methanol tolerance at DMFC
cathode relevant conditions.
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1 Introduction

The overpotential for the oxygen reduction reaction (ORR)
at low-temperature polymer electrolyte fuel cell (PEFC)
cathodes is one of the major factors limiting the PEFC
performance. Furthermore, in the Direct Methanol Fuel
Cell (DMFC), the cross-over of methanol from the anode to
the cathode side results in parasitic methanol oxidation on
the cathode at typical operation potentials, which leads to
the formation of a ‘mixed potential’ [1-3] and additional
performance losses, especially, on Pt cathode catalysts.
Therefore, the development of cathode catalysts with im-
proved ORR performance and methanol tolerance is one of
the major challenges in low-temperature fuel cell electro-
catalysis.

The state-of-the-art cathode catalysts for low-tempera-
ture fuel cells are mostly bimetallic Pt-based nanoparticles
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supported on a conductive high-surface area carbon sup-
port. Several PtMe alloys (Me = Co [4, 5], Ni [4-6], Fe [4,
71, and Cr [8, 9], etc.) have been investigated in rotating
(ring) disk electrode (R(R)DE) model studies and were
shown to be promising candidates for low-temperature fuel
cell cathode catalyst, demonstrating both improved ORR
performance and methanol tolerance.

In recent years, a number of ‘methanol tolerant’ cathode
catalysts have been reported, such as Ru selenide-based
catalysts [10-13] or metal containing macrocycles (por-
phyrins, phenantrolins) [14—18], which would be attractive
also due to the reduced costs, since they are not based on
noble metals. General problem of these catalysts, however,
are their too low-activity compared to standard Pt/C cathode
catalysts or even state-of-the-art bimetallic PtMe/C catalyst
[19], and their greater tendency for H>O, formation at fuel
cell relevant cathode operating potentials [12, 13, 19].

A different approach would be to optimize Pt/C or PtMe/
C noble metal catalysts with respect to a higher methanol
tolerance. This would avoid the significant activity losses
connected with the above catalysts, although the cost situ-
ation would be improved only by the extent of the
increasing ORR activity. One possible route for doing this
would be to move to smaller particle sizes. Small Pt parti-
cles have been demonstrated to be more oxophillic, i.e.,
more easily oxidizable [20], and on the other side it is well
known that on oxidized/OH,4 covered Pt surfaces/particles
methanol oxidation is inhibited, at least at potentials
<1 VRguE, leaving very small Pt particles less active for the
methanol oxidation reaction (MOR) [21, 22]. The particle
size effects in the MOR have to be compared with particle
size effects in the ORR. It has been reported that the active
surface area normalized ORR activity increases with the
particle size until a maximum is reached at about 3.5 nm,
based on comparative studies on series of different Pt cat-
alysts [8, 23, 24]. On the other hand, Watanabe et al. found
no particle size effect for the ORR, and assumed that this
effect is dependent on the intercrystallite distance and not
on the dimensions of the Pt crystallites [25], and similar
conclusions of a Pt particle size independent ORR activity
were also reported by Yano et al. [26].

This strategy is also the topic of the present paper where
we report results of a comprehensive electrocatalytic model
study on the activity, selectivity (H,O, formation) and
methanol tolerance of novel, carbon supported Pt/C and
non-alloyed, bimetallic Pt;Me/C (Me = Co, Ni) catalysts in
the ORR. For comparison, we included two commercial Pt/
C catalysts with different Pt loading (E-Tek Inc., 20 and
40 wt.% Pt), which also allowed conclusions on possible
noble metal loading effects. The catalysts were synthesized
via the so-called organometallic route, depositing pre-
formed colloidal Pt, and Pt;Me pre-cursors on a high-sur-
face area carbon support (see below) [27-30]. In contrast to
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the commonly applied method for preparing carbon-sup-
ported PtMe alloy catalysts, involving deposition of the
non-precious metal on a carbon-supported Pt catalyst pre-
pared beforehand, followed by alloying at high tempera-
tures (7 > 700 °C), we expect this method to avoid
substantial metal particle growth by sintering and coales-
cence during the high-temperature treatment. The resulting
catalysts were characterized with respect to particle sizes
and particle size distribution, chemical composition, and
phase formation by transmission electron microscopy
(TEM), energy dispersive X-ray spectroscopy (EDX),
photoelectron spectroscopy (XPS), and X-ray diffraction
(XRD). The electrochemical and electrocatalytic properties
of the catalysts were determined by potentiodynamic
rotating ring disk electrode (RRDE) and differential elec-
trochemical mass spectrometry (DEMS) measurements
under controlled electrolyte flow and partly at elevated
temperatures (RRDE). This involved (1) the determination
of the active surface area by pre-adsorbed CO monolayer
oxidation, via CO, detection in the DEMS set-up, (2) the
determination of the ORR kinetic current densities (Tafel
plots) normalized to the metal mass, the geometric surface
area, or the active surface area, (3) the selectivity in the
ORR (O, reduction to H,O,) as measured by RRDE
measurements, (4) the activity and selectivity (complete
oxidation of methanol to CO,) in the MOR as evaluated
from DEMS measurements, and (5) the mutual interaction
between MOR and ORR at elevated temperatures as
measured by RDE in methanol free and methanol con-
taining, O,-saturated electrolyte.

2 Experimental
2.1 Commercial (E-Tek) catalysts

Commercial Pt/C catalysts (E-Tek) of different loading (Pt
loading 20 and 40 wt.%) were used as a reference. The
mean particle sizes were ca. 3.7 nm [31] and 3.0 nm [32]
for the Pt/C with 20 and 40 wt.%, respectively. This also
allowed to evaluate the effect of the Pt/C catalyst loading
on the ORR and MOR activity/selectivity.

2.2 Synthesis of 40 wt.% Pt/C, Pt;Co/C, and Pt;Ni/C
catalysts

Pt(CH;3),COD (COD = 1,5 cyclooctadiene) was obtained
from Pt(acac), (acac = acetylacetonate) (Strem Chemicals,
Newburyport, MA, USA) by reacting with trimethylalu-
minum in a single step reaction to yield the product in more
than 90%. This synthetic procedure was described in de-
tails recently [30]. The synthesis was performed under
strict argon conditions. The solvents used for the reaction
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were thoroughly dried. Starting materials and the low-va-
lent complexes were used after necessary purifications.

For the Pt/C catalyst, Pt(CH3),COD was added to a
dispersion of Black Pearl in toluene (Fluka, Milwaukee,
WI, USA, >99.5% purity), being stirred under a constant
flow of argon. After stirring the suspension for 1 h at room
temperature, the solvent was evaporated under reduced
pressures and the raw catalyst was conditioned under a
flow of H, at 150 °C for 2 h. The temperature was limited
to 150 °C to remove the organic impurities and to prevent
any agglomeration or sintering. This way, it was attempted
to synthesize catalysts, which are sufficiently stable under
fuel cell conditions on the one hand and which, on the other
hand, retain the advantage of the low-temperature prepa-
ration, yielding very small particles sizes.

For the Pt;Ni/C and Pt3Co/C catalysts, the crystallized
Pt(CH5),COD was dissolved in toluene, to which
Co0,(CO)g or Ni(COD), (Strem Chemicals) were added to
obtain Pt and Co(Ni) in an atomic ratio of 3:1. To this
solution, Black Pearl carbon support was added to obtain
40 wt.% total metal on carbon. Conditioning was per-
formed by reduction in a H, flow at an initial temperature
of 120 °C for Pt3Co and 50 °C for Pt;Ni (owing to the
volatility of the Ni(COD),), after 2 min the temperature
was ramped to 250 °C in H, (4 °C min™"), and kept there
for 1.5 h. Higher conditioning temperatures were avoided
to keep particle sintering or agglomeration at low levels.

For transmission electron microscopic (TEM) mea-
surements, the catalysts were first dissolved in an alcohol
solution and sonicated (3 min), then they were placed on
a carbon-coated Cu grid. Electron microscopy data were
then collected using a Philips Tecnai F20 TEM with a
field emission gun operated at 200 kV. Scanning electron
microscopy (SEM) imaging was performed on a LEO
Gemini 982 SEM equipped with a LINK ISIS 300 EDX
analysis unit from Oxford Corp. X-ray diffractograms
were measured using a Siemens D5000 instrument,
operating with Cu Ko radiation (4 = 0.15406 nm). Scans
were recorded at 0.12 min™' for 20 values from 20 to
100°. XP spectra were obtained on a Physical Electronics
instrument (System 5800) using monochromatized Al-Ko
radiation.

2.3 Thin-film electrode preparation

The thin-film electrodes were prepared as described pre-
viously [31], by pipetting 20 pl aliquot of an aqueous
suspension (2 mg ml™") of the catalyst onto the glassy
carbon disk (Sigradur G, from Hochtemperatur Werkstoffe,
Thierhaupten, Germany), and after drying the catalyst was
fixed with a defined amount (20 pul) of diluted aqueous
Nafion solution on top of the dried catalyst layer. The latter
results in a very thin (ca. 0.1 um thickness) Nafion film,

which is thin enough to avoid additional diffusion resis-
tance, but thick enough to ensure a sufficient physical
stability of the catalyst layer [31, 33]. The geometric area
of the accessible part of the electrode is 0.283 cm?, the
metal loading is 28 (20 wt.% Pt loading), and 56 pg cm™>
(40 wt.% Pt loading). In earlier work, we had shown that
agglomeration and utilization effects are negligible in this
loading regime [34]. The same experimental procedure was
applied for preparation of working electrodes for R(R)DE
and DEMS measurements. Before the electrochemical
measurements, the catalysts were cleaned by cycling in
base electrolyte until a constant CV was obtained (initial
potential 0.06 V, upper potential: 1.36 V for Pt/C for about
ten cycles and then 1.16 V, and 0.5 V for Pt;Me/C cata-
lysts, in order to avoid leaching of Ni or Co).

2.4 RRDE measurements

The RRDE measurements for the ORR (in the absence and
presence of methanol) were performed in a thermostated
three-compartment electrochemical cell at 60 °C and
1,600 rpm. A Pt wire and a saturated calomel electrode
(SCE) were used as counter and reference electrode,
respectively. The working electrode was installed into a
commercial (Pine Instruments, Grove City, PA, USA) ring-
disk head with an exchangeable disk (6 mm in diameter)
surrounded by an insulating Teflon U-cup and embedded Pt
ring. Ring and disk potentials were controlled separately by
a bi-potentiostat (Pine Instruments). The ring collection
efficiency, N, was confirmed to be ca. 20% [33] at a
rotation rate of 1,600 rpm and a ring potential of 1.2 V
versus the reversible hydrogen electrode (RHE). Hydrogen
peroxide yields, x(H,0,), were calculated from the ring
(Ir) and disk (Ip) currents via the equation:
x(H202) = (2Ix/N)/(Ip + Iz/N). The mass transport-nor-
malized kinetic ORR currents at the disk electrode were
calculated as Iy = Ly X I/(Ijm — I) and are given as mass,
geometric or active surface (determined by CO,q stripping)
area specific kinetic ORR currents in the Tafel plots.

2.5 DEMS measurements

The DEMS set-up consisted of two differentially pumped
chambers, a Balzers QMS 112 quadrupole mass spec-
trometer, a Pine Instruments potentiostat, and a comput-
erized data acquisition system. DEMS measurements were
performed in a dual thin-layer flow-through DEMS cell
[35, 36] at an electrolyte flow of ca. 10 pl s’l, with the
working electrode in the first compartment and a porous
membrane positioned in the second compartment. Two Pt
wires at the inlet and outlet of the flow-cell, and a SCE
connected to the outlet through a Teflon capillary served as
counter and reference electrode, respectively.
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The active surface area of the Pt/C (commercial catalyst)
was derived from the charge for hydrogen underpotential
adsorption (Hypq) at potentials between 0.06 and 0.36 V,
subtracting a double-layer charging contribution, and from
the CO, signal obtained during oxidation of a saturated CO
adlayer (‘CO,q stripping’), following the procedure de-
scribed in [36]. From the Hypq adsorption charge in the base
CV the active (Pt) surface area was estimated, assuming that
the Hy,q coverage at the onset of bulk hydrogen evolution is
0.77 [37] and that the hydrogen monolayer adsorption
charge on polycrystalline Pt is equal to 0.21 mC cm™ [38].

CO,q stripping was performed following the procedure
described in [36]. Briefly, CO was pre-adsorbed at a constant
electrode potential (0.06 V) for 10 min, by injecting 2 ml of
CO-saturated 0.5 M H,SO, solution through a separate port.
After CO adsorption, the cell was carefully flushed with Ar-
saturated supporting electrolyte (0.5 M H,SOy, solution) at the
same electrode potential. The CO adlayer was stripped at a
potential scan rate of 10 mV s, starting from the adsorption
potential and recording both Faradaic and m/z = 44 ion cur-
rent. The second potential cycle of the CO-free electrode was
also recorded for comparison. From the mass spectrometric
charge for CO, production during CO,q stripping, the active
surface area of the novel Pt/C, and binary catalysts was cal-
culated, for the Pt/C catalyst (commercial) the CO, formation
charge was calibrated against the H-upd charge.

The current efficiencies for the complete oxidation of
methanol to CO, on the different catalysts were calculated
following the procedure described elsewhere [34, 36]. From
the potentiostatic measurement (potential-step from 0.06 to
0.6 V, and then stepwise to 0.7 and 0.8 V; 300 s per potential
to reach steady-state conditions) the current efficiencies were
determined from the partial mass spectrometric current for
CO, formation relative to the total MOR Faradaic current
using the calibration constant (K*) determined for oxidation
of a saturated CO adlayer (CO,q stripping) (see [34, 36]).

The supporting electrolyte (0.5 M sulfuric acid) was
prepared using Millipore Q water, ultrapure sulfuric acid
(Merck, Hohenbrumn, Germany, suprapur), and 10 mM
methanol in supporting electrolyte was prepared using
methanol from Merck (p.a.). The electrolyte was deaerated
by high-purity Ar (MTI Gase, N 6.0) or saturated with O,
(MTTI Gase, N 5.7). For the CO stripping experiments the
electrolyte was saturated with CO (Messer-Griesheim, N
4.7). All potentials are quoted versus that of the RHE.

3 Results and discussion
3.1 Physical characterization

The TEM images recorded on the different synthesized
catalysts show a uniform distribution of the metal
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nanoparticles with no pronounced agglomeration of the
particles for all catalysts (Fig. 1). The Pt nanoparticles had
a very low-particle size and a narrow size distribution
(1.7 £ 0.4 nm) (Fig. 1a). For a 40 wt.% metal loading
catalyst this particle size is remarkably small, considering
that there was no stabilizer used for the preparation, in
contrast to the standard colloidal preparation route [39].
The very small Pt particle sizes are presumably favored by
the very high-surface area of the Black Pearl carbon sup-
port (~1,400 m* g™"). It should be noted that using Pt(a-
cac), directly as a starting material for the catalyst
synthesis results in very non-homogeneous particle distri-
butions, containing large particles as well, unsuitable for
catalytic purposes. TEM images of the catalysts also reveal
very small particles with sizes down to 0.8 nm. Similarly,
the Pt;Co particles were also relatively small with the
average particle size in the range of 2.0 £ 0.3 nm (Fig. 1b).
The particle size is rather close to that of the pure Pt
nanoparticles. Spontaneous decomposition of both cobalt
and platinum complexes enables a burst of nucleation at the
initial temperature of 120 °C, followed by controlled
growth (during the temperature ramp) to result in mono-
disperse nanoparticles under the H, environment. Most
importantly, it is the non-volatile nature of the cobalt
complex that helps in the formation of bimetallic catalysts
with a homogeneous distribution of the components. For
the Pt3Ni/C catalyst, the situation is much different. Ni(-
COD), has a melting (decomposition) temperature of
60 °C and is volatile, therefore, the initial temperature of
conditioning was 50 °C. This also means that Ni(COD),
melts and decomposes much earlier than the Pt complex
during the temperature ramp, resulting in larger particle
sizes. This is indeed observed in the TEM measurements
(Fig. 1c), the average particle size for Pt;Ni/C catalyst is
3.6 +0.9 nm.

The EDX analysis of Pt;Me/C catalysts confirmed the
metal ratio in the expected nominal compositions (see
Table 1), and comparable ratios were also obtained from
XPS for Pt3Co/C, while for Pt;Ni/C the Ni(2p) intensity
was lower than expected from the metal ratio, which would
be compatible with the formation of larger Ni particles (see
discussion below). XRD scans of the carbon supported Pt/C
and bimetallic Pt;Me/C catalysts show the five character-
istic peaks of the face-centered cubic (fcc) crystalline Pt,
corresponding to the (111), (200), (220), (311), and (222)
planes (Fig. 2). The Co containing catalysts shows signif-
icant peak broadening due to the small particle size. The
other two samples exhibit sharp profiles with a broadened
base, which could point to a mixture of smaller and larger
particles. The lattice parameters of the Pt;Me/C catalysts
(Me = Ni, Co) catalysts are within <0.0005 nm identical to
those of the Pt/C catalysts (Table 1, column 4), indicating
that the bimetallic Pt3Co/C and Pt;Ni/C catalyst particles
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Fig. 1 TEM and the
corresponding histogram
indicating the particle size
distribution of a Pt/C; b Pt;Co/
C and ¢ Pt3Ni/C 40 wt.%
catalysts
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Table 1 EDX, TEM, XRD, and active surface area calculated from mean particle size, CO,q stripping and Hyyq of carbon supported Pt/C
(commercial and synthesized) and bimetallic Pt;Me/C (Me = Ni, Co) catalysts

Catalysts EDX TEM XRD Surface area (cm?®)

Pt : Me (a/o) Mean particle size (nm) Lattice parameter (1&) Theoretical CO,q stripping Hypa
Pt/C (20 wt.% E-Tek) — 37 +1* — 6.1 - 6.4
Pt/C (40 wt.% E-Tek) - 3.0° - 14.9 12.6 12.3
Pt/C (40 wt. %) - 1.7+04 3914 25.2 22.3 20.1
Pt;Co/C (40 wt.%) 2.4:1 2.0+0.2 3914 25.0 22.9 -
Pt;Ni/C (40 wt.%) 2.9:1 3.6 0.9 3910 14.6 23.0 -

& After conditioning [31]
b Ref. [32]
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Fig. 2 XRD patterns of the synthesized 40 wt.% Pt/C and 40 wt.%
Pt;Me/C (Me = Co and Ni) catalysts. The inset shows the enlarged
Pt(220) diffraction peaks

consisted of a mixture of almost pure Pt and pure, amor-
phous Ni(Co) phases, or their respective oxides, while alloy
formation could essentially be ruled out. No metallic Co or
Ni signals were observed.

3.2 Active surface area determination

The active surface area for all catalysts used in this report
was calculated from the ratio of the CO, signal during
oxidation of a saturated CO adlayer (‘CO,q4 stripping’) to
that on Pt/C (E-Tek, 20 wt.%) catalyst. The calculated
surface areas (from the mean particle size and CQO,q strip-
ping) of the commercial Pt/C catalysts (E-Tek Inc., 20 and
40 wt.% Pt loading) and of the synthesized carbon-sup-
ported Pt and PtzMe(Me = Ni, Co) 40 wt.% catalysts are
collected in Table 1.

3.2.1 Commercial Pt/C catalysts

Faradaic current as well as mass spectrometric CO,q strip-
ping traces (first positive-going scan) as well as a base
voltammogram recorded on these catalysts are shown in
Fig. 3a and b. The CO,4 stripping features and the sub-
sequent base CVs fully (Fig. 3a) resemble those reported
previously for Pt/C (E-Tek) catalyst [36, 40], with a com-
plete suppression of H,q features at the CO,q blocked Pt
surface in the Hypq potential range (0.06-0.35 V), the onset
of CO,q oxidation at potentials positive of 0.35 V, in the so-
called pre-wave, and the distinct CO,q oxidation peak
centered at 0.8 V. The onset of the CO,4 oxidation in the
pre-wave region is shown in a magnified representation in
the inset of Fig. 3b. Obviously, the pre-wave is more pro-
nounced on the higher loading catalyst. At potentials posi-
tive of 0.9 V, oxygen adsorption sets in. In the subsequent
scan we find PtO reduction at 0.8 V in the negative-going
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scan and hydrogen adsorption/desorption features between
0.06 and 0.35 V. As expected, the current increases sig-
nificantly with the Pt loading (28 pg cm™ for Pt/C 20 wt.%
and 56 pg cm™ for Pt/C 40 wt.%) [34], reflecting the about
double Pt surface area for the higher loading catalyst due to
the rather similar particle size (see Table 1).

The corresponding active surface areas of the Pt/C (E-
Tek) catalysts (Table 1) can be compared with the theo-
retical surface area, which was calculated from the mean
particle diameter assuming spherical particles [41]. For
both catalysts, in particular for the 20 wt.% catalyst, these
values agree well, implying complete surface utilization for
these catalysts. The slightly lower experimental value of
the Pt surface area of the 40 wt.% catalyst may be related
to some particle agglomeration at this high loading. If the
particle size for the 40 wt.% Pt/C (E-Tek) is calculated
from the active surface area, we obtain a value of ca.
3.5 + 0.1 nm.

3.2.2 Synthesized catalysts

Similar CO,q stripping experiments were performed on the
synthesized catalysts (Fig. 3c, d). For the Pt/C catalyst, the
H-upd charge was evaluated as described above, for the
bimetallic catalyst the surface area was determined by
CO,q4 stripping (mass spectrometric CO, detection) to
avoid artifacts caused by oxidation/dissolution of the non-
noble metal in the Faradaic current. The active (Pt) surface
areas calculated this way are listed in Table 1.

The CO,q stripping curve and the base voltammogram
recorded on the synthesized Pt/C (40 wt.%) -catalysts
resemble the ones obtained on the 40 wt.% Pt/C (E-Tek,
Fig. 3a) catalyst in their general characteristics, but differ
in some quantitative aspects. Despite the similar Pt loading
of both catalysts, the latter catalyst exhibits about doubled
Hypa, PtO formation/reduction, and CO,q stripping features
(Fig. 3c, d), which is explained by the distinct difference in
the mean particle size (ca. 1.7 nm) compared to that for
commercial 40 wt.% Pt/C (ca. 3.0 nm), which results in a
pronounced increase in the catalyst surface area for the
novel 40 wt.% Pt/C catalyst, as shown in Table 1. Appar-
ently, the addition of Co or Ni does not improve the
activity for CO,4 oxidation (Fig. 3c, d). Based on the mass
spectrometric CO, signal, CO, formation starts at about
0.3 V, similar to Pt/C (see inset Fig. 3d). With increasing
potential this pre-wave CO,4 oxidation increases signifi-
cantly faster than on the 40 wt.% synthesized Pt/C catalyst
and also faster than on the commercial 40 wt.% Pt/C cat-
alyst. The main CO,q4 oxidation peak is centered at 0.8 V,
similar as for the synthesized Pt/C catalyst, but in total the
peaks are broader than on Pt/C. In the negative-going scan,
the PtO reduction peak on the Pt;Me/C catalysts is shifted
about 0.1 V negatively compared to Pt/C.
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Fig. 3 Preadsorbed j j j

(Esq = 0.06 V, o4 ~ 10 min) (a)

CO,q monolayer oxidation 0.6 -

(stripping) on Pt/C (20 and E-Tek catalysts:

40 wt.%; E-Tek) and on novel < 04r PYC 40 wt %
Pt/C and Pt;Me/C (Me = Ni and E PY/C 20 wt %
Co), 40 wt.% catalysts in a = 02l

DEMS configuration: Faradaic
(a, ¢) and mass spectrometric m/

0.0}
z =44 (b, d) current

dependence on the electrode 02
potential (CVs and MSCVs, L : : :

correspodingly). Inset Fig. 3b (b) m/z-4s
and d: magnified pre-wave 2r
region. Catalyst loading 28 and
56 pg cm2 for 20 and 40 wt.%, 0.4

i < 8f
respectively, electrolyte (_01.5 M < PUG 40wt
H,SO,) flow rate 10 pl s~ 2 02
potential scan rate 10 mV s™',
room temperature 4 oof=

0.0 0.2 0.4 0.6

E/V (RHE)

For the Pt/C (40 wt.%) and the Pt3Co/C (40 wt.%)
catalysts the active surface areas determined by CO,q
stripping (22.3 and 22.9 cm?, respectively), agrees well
with the surface areas calculated from the mean particle
size (25.2 and 25.0 cm?, respectively). For the calculation
of the active surface area of the Pt;Co/C and Pt;Ni/C
catalysts we assumed an average density of Pt and Co(Ni)
equal to 18.3 gcm™ (75% Pt, 21.45 g cm™ and 25%
Co(Ni), 89 ¢ cmf3). The active surface area determined
from CO,q stripping for Pt;Ni/C (23.0 sz) was similar to
that determined for Pt3Co/C, but significantly higher than
the theoretical surface (14.6 sz) calculated from the
mean particle size (3.6 nm). Calculating the particle size
from the surface area determined by CO,q4 stripping, the
value obtained is ca. 2 nm, which is comparable to the
mean particle size of pure Pt/C catalyst (1.7 nm). The
discrepancy between the theoretical surface area and the
active surface area for Pt;Ni/C, together with the XRD
and TEM data, points to phase separation between Pt and
Ni, possibly even in separate particles with larger Ni
particles. This may possibly result from the very different
decomposition temperatures of the Pt and Ni pre-cursors,
which may lead to a more pronounced phase separation
and larger, separate Ni particles, coexistent with smaller
Pt-rich particles. On Pt3Co/C, XRD data also exclude
crystalline alloy formation, but the calculated surface area
fits much better to the active (Pt) surface areas, indicating
that the TEM-based particle size distribution properly
describes the behavior of Pt.
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3.3 Oxygen reduction reaction (ORR)

To evaluate the electrocatalytic activity of the novel Pt/C
and bimetallic Pt;Me/C (Me = Ni, Co) catalysts and, for
comparison, of the commercial Pt/C (20 and 40 wt.%, E-
Tek) catalysts in the ORR, the selectivity for the different
ORR pathways (incomplete oxygen reduction to hydrogen
peroxide versus complete reduction to water), and the ki-
netic ORR parameters (Tafel plots), we performed a series
of RRDE measurements on thin-film model electrodes of
the respective catalysts in Oj-saturated 0.5 M H,SO,4
electrolyte at 60 °C and 1,600 rpm, i.e., under fuel cell
relevant conditions (realistic catalysts, continuous mass
transport, elevated temperatures). The Pt catalyst loading
(E-Tek, 28 and 56 pgp, cm2) and the Ni/Co related effects
on the ORR activity/selectivity will be discussed in Sects.
3.3.1 and 3.3.2, respectively.

3.3.1 Pt catalyst loading effects

The RRDE results on the 20 and 40 wt.% commercial Pt/C
catalysts are shown in Fig. 4a and b. As expected, the
mass-transport limited ORR current on the Pt/C disk ob-
tained at potentials negative of 0.6 V (Fig. 4a) does not
depend on the catalyst loading. The well-defined diffusion
limited currents for the ORR in this potential region are
followed by a mixed kinetic and diffusion controlled region
between 0.7 and 1.0 V, where the cathodic currents de-
crease toward more positive potentials. The current trace is
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Fig. 4 O, reduction current (a,
¢), H,O, formation current (b,
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shifted positively by ca. 15 mV for the higher Pt loading
(40 wt.%) catalyst (Fig. 4a, inset). Since this shift disap-
pears upon the current normalization versus the active
surface area, it simply results from the higher Pt loading
(larger Pt surface area in the kinetically controlled region).

The selectivity of the ORR was evaluated by the oxi-
dation of the hydrogen peroxide formed under the present
reaction conditions on the Pt ring (biased at constant po-
tential of 1.2 V) (Fig. 4b, d). It reaches its maximum value
(yield of ca. 0.6%, Fig. 4b, inset) at the negative potential
limit on the Hyyq blocked catalyst (Fig. 4a). In the Hypq
region a decreasing of the H,O, yields (Fig. 4b, inset) is
observed on Pt/C (40 wt.%), due to the high-Pt loading
(catalyst layer thickness) and increased probability for
further reduction of H,O, to water. Hydrogen peroxide
production is less in the double-layer potential region,
where the surface is blocked by anions of supporting
electrolyte (HSOy), and is fully absent at potentials more
positive of 0.8 V (at typical fuel cell cathode operation
potentials), indicating that the ORR proceeds preferably
through a 4e reduction pathway, in agreement with liter-
ature data [33, 42].

For better comparison, the normalized kinetic ORR
currents obtained at 60 °C are replotted in Tafel plots
(Fig. Sa—c) as function of the potential (0.7-1.0 V),
showing (a) the geometric surface area normalized kinetic
current, (b) the inherent catalytic activity, normalized to
the active (Pt) surface area (calculated from CO,q strip-
ping), and (c) the Pt mass specific current densities in order
to compare the activities on electrodes with different metal
loadings (Pt/C, 20 or 40 wt.%, E-Tek).

@ Springer

0.4

L
0.2

0.8 0.6

E/V (RHE)

0.8

Under present reaction conditions, the ORR activities of
the commercial catalysts are nearly identical when nor-
malized to the metal loading (mass specific) or the active
surface area (inherent catalytic activity), in contrast to the
measured (absolute) current or the geometric area nor-
malized current. At 0.9 V, the 20 wt.% Pt/C catalyst
exhibits a slightly higher mass specific (Fig. 5c) and
inherent (Fig. 5b) ORR activity (ca. 1.3 times) compared to
the 40 wt.% Pt/C catalyst. In contrast, the geometric sur-
face area normalized Tafel plot (Fig. 5a), which does not
account for different loadings or active surface areas,
shows a higher activity (about 1.5 times) for the 40 wt.%
Pt/C catalyst at the same potential. These trends differ
somewhat from the results reported by Higuchi et al., who
found that the active surface area-specific ORR activity at
0.76 or 0.8 V is about constant, irrespective of the Pt
loading, over a wide range of Pt/C catalysts, from 19.2 to
62.3 wt.% in Pt/CB (CB: Carbon Black) at wp, < 7.08
ugp, cm 2 [43]. At higher Pt loading, they also find a decay
of the active surface area specific activity. Effects of the Pt
particle size, which are different for the two commercial Pt/
C catalysts investigated here, were reported by Peuckert
et al. and Kinoshita, who found an optimun Pt particle size
of 3.5 nm for the ORR [23, 24].

3.3.2 Synthesized catalysts

The results of similar measurements on the ORR activity
(Fig. 4c) and selectivity (Fig. 4d, inset) obtained on the
synthesized Pt/C and bimetallic Pt;Me/C (Me = Ni, Co)
catalysts are shown in Fig. 4. The general characteristic of
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Fig. 5 Geometric area normalized (a), active surface area normalized
(b), and Pt mass normalized (c) kinetic currents in the ORR as a
function of applied potential on Pt/C (20 and 40 wt.%; E-Tek)
catalyst. Data extracted from Fig. 4

the current—potential curves resemble those of the com-
mercial Pt/C catalyst (Fig. 4a, b), with a mixed kinetic-
mass transport limited region (0.7 < E < 1.0 V), followed
by a well-defined mass transport region (0.2 V < E < 0.7
V). The bimetallic catalysts exhibit a comparable ORR
activity (onset of O, reduction) as the Pt/C catalyst,
resembling previously reported data for Pt alloy catalysts,

alloyed with Ni or Co, of similar composition [5, 44]. This
is different for massive alloy electrodes, where a significant
improvement in ORR performance was reported [45].

A kinetic analysis of the ORR currents in the mixed
kinetic-mass transport controlled region (0.7-0.95 V)
yielded the Tafel plots in Fig. 6, reproducing the geometric
area (Fig. 6a), active surface area (Fig. 6b), and mass
specific (Fig. 6¢) normalized kinetic reaction rates. From a
mechanistic point of view, the active surface area nor-
malized rates, normalized to the active Pt surface area
determined from CO,q stripping, is more relevant than the
geometric area or mass normalized Kinetic currents, which
are commonly referred to for technical applications, be-
cause it reflects the inherent ORR activity of the active
surface sites. The Tafel plots show the typical trends re-
ported for the ORR on Pt, with a change in slope from a
low-slope region at low overpotentials to a high-slope re-
gion at higher overpotentials, but still in the kinetically
controlled region, with a continuous transition between the
two regions [46]. Similar to the data in Fig. 4, the Tafel
plots do not indicate a Co- or Ni-induced improvement of
the ORR activity under the present reaction conditions
(catalyst loading: 56 Hgmetal em2, 60 °C, 1,600 rpm, and
0.5 M H,SO,) compared to the synthesized Pt/C catalyst.
This agrees with the absence of electronic effects for the
ORR expected for non-alloyed bimetallic catalysts. Com-
paring with the commercial Pt/C catalyst, we find higher
(inherent) active surface area normalized activity for the
commercial Pt/C catalysts, but, due to the much lower
particle sizes of the synthesized catalysts, the geometric
area normalized values are about equal for similar Pt
loading.

The hydrogen peroxide formation (ORR selectivity) on
these catalysts plotted in Fig. 4d shows a slight increase on
the Pt/C (40 wt.%) catalyst compared to that on the com-
mercial E-Tek catalyst at the same loading (Fig. 4b), most
likely due to the distinctly smaller particle size. Decreasing
particle sizes have been reported to increase the oxophi-
licity of the particles and enhance the adsorption of anion
due to the changes in the electronic surface properties (for a
detailed discussion see [20]). On the bimetallic catalysts
Pt;Me/C (Me = Ni, Co), H,O, formation is clearly higher
than on the Pt/C catalyst, increasing continuously at
potentials negative of 0.7 V, until a maximum value of
around 3% is reached in the Hypq region (Fig. 4d, inset).
Similar trends were also reported for carbon-supported Pt-
based alloy PtNi(Co)/C catalysts [5] and on polycrystalline
Pt;Ni and Pt;Co alloys [47] and in sputtered Pt,Co and
Pt,Ni catalysts [48]. It should be noted, however, that in
these studies alloy formation was clearly demonstrated,
where the resulting dilution effects can much easier explain
an increase in H,O, formation. The increase of H,O,
formation in the H-upd range has been attributed to Pt
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Fig. 6 Geometric area normalized (a), active surface area normalized
(b), and mass normalized (¢) kinetic currents in the ORR as a function
of applied potential on the Pt/C and Pt;Me/C (Me = Ni and Co)
catalysts. Data extracted from Fig. 4

blocking by adsorbed hydrogen [49, 50]. Finally, it is
important to note, that at potentials relevant for cathode
operation (positive of 0.7 V) the hydrogen peroxide pro-
duction on Pt;Me/C (Me = Ni, Co) catalysts is negligible
and comparable to that on the Pt/C catalyst.

In total, the ORR activity of the synthesized Pt and
bimetallic Pt;Me catalysts was close to that of the

@ Springer

commercial Pt/C catalysts (for similar loading), when
comparing geometrical area normalized or metal mass
normalized values, despite of the much smaller particle
sizes of the synthesized particles. Correspondingly, the
active surface area normalized ORR activity, describing
the inherent activity of the catalysts, was somewhat
lower than that of the commercial catalysts, i.e., the
advantage of the smaller particle size of the synthesized
catalysts is largely compensated by their lower inherent
activity. H,O, formation (ORR selectivity) is slightly
higher on the synthesized Pt/C catalyst than on the
commercial Pt/C catalysts, and again higher on the
bimetallic catalysts, amounting to 0.3, 0.1, and 1.0% at
0.5 V, respectively. At potentials relevant for cathode
operation (E > 0.7 V), the H,O, production was negli-
gible for all catalysts (<0.05%). In the H-upd potential
region, where H,O, formation is more pronounced due to
Pt blocking by H-upd adsorption, the higher loading Pt/C
catalysts showed less H,O, formation, which can be
attributed to competing H,O, reduction to water at the Pt
particles.

3.4 The methanol oxidation reaction (MOR)

The activity and selectivity of the different catalysts in
the MOR (10 mM CH3O0H in 0.5 M H,SO,, electrolyte
flow rate ca. 10 ul s™') were studied using DEMS at
room temperature, quantifying the total Faradaic cur-
rent (charge) and the current efficiency (see Sect. 2) for
complete methanol oxidation to CO,. The simultaneous
ORR/MOR on the respective catalysts was investigated

by RDE measurements at elevated temperatures
(60 °C).

3.4.1 MOR activity and selectivity

3.4.1.1 Commercial Pt/C catalysts Potentiodynamic

DEMS measurements of the MOR over the commercial Pt/
C catalysts (Pt loading 20 and 40 wt.%, respectively), in
10 mM methanol containing solution are shown in Fig. 7
(Faradaic (a) and mass spectrometric m/z = 44 (b) cur-
rents). They largely reproduce previously reported results,
with a dominant oxidation peak (CO, formation peak)
around 0.75 V in the positive-going scan, a decay at more
positive potential due to PtO formation at the electrode
surface, which inhibits the MOR, a strong increase in
oxidation current in the negative-going scan after reduction
of the Pt oxide, and finally the decay of the oxidation
current upon due to CO,q4 blocking of the catalyst surface
[51 and references therein].

In the mass spectrometric measurements, methylformate
formation (as indicator for formic acid production) is not
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Fig. 7 Methanol oxidation on
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detectable at the low-methanol concentration used
(10 mM) [52], due to both the lower amounts of formic
acid produced and the low-methanol bulk concentration.
Nevertheless, by converting the CO, formation charge (six
electron oxidation of methanol to CQO,) to the corre-
sponding partial Faradaic charge, and using the calibration
constant determined for CO,y stripping on Pt/C catalysts
[36] (Fig. 3a, b), current efficiencies for CO, formation can
be calculated. This way we determine CO, current effi-
ciencies of ca. 62 and 83% over a complete potential cycle
for the 20 and 40 wt.% Pt loading catalysts, respectively. In
addition, the potential dependence of the CO, current
efficiencies are included as inset in Fig. 7b. Obviously, the
CO,; current efficiency is high in the range of the peak
maximum and decreases for higher potentials; apparently
under those conditions incomplete methanol oxidation
prevails. (At lower potentials, such kind of evaluation is
complicated because of the contribution from oxidation of
adsorbed species which were formed before in the scan at
more cathodic potentials.) Both results clearly indicate a
significant contribution of incomplete methanol oxidation
to formic acid and/or formaldehyde under these conditions
[51, 52]. Notably, the current efficiency for CO, formation
is significantly higher at higher Pt loading, confirming a
previously proposed concept of an increased probability for
re-adsorption/further oxidation of incomplete MOR prod-
ucts for higher catalyst loadings or thicker catalyst layers
(for detailed discussion see [34]). Based on the about
double total MOR activity (Faradaic current) of the higher
loading catalyst compared to that of the 20 wt.% catalyst

OfG
E/V (RHE)

0,2 0,4 0,6
X E/V (RHE)

0,8 1,0

we would not expect pronounced loading effects on the
methanol tolerance.

3.4.1.2 Synthesized catalysts Figure 7c and d show the
simultaneous CVs (¢) and MSCVs (d) for methanol oxi-
dation on the synthesized carbon-supported Pt (40 wt.%)
and Pt;Me (Me = Ni, Co) catalysts in 10 mM methanol/
0.5 M H,SOy4. The potentiodynamic scans on Pt/C exhibit
the typical shape for Pt/C catalyst as described above.
Despite the much higher surface area compared to the
commercial Pt/C (40 wt.% E-Tek) catalyst, the mass
spectrometric current/charge of the complete oxidation of
methanol to CO, are lower than for the 40 wt.% com-
mercial catalyst. The lower activity of the small particle Pt/
C catalyst agrees well with previous findings of an opti-
mum particle size for methanol oxidation, which can be
explained by the higher tendency for Pt surface oxidation
of smaller particles, on the one hand, and the decreasing
active surface area of larger particles on the other hand [20,
22, 53, 54]. Interestingly, based on potentiodynamic and
potentiostatic measurements, Tang et al. reported an opti-
mum MOR activity for 3.8 nm Pt particles [22]. Methanol
oxidation on the PtzMe/C (Me = Ni, Co) catalysts, results
in a significantly lower MOR activity (by a factor of about
1.5) compared to the synthesized Pt/C catalyst (Fig. 7c, d),
where the latter is again less active than the commercial Pt/
C catalysts (by a factor of about 1.5 for similar Pt loading).
Neither Ni nor Co exert a promoting effect on the onset
potential for methanol oxidation, most likely since there is
no measurable alloy formation, and the maximum MOR
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currents are significantly lower than on the Pt/C catalyst.
Considering the about equal ORR activity of the bimetallic
catalysts, this indicates an improved methanol tolerance of
the new bimetallic Pt;Me/C catalysts compared to the
synthesized Pt/C catalyst and, even more pronounced,
compared to the commercial 40 wt.% Pt/C catalyst, in
agreement with previously reported data [55-57].

In order to evaluate the CO, efficiency (MOR selectiv-
ity) under steady-state conditions, potentiostatic methanol
oxidation experiments were performed. Faradaic (Fig. 8
a.x) and mass spectrometric currents transients (Fig. 8b.x),
following the formation of CO, (m/z = 44) after a potential
step from 0.06 to 0.6 V and then stepwise to 0.7 and 0.8 V
(300 s per potential) on the commercial Pt/C 40 wt.%
catalyst and on the synthesized carbon-supported Pt
(40 wt.%) and Pt;Me (Me = Ni, Co) catalysts, are shown
in the Fig. 8. As described before, the CO, current effi-
ciencies (Fig. 8c.x) were calculated by converting the CO,
formation current into the corresponding partial Faradaic
current and dividing this by the overall Faradaic current at
the selected potential.

The shape of the methanol oxidation transients exhibits
an initial spike in the Faradaic current for all catalysts after
the potential step from 0.06 to 0.6 V. Subsequently the
current decays continuously (around 30 s) until an
approximately constant value is reached. In the mass
spectrometric signal the spike is also present, though much
less pronounced. (Note that the mass spectrometric data are
smoothened by averaging, which reduces the time resolu-
tion.) Accordingly, the spike is not only due to double layer
charging, but includes also contributions from an initially
high-reaction rate, e.g., due to adsorbate oxidation. Going
to higher potentials, the Faradaic current and CO, forma-
tion are increased on all catalysts. At more positive po-
tential (0.8 V), the activity and selectivity decrease, due to
increasing of the PtO formation at this potential, in good
agreement with the potentiodynamic data (Fig. 7a, b).

These measurements reveal for all potentials higher
steady-state activities for the Pt/C catalysts than for the
bimetallic catalysts, with the steady state current on the
synthesized Pt/C catalyst being smaller than that of the
commercial Pt/C catalysts. For all potentials studied, the
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Fig. 8 Catalytic activity (a.x), mass spectrometric CO, currents (b.x),
and selectivity for methanol oxidation to CO, (c.x) after a potential
step from 0.06 to 0.6 V and then stepwise to 0.7 and 08 V (300 s per
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potential) measured on the commercial Pt/C (40 wt.%, E-Tek) and on
the synthesized Pt/C and Pt;Me/C (Me = Ni, Co) catalysts
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Pt;Me/C catalyst showed the smallest activity for the
MOR. These trends reflect the features in the potentiody-
namic measurements and can be rationalized in the same
way. At 0.8 V, the Faradaic current on the Pt;Ni/C is
slightly higher than on the Pt;Co/C catalyst, which may be
related to further Ni dissolution.

Not only the activity, but also the selectivity for com-
plete methanol oxidation is lower for the synthesized Pt/C
catalyst than for the commercial Pt/C catalysts, indepen-
dent of the potential (0.6, 0.7, and 0.8 V). This is tenta-
tively explained by a similar particle size effect as
described above. In that model, the higher tendency of the
smaller particles for surface oxidation/OH formation [20]
results also in lower probabilities for complete oxidation of
readsorbing, partially oxidized reaction side products
(formaldehyde, formic acid). On the bimetallic catalysts,
the tendency for CO, formation is slightly higher (ca. 5-
15%) than on the synthesized Pt/C catalyst. One may
speculate that despite the absence of measurable alloy
formation, the slight increase in CO, current efficiency
could be related to Pt-Me neighborhoods.

3.4.2 Simultaneous MOR and ORR

In this section, we evaluated the influence of the methanol
and the ongoing MOR (10 mM methanol in supporting
electrolyte) in RDE measurements on the ORR at enhanced
transport and temperatures, simulating the methanol cross-
over under relevant DMFC conditions (continuous mass
transport, 1,600 rpm, realistic catalysts and elevated tem-
peratures, 60 °C). RDE measurements were performed for
the MOR and ORR separately and for the ORR in methanol
containing electrolyte  (simultaneous MOR + ORR)
[Fig. 9a: commercial Pt/C (E-Tek) catalysts; b: synthesized
catalysts].

3.4.2.1 Commercial Pt/C catalysts In the presence of
10 mM methanol in deareated supporting electrolyte
(0.5 M H,SO,), RDE measurements on these catalysts (Pt
loading 20 and 40 wt.%, respectively), show a significant
MOR activity (Fig. 9a), reaching higher MOR currents at
higher catalyst loading, which indicates a kinetically con-
trolled process. The MOR currents in the RDE set-up at
60 °C are significantly higher than the corresponding MOR
currents in the DEMS configuration (Fig. 7a). This differ-
ence can be explained by the more vigorous mass transport
of methanol to the electrode and the efficient removal of
incomplete methanol oxidation products (formic acid and
formaldehyde) to the bulk electrolyte [58], combined with
thermal activation of the MOR [59]. When the solution of
methanol (10 mM in 0.5 M H,SO,) is saturated with O,
the net current in the increasing slope of the peak, at

potentials lower than 0.85 V, appears to be shifted posi-
tively compared to deareated methanol solution, which
actually results from the ORR induced down-shift of the
base line [1-3, 52]. Since in the potential regime of the
MOR peak maximum the ORR is still largely transport
controlled, the combined MOR + ORR current is larger for
the higher Pt loading catalyst, mainly due to the higher
MOR contributions. Comparing the overpotential (1) at
0.5 mA in O,-saturated electrolyte in the presence and
absence of methanol, we find a high-negative shift of ca.
0.32 V, independently of the Pt catalysts loading. Hence,
independent of the Pt loading both catalysts are similarly
affected by the simultaneous MOR. Furthermore, for both
catalysts the adsorbates produced during interaction of
methanol with the catalyst do not play an important role
since at more negative potentials, negative of 0.5 V, the
ORR is fully transport limited and the remaining part of the
Pt surface available for the ORR seems to be sufficient to
reach the transport limited value, while for higher poten-
tials, close to the transition to the kinetically controlled
ORR region, the steady-state coverage of the reaction
inhibiting intermediates decreases to negligible values.

3.4.2.2 Synthesized catalysts On the synthesized Pt/C
catalyst, the shift in overpotential at 0.5 mA (about 0.3 V)
is slightly less than on the commercial catalysts, for the
Pt;Ni/C it amounts to ca. 0.27 V, and for the Pt3;Co/C
catalyst it is lowest with ca. 0.24 V. The mixed-potential
E.ix resulting for the ORR in 10 mM methanol containing
electrolyte under current reaction conditions shifts by ca.
75 mV to more positive values on Pt3;Co/C catalysts
(Emix = 0.69 V, n = 0.26 V, ORR onset: 0.95 V) com-
pared to the synthesized Pt/C catalyst (E.;x ~ 0.62 V,
n ~ 0.33 V, ORR onset: 0.95 V). On Pt;Ni/C, the change
of E,;x amounts only to ca. 26 mV compared to the syn-
thesized Pt/C catalyst. In total, the synthesized Pt/C cata-
lyst and, to a slightly greater extent, the bimetallic
catalysts, are more methanol tolerant than the commercial
Pt/C catalysts. The differences, however, are small, and
mainly due to the higher MOR activity of the latter cata-
lysts. Most likely, these effects are related to the smaller
particle sizes of the synthesized catalysts.

In total, for all catalysts the influence of methanol on the
ORR (‘cross-over of methanol’) was well described by an
additive behavior, where the resulting current results from
a simple addition of the MOR current (in O,-free solution)
and the ORR current (in methanol free solution): At lower
potentials (<0.7 V), where the MOR results in a steady-
state adsorbate layer on the catalyst, the ORR is mass
transport limited and the remaining, uncovered catalyst
area is sufficient to reach the transport limited current va-
lue. For higher potentials, where the ORR is kinetically
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Fig. 9 O, reduction and methanol oxidation on a the commercial Pt/
C (20 and 40 wt.%; E-Tek) catalysts and b on the synthesized Pt/C
and Pt;Me/C (Me = Ni and Co, 40 wt.%) catalysts in the RDE
configuration: positive-going potential scans in deaerated (upper set)
0.5M H,SO4 + 0.01 M CH;0H, oxygen-saturated (middle set)

controlled, the steady-state adsorbate coverage in the MOR
is negligible. The methanol induced shift in overpotential is
highest for the commercial Pt/C catalyst and decreases via
the synthesized Pt/C catalyst (0.3 V) to the bimetallic
catalysts. The mixed potential (potential of zero current)
increases in the same order. These trends reflect a mea-
surable improvement in the methanol tolerance for the
synthesized catalysts and in particular for the bimetallic
catalysts, which is largely related to the lower MOR
activity of the latter catalysts than changes in the ORR
activity.

4 Summary

Novel carbon-supported (Black Pearl) high loading
(40 wt.%) Pt/C and non-alloyed bimetallic Pt;Me/C
(Me = Ni or Co) catalysts were synthesized via a colloidal
route and characterized with respect to particle size and
chemical (surface) composition by TEM, XRD, EDX, and
XPS. These measurements revealed that the alloy forma-
tion was negligible, with separate Ni(Co) particles coex-
isting with smaller Pt-rich particles.

Measurements of the electrochemically active surface
area, performed via pre-adsorbed CO,q monolayer oxida-
tion, resulted in values which were close to those calcu-
lated from the mean particle size, except for the Pt3Ni/C
catalyst, where the active surface area would be compatible
with a mean particle size of 2 nm, most likely due to a
more pronounced phase separation with larger separate Ni
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0.5 M H,SO,4 + 0.01 M CH;0H, and oxygen-saturated (lower set)
0.5 M H,S0, electrolyte. Catalyst loading 28 and 56 pg cm™ for the
20 and 40 wt.% catalyst, respectively, rotation rate 1,600 rpm,
potential scan rate 10 mV s™', 60 °C

particles. The ORR(MOR) activity, selectivity (for H,O
and CO, formation, respectively), and methanol tolerance
of these catalysts and a commercial high-loading Pt/C
catalyst were investigated by RRDE and DEMS measure-
ments, performed under fuel cell relevant conditions, under
continuous, controlled electrolyte flow at room tempera-
ture, and at elevated temperatures. At potentials relevant
for cathode operation (E > 0.7 V), the ORR activity of the
synthesized catalysts was close to that of the commercial
Pt/C catalyst, and the H,O, production was negligible for
all catalysts (<0.05%). Potentiodynamic and potentiostatic
DEMS data revealed an effective decrease of the MOR
activity and a slight increase of the MOR selectivity (CO,
current efficiency increases by ca. 5-15%) on the bime-
tallic catalysts compared to the synthesized Pt/C. Com-
pared to the commercial Pt/C catalyst, the selectivity
differences are smaller, while the activity differences be-
come more pronounced. Finally, RDE measurements per-
formed on all catalysts at 60 °C in methanol free and
10 mM methanol containing O,-saturated acid solution
revealed a rather low influence of methanol on the ORR
(‘cross-over of methanol’). The methanol induced shift in
overpotential for the ORR and in the mixed potential
(potential of zero current) can be described by simple
addition of the MOR and the ORR currents in the respec-
tive pure electrolytes. The measurable improvement in the
methanol tolerance of the synthesized catalysts and in
particular for the bimetallic catalysts is largely related to
their lower MOR activity rather than to changes in the
ORR activity.
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In total the strategy to increase the methanol tolerance
by smaller particle sizes was reasonably successful, in
particular for the bimetallic catalysts. Further improve-
ments should concentrate on improved alloy formation in
the latter catalysts, while maintaining the small sizes.
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