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Chapter 6

Platinum-alloy Nanostructured Thin Film
Catalysts for the Oxygen Reduction Reaction

In an efTort 10 increase fuel cell activity for the oxygen reduction reaction (ORR), a

range of metallic alloy nanostructurcd thin film (NSTF) catalysts have been

manufactured by 3M and measured both at room temperature and at 333K.

Characterization of the particles was done ex-situ by microscopy and X-Ray

difTraction and in situ by the rOlating disk electrode (ROE). Optimal laadings for

the ORR were established and activities superior to carbon supported nanoparticlcs

(ptlC) have been recorded. The most active catalyst was a 55 wcight%pt PtNi alloy,

which is an order of magnitude more active than Ptle in kinetic current, and an

improvement factor of 2.5 in mass activity. Lowering the platinum content of this

catalyst did not lead to increased mass activity values.
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Chap/er 6

6.1 Introduction

The need for clean cars as well as a more efficient use of energy rather than burning

fuel in internal combustion engines instigated many companies to make fuel ecll
operated devices and vehicles available to the general public [I]. A major challenge

lies in optimizing the oxygcn reduction reaction (ORR) in thc fuel ccll l2-5J,

especially to make fuel cells operable in large-scale automotive applications. This

challcnge sparked a concenlraled effort 10 improve fuel cell catalysts f2, 3, 6-161 to

meet the department of energy (DOE) targets [17].

One of thc busiest fields currently is the development of high surface arca catalysts.

These catalysts are usually carbon-supported, which is accompanied by many

problems, such as contact problems, particle dissolution 118-201 and agglomeration

119, 211 and carbon support corrosion 119, 22, 231. It has been shown that the

nanostruetured thin film (NSTF) calalysts of 3M pi, 24, 251, which has no carbon

support, are much more stable in a membrane electrode assembly (MEA) than any
supported nanoparticulate catalyst II 7j.

For this rcason the activity for the ORR of a range of PtNi and PtCo based

multi metallic NSTF catalysts has been measured, both at room temperature and at

333K - a temperature close to the more ideal operating temperature (353K [51) of a

current polymer electrolyte fucl cell (PEFC). At temperatures higher than 333K, the

water evaporation of the electrolyte would be too severe to measure the catalysts

properly in the rotating disk electrode (ROE) setup. The proper loadings for the

NSTF in ROE testing were established in detail, and activites are reported for the

NSTFs measured with the appropriate loading.

The most active catalyst found in this work is the PtNi binary NSTF catalyst with
mass activities exceeding those of carbon supported high surface area catalysts. The

PtCo-based catalysts were significantly less active than their nickel-containing

counterparts. A PtNiCo ternary catalyst was also tested, the activity of which

resembles the other PtCo catalysts closely and does not approach the level of the

PtNi and PtNiFe catalysts. Finally, the content of Pt in the alloy was reduced in an

effort to lower total Pt loading of the catalyst. Unfortunately, this did not lead to

increased kinetic activities, and hence also did not yield increased mass activities.
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6.2 Experimental

The metallic NSTF catalyst was manufactured by 3M as reported previously [24,

25]. In brief, the desired metals were sputtered consecutively on a pcrylcne rcd film.

This creatcs the so-called nanostructured thin film (NSTF) catalyst. In ordcr to

facilitate measurements in ROE, the individual whiskers were brushed off the

manufactured films and stored as a powder. The Pt/C catalyst used in this work is a

state-of-the-art 5 nanometer sized Pt catalyst from Tanaka (TKK, Tokyo),

supported on vulean.

To prepare the suspension needed for electrode preparation for the thin film ROE

method 1261, a small glass bottle was cleaned in a beaker with acid and boiled

repeatedly with Milli-Q H20 (18.2 MQ resistivity, less than 4 ppb toe). About 2 mg

ofNSTF catalyst powder was weighed into the bottle and 2 ml Milli-Q water added.

Next, the suspension was sonicated for at least 30 minutes before use. A prc­

polished Glassy Carbon (GC) disc of 6 mm in diameter was mounted in a KLF

leak-free collet. The collet with GC disc inserted was cleaned in concentrated

perchloflc acid for J0 mmutes, followed by extensive nnsing with Milli-Q water.

Prior to the experiment the resistance of the disc in the collet was checked to assure

the absence of electrical resistance. The GC disk in the collet is then polished with

0.05 ~m aluminum oxide, followed by rinsing with Milli-Q H20 and eleaning in

acid. A measured volume of the sonicated catalyst suspension, was then pipetted

onto the GC disc. The collet was put onto a hotplate at 40QC in an Ar atmosphere

and left to dry. After the electrode had dried, the surface was rinsed with Milli-Q

water to wash off the loosely bonded particles and subsequently protect the surface

from contamination and exposure to atmospheric gases. The cleetrolyte was in all

cases O.IM HCI04, prepared by diluting concentrated 70% concentrated perchloric
acid (Grade ACS, AMD Chemicals). The electrolyte was made in batches of

500 ml; stored in a teflon flask which was cleaned beforehand in a mixture of

concentrated nitric and sulfurie acid, and rinsed extensivcly with Milli-Q water.

A standard in-house 3-eleetrode cell was used in all measurements. An Ag / AgCl
elcctrodc in equilibrium with the electrolyte separated from the ccll by a salt bridge

was used as the reference electrode. The Luggin-Habcr capillary was positioned as

elose to the cell as possible without disturbing the flow by rotation of the electrode,

generally at about 10 mm distance from the surface of the disk. Any rcsidual Ohmic

losses were compensated for by positive feedback in the potentiostat. The reference

elcctrodc was calibrated daily with a reversible hydrogen electrode (RHE) in the
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electrolyte used that day. All potentiaIs reported here are reported with respect to

the RHE. The counter electrode was a Pt mesh. The potentiostat used was an

Autolab PGSTAT 30 with ECD, scan-gen and FI-20 modules, in combination with

the Autolab GPES software.

The glass electrochemical cell was of in-house design, with a heating jacket built

into the cell for measurements at elevated temperatures.

6.3 Results and Discussion

Multi Metallic
Alloy

i
L u ..

Figul'e 6.1, TEM (E) and SEM images (A-D) of 3M STF catalysts witb scbematic
l'epl'esentMion of deposition in the middle.

6.3.1 Microscopy

TEM and SEM images of the catalysts as received from 3M Company are shown in
figure 6.1. The figure shows clearly the unique structure of the catalyst which

resembles long rods, studded with rough atomic stumps. Images of this catalyst

have been published before in [21, 27]. The middle part of figure 6.1 shows a
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graphic representation of tbe deposition process. Consecutive layers of platinum

and the respective metal in the alloy were sputtered on a crystallized organic

pigment (N,N-di(3,5-xylyl)perylene-3,4:9, 10bis(dicarboximide), in sbort: perylene

red) in Ultra High Vacuum (UHV) l24, 25]. The sputtering covered each of the

pcrylcnc reds whiskers with a thin metallic film. Platinum and nickel were sputtered

in sequence on the substrate, resulting in a metal-covered, whiskered polymer,

shown in the electron microscope images in figure 6.1. For our experiments wc

deposited this catalyst on the GC disk in the RDE setup by first brushing the

individual whiskers off the supporting polymer and then suspending them in a small

bottle with milli-Q water. The resulting suspension was pipetted on the disk and left

to dry in argon, with the amount of suspension pipetted detennining the loading of

Pt on the disk.

6.3.2 Determination of proper platinum loading

Before activity measurements could be commenced, the proper loading of partieles
on the glassy carbon needed to be delennmed. Mayrhofer et al12RJ detennined this

to be 42 Ilgpl em-2
disb while 3M company uses a loading of 0.1 mgPt cm-2 on their

fuel cell cathode l21j. Our dClcnnination of the optimal loading is shown in figure

6.2. Part A of the figure shows the full oxygen reduction reaction (ORR) curves in

0.1 M perchlorie aeid with a rotation of 1600 rpm. The curves compare well to

those reported before r27, 281. The innuence of the loading is illustrated in this

graph:

First, the potential at half the diffusion limiting current, the so-called half-wave

potential (E1d increases linearly with loading from 42 to 130 cm-2
di'k, shown in

detail in ligurc 6.28. The increasing value for Elf2 with increasing loading makes

the traditional measure ofaetivity (overpotential at half-wave) difficult to apply for
this catalyst, unless the loading is kept constant. Also, high loading decreases the

potential window of the kinetic region (at currents lower than half the diffusion

limiting current) and can introduce larger errors from reading the current at the

steep part of the slope l261.
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Figure 6.2, effect of loading of the STF catalyst on glassy carbon. A shows the full ORR
curves, measured at 293K with a rotation of 1600 rpm and a scan rate of 20 mV S-I in 0.1 M
HCIO•. Shown in the surrounding graphs is the effect of the loading on half·wave potential
(B), diffusion limiting cUlTent for the ORR (C), active surface area as measured from Hupd

(D) and kinetic current densit)' for the ORR at 0.9V vs RHE (E). Standard deviations of a
minimum of 3 measul'ements are given in eITOI' ban.

Secondly, the diffusion limiting current (LtifT) increases with increasing loading,

with a stable region from 60 to 100 IlgPI cm-2
disk, as shown in figure 6.2C. This is in

agreement with experiments of Mayrhofer et al., who claim measurements with

lower diffusion limiting currents still exhibit the same kinetic current densities

when properly corrected for the diffusion contribution [28], but a proper diffusion

limiting current is recommended. The diffusion limiting current observed in the

experiment is also a measure of distribution. Even at higher loadings Idiff will

occasionally be lower than theoretically expected. This is indicative of a poor

catalyst distribution on the GC disk, with part of the glassy carbon area uncovered

by the NSTF and thus exposed, and other spots on the disk too thickly coated.

When the loading is increased above lOO cm-2
disk, Idiff increases again, this is

because the catalyst layer becom s thicker than the diffusion layer and the accepted

mass-transport characteristics for the RDE are not satisfied anymore [29,30].
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Furthennore, the active surface arca (SA) increases (of course) with incrcasing

loading. As can be seen in figure 6.20, this is a linear trend until about 100 Ilgl'l cm'
2disk, with a surface area of about 8 m2 per gram of Pt. This is 20% lower than the

valuc of 10 m2 g-I reported before l211 in an actual MEA. The effect of the support

(GC) cannot be ruled out in this respect, and the shielding of part of the surface of

the NSTF by the glassy carbon can result in a lower active surface area per gram of

Pt. Interestingly, at higher loadings the SA increases more than linearly. This

coincides with the appearance of the higher dilTusion limiting current as mentioned

before, and is indicative of a multi-layer of catalyst particles on the disk. The

surface area at high loading is puzzling as it exceeds the value reported for the

MEA, we found the approximate surface area per mass for high loadings to be

around 20 m2 gPt-\ double the value reported for the same catalyst in a MEA 121].
This elTeet has to our knowledge not been observed before and further investigation

would be required to find the origin.

Finally what this means for the activity, i.e. the kinetic current at 0.9V versus RH£,

is shown in figure 6.2£. Clearly, lower and higher loadings have a reduced activity

for the ORR. At low loadings, the SA is harder to determine, which causes the
lower apparent activity. In other measurements on the alloys (not shovm in figure

6.2), lower loadings actually gave increased activity values due to the under­

estimation of the active surface area by H.pd charge. It is best to avoid these troubles

and remain slightly higher in loading, though not as high as 130 IlgPt cm·2
disk, where

the more than linearly increased surface area suppressed the kinetic current.

After taking thcsc observations into consideration we detennined the ideal loading
in thcsc cxpcrimcnts to bc 65 IlgPt cm,2disk; low cnough to avoid problems duc to thc

increased activity and to not waste Pt (and thus to keep mass activities relatively

high), yet high enough 10 avoid problems with distribution and surface area

detennination. All further figures and data reported here are measured with 65 IlgPt.,
cm disk.

6.3.3 Blank Cyclic Voltammetry

DifTerent alloy and monometallic Pt catalysts were considered in this research.

Three bimetallic catalysts: Pt3CO, Pt)Ni and PtNi2 and four trimetallie catalysts; a

PIo.32Nio,6IFcom alloy, a PIo.67Coo.)~nM) alloy, a PIo.4Coo.sZro.1 alloy, and a
Pt3CoNi alloy.

For the ease of comparison of the cyclic voltammograms (CVs) the catalysts will be

divided into two categories; one group containing platinum nickel alloys (PtNi of
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various compositions and Pt iFe ternary alloy) and the other group containing Pt

cobalt alloys (PtCo, PtCoMn and PtCoZr). There was also a PtCoNi ternary alloy,

which falls into both categories, and of course there is monometallic Pt NSTF.
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Figure 6.3. Blank cyclic voltammetry fol' the val'ious STF catalysts. All were measul'ed at
293K in O.lM HCI04 with 50 mV S·l. Pal"t A shows the comp:uison between monometallic Pt

STF and polycl)'stalline bulk platinum. The val"ious ickel ,tnd Cobalt-b:tsed cM:tlysts :tI"e
shown in Band C respectively. The loading ofthe STF catalyst was 65 /lgPI Cm·2dlsk'

Blank CVs are shown in figure 6.3, with the i samples in part B and the Co

samples in part C. To make a good comparison between nanostructured catalysts
and extended surfaces, a comparison with bulk polycrystalline Pt is in order (figure

6.3A). The underpotentially deposited hydrogen (Hupd) region at potentials lower
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than OAV exhibits much broader features for the STF catalyst. This is a first

indication that on the thin film catalyst a plethora of lower coordinated Pt atoms are

on the surface and the crystalline islands are smaller than on poly Pt. This is

confinned by the higher affinity for surface oxide, with the oxide reduction peak

shifted about 25 mV lower for the NSTF catalyst. The magnitude of adsorption of

oxides (as detennined from the charge of oxide fonnation in figure 6.3A) on Pt

NSTF is higher immediately positive of the onset of surface oxide fonnation at

O.75V, see figure 6.4A. This charge offers a convenient way to compare adsorption

on the catalysts withou the influence of the double layer charging, which is much

higher for the NSTF catalyst due to the glassy carbon support.
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Figure 6.4. Part A shows the comparison in adsol'ption isotherm between monometallic Pt
STF and polycl")'stalline bulk platinum; this is the charge under the blank CV aftel'

double-Iayel' co....eetion. The sUl'face al'eas of the v:nious ickel and Cobalt-based c.atalysts
are shown in part B, compared to the Pt STF as well. The loading of the NSTF catalyst
WlIS 65 /lgPl cm·2dlsk-

It is clear that the differences in cyclic voltammetry between the alloy catalysts are

subtle. PtNiFe and PtNi2 show a different Hupd region. The maximum in that region

is reached at a high r potential than in case of the monometallic NSTF. Pt3Ni and

PtCoNi exhibit similar CVs, both closely resembling the blank CV of Pt NSTF. The
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double layer of the alloy electrodes is very dependent on the polishing of the GC

substrate and can differ from experiment to experiment as the disk is rougher. Also,

the capacity of the double layer is independent of the active surface area of the

catalyst and as the figure is normalized for this active surface area, the double layer

capacity seems largest on the catalysts with lower active SA. There is even less

difference between the various cobalt containing catalysts, where only PtCoZr

exhibits the broader Hupd region seen with PtNiFe and PtNi2 as well. From

figure 6.4B it is concluded that these three catalysts have the largest surface area of

the catalyst per gram Pt at a loading of65 ....gP\ cm·2Ji'k. The alloys arc expected to

have a higher specific surface area, as the non-noble elements from the alloy

dissolve upon contact with the eleetroly1e f311, thereby roughening the surface.

Moreover, beeausese the surface of monometallic Pt NSTF is already rough (see the
electron microscope images in figure 6.1), the increase would be expected to be

minimal. As is evident from figure 6.4, this expectation holds true for most

catalysts, but PtNiFe, PtNi2 and PtCoZr catalysts have an increased surface area

compared to the other catalysts due to their reduced Pt content in the compositions

relative to the other alloys, with 32, 33 and 40 atomic·% respectively. This
increased surface area also explains the broader Hupd features mentioned before, as

there is less crystallinity and a larger amount of low-coordinated Pt surface atoms.

6.3.4 Oxygen Reduction Reaction

The results for the oxygen reduction reaction (ORR) are shown in figure 6.5. The

loading of the NSTF catalysts was 65 l-lgFl cm·2
disJ:. Tafel plots are shown in part A­

C to graphically compare the activity for the NSTF catalysts over a range of 0.85 to

O.95V. It can be seen that there is not a definite linear relation between log of the

current versus the potential (Tafel slope). It is clear that the monometallic Pt NSTF
catalyst offers a large improvement versus carbon supported Pt catalyst, sce figure

6.5A. The PtlC used in our work has a loading of 17 l-lgPt em-2
Jisk; a higher loading

will lead to diffusion layer problems. This catalyst is itself three times more active

than the commercial Pt/C catalysts 132]. Therefore, the Pt NSTF catalyst has an

improvement of close to an order of magnitude versus the reported Pt/C, as claimed

before [28]. Obvious from figure 6.5B is the high activity for the ORR for the low·

Pt content PtNi-catalysts, PtNiFe and PtNi2.s, an order of magnitude versus the 5 nm

TKK catalyst, and 3 times more active than the monometallic Pt NSTF. The other

nickel-containing and the cobalt-based catalysts are very similar in activity, as can

be seen in figure 6.5C. The catalytic specific activity is better illustrated in
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figure 6.6, in which the half-wave potential (A) and kinetic current at 900 mY

versus RHE (B) are compared. Again, the obvious conclusion from this graph is

that the two catalysts with high nickel content; i.e. PtNiFe and PtNi2 are superior in

activity to the other .STFs and completely overshadow the Pt/C catalyst.
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Figure 6.5. ORR on NSTF catalysts, compared to polycrystalline Pt. Tafel plots are shown
in A for the mODometalUc Pt sample, compared to Pt poly and state of the art Pt/C catalyst,
and Band C show the i and Co based aUoys respectivel)'.

This is true even when we consider the mass activities at 900 mV versus RHE,

shown in figure 6.6C. Carbon supported nanoparticles usually have high mass

activities, because one of the main advantages of these nanoparticles is the high

surface area to mass ratio. This high ratio means that there is a lot of active surface

area per gram of platinum, for example about 50 m2 platinum surface area per gram
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of Pt for a carbon-supported 5 nm sized catalyst, as detennined from our reference

experiments. This is a factor of 5 higher than the typical value for the NSTF

catalysts. However, from our experiments we can conclude that the PtNi alloy

NSTF catalysts actually have a higher mass activity than the carbon supported Pt

nanoparticles in addition to higher kinetic activities.

A-

-
8 1
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~D.5
::S.IIA

~
- D.3
~
Ou
1iI

: 0.1

-~
D.D

1

.I'<t-'.t~ ~~~~~~'./!~
Figure 6.6. Bar graphs of the ORR on STF catalysts, compared to polycl)'stalline Pt. Part
A shows the half-wave potential (E112) fOI' loadings of 65 IIgl't cm-2'1I'k for the NSTF catalysts
alld 18 II~Pt cm-2dl'k for the Pt/C and the kinetic and mass cUlTent densities at O.9V are
shown in part Band C, respectively. The single-colol' bars represent the value at 293 K, and
the accented bars represent 333 K.
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Finally, the Pt content in the Pt i alloy was lowered in an effort to increase mass

activity even further. Figure 6,7 shows the results for the ORR activity at 0,9 V vs

RHE, both in kinetic and in mass activity, The blank cyclic voltammetries of these

catalysts (not shown) are essentially identical. It is clear that the kinetic currents

decrease when the platinum content is lowered, but the expected increase in mass

activity due to increased Pt surface area being available, is not observed_ Based on

the catalysts measured, the PtNi alloy with about 55 wt-% platinum is the best

catalyst.
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FigUl'e 6,7, Ba.- g.'aphs of the ORR on Pt i catal}'sts with diffe.'ent Pt content_ Light g.'ey
bars sbow tbe Pt/C catal}'st as a rcfcrcncc. Thc kinctic and mass currcnt dcnsitics at O.9V
a.-e shown in part A and B, respectively. Loadings of 65 IlgPI cm-2~I'k for the STF catalysts
and 18 IlgPI cm-2dlsk fo.- the Pt/C were used. The single-color bars represent the value at 293
K, and the accented ba.,s .-ep.-esent 333 K_
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6.4 Conclusion

A range of multimetallie platinum-based nanostructured thin film catalysts,

manufactured by 3M, have been measured in the rotating disk electrode setup.

These nanopartieles are nOI dispersed on vulcan, but directly deposited on glassy

carbon; in the actual membrane electrode assembly, they are non-carbon supported.

The surface of these particles is shown to be very rough, full of low-coordinated

platinum.

The optimal loading for RDE measurements in our setup was determined to be

65/1gl'1 cm-2
disk; a higher loading will givc rise to problems with the diffusion layer,

and anomalous behavior of the surface area per gram of particles, while a lower

loading will leave pans of the glassy carbon disk uncovered, and cause the diffusion

limiting current to be lower than the expected value for a 6 mm disk electrode.

Of all catalysts measured, the PtNi alloys show more promising activities for the

ORR than the PtCo based alloys. Especially the PtNi, and PtNiFc alloys arc very

active. Funhermore, these alloys have a higher active surface area per gram of

platinum, which means that thelf mass activities are superior to any of the other

catalysts measured. The mass activities of PtNi and PtNiFe even exceed those of

5 nm platinum nanoparticles on vulcan.

Finally, the Pt content in the PtNi alloy was lowered in an effon to increase mass

activity even further, but it was found that when the Pt content is lowered below

55 mass%, this does not lead 10 an increased mass activity.

50 far, the most active catalysl measured, both in kinetic current and in mass

activity, is the PtNi alloy with 55 mass% platinum. Further experiments will be

necessary to optimize the platinum content in the alloy. Furthermore, the layer

thickness of the sputtered layer on the perylene red may be reduced, which will
increase lhe Pl utilizalion and give increased mass aelivilY values. h is clear from

our experiments, that the N5TF catalyst is a very promising ORR catalyst, with

increased activities compared to any other nanoparticulate catalyst currently

available.
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