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Multilayer Hierarchical Nanofibrillar Electrodes with Tunable Lacunarity with
2D like Pt Deposits for PEMFC

G.Ercolano?, F.Farina®, S. Cavalieré, D. JJones®, and J. Roziére"

* Institut Charles Gerhardt, UMR CNRS 5253, Agrégats Interfaces et Matériaux pour
'Energie, Université de Montpellier, 34095 Montpellier Cedex 5, France

Here we present a novel approach to electrocatalyst layer design
for PEMFC. Pt is conformally electrodeposited around the surface
of carbon nanotubes grown on a self-standing nanofibrous
electrode (NFE). We found that by combining two cost-effective
and up-scalable techniques, electrospinning and electrodeposition
it is possible to produce a layered electrode with tunable lacunarity
and engineer the surface area distribution along the electrode
thickness and in turn the Pt content distribution. It is possible to
obtain an electrocatalyst with outstanding Pt exploitation and high
durability while minimizing fabrication complexity. We produced
hierarchical 3D electrocatalyst layers with tunable morphology that
can be used directly in a membrane electrode assembly, allowing
the complete exploitation of their highly porous structure, in a
similar fashion to other 3D macroscopic assembly techniques.

Introduction

We developed a novel class of electrocatalysts intermediate between carbon black
decorated with platinum nanoparticles and existing extended film catalysts that
comprised platinum conformally electrodeposited around the carbon nanofibres of a self-
standing electrode. We found that combining two cost-effective and up-scalable
techniques, electrospinning and high over potential electrodeposition, it is possible to
obtain an electrocatalyst with outstanding platinum exploitation and high durability while
minimizing fabrication complexity. We produced electrocatalyst layers with tunable
morphology that could be characterized directly and potentially used as such, removing
the need to prepare inks in a similar fashion to conventional NSTF (1) (nanostructured
thin films) or other 3D macroscopic assembly techniques (2—4). These structured 3D
electrocatalyst layers have high electrical conductivity for fast charge transport, and
hierarchical pores for efficient reactant mass transportation (5). The carbon nanofibrous
electrodes we used comprised polyacrylonitrile (PAN) derived electrospun carbon
nanofibers, that we have demonstrated to be a potentially viable alternative carbon
support for electrocatalysts (6—10).

In particular, we showed how controlling the pulse length in pulsed electrodeposition
can be used to control coverage density and diameter of platinum clusters. The ECSAs
we measured for these novel electrocatalysts were up to 120 m* g, which is higher than
most highly optimized commercial catalysts currently available and the stability was up
to 3 times higher than that achieved with conventional Pt/C, and without the introduction
of more stable / less conductive metal oxide supports (11) .



However, integration of the self-standing electrodes in an MEA showed that
these catalyst layers, while showing high stability and high platinum specific
surface areas, were also characterized by low density, low support surface area
and anisotropic connectivity. Ultimately, the combination of aall of these factors
translated into MEAsin which proton transport from the deeper layers of the electrodes
to the membrane surfaces was difficult, and having low maximum platinum
loading (<0.05 mg cm™). We developed two approaches to self-standing
electrodes of increased density: nanofiber alignment and carbon nanotube growth
from carbon nanofibers. Here we demonstrate that it is possible to modify the layer
morphology with consequent increase of the density, connectivity and surface area of
the electrospun carbon nanofiber support.

Experimental Details
Nanofiber Web Preparation

Polyacrylonitrile (PAN, Mw=150,000, Sigma Aldrich) based carbon fibers were
prepared by electrospinning followed by thermal treatments as already reported (12—
14). In detail, 8 %y to 12 %y PAN solution in N,N-dimethylformamide (DMF,98 %,
Sigma Aldrich) was fed to a metal needle via a syringe pump with a flow rate of 1 to
2 ml/h. Under standard conditions, the drum collector was rotated at 300 RPM.
Aligned nanofibers were obtained by increasing the rotation speed to 1500 RPM.

For the preparation of carbon nanotubes (CNT)on carbon nanofibers (CNF),
metal precursors (0.1 M metal nitrates for Al, Cu, Ni, Ag, acetylacetonate for Fe,
chloroplatinic acid hexahydrate for Pt and, acetate for Pd) were also added to the
electrospinning solution. In all cases, an electric field of 15 kV was applied between
the needle and a metallic rotating drum collector placed 10 cm away. As-
prepared nanofibers were collected in the form of non-woven webs. Fiber
carbonization was realized by a two-step thermal treatment. First, oxidative
stabilization was performed at 280 °Cfor 1 h followed by carbonization for 1 h under
N, at 1500 °Cusing a heating ramp of 1 °C/min for the pure PAN and followed by a
carbonization CNT growth step for the PAN + metal nanofibers. The produced
carbon electrodes were subsequently treated at 80 °C in a 3 M HNQ@solution for 5 hr.

Platinum Deposition

Pt electrodeposition was performed in a 2-electrode setup, where the counter
electrode consisted ofa 50 x 50 x 0.8 mm graphite foil facing the working electrode and
kept 10 mm away; the latter was a 50 x 50 x 0.02 to 0.05 mm carbon nanofibre self-
standing web. Both electrodes were immersed in a N, saturated 0.1 M H,PtCly 5SH,O
solution and contacted using an electrodeposition cell designed in-house. The
deposition voltage was cycled between -3.0 Vand 0.0 V for the desired number of
pulses and duration. Samples were thoroughly washed with deionized water (18 MQ
cm), dried and weighed on a microbalance.



Electrode Characterization

The morphology of the electrospun materials, carbon nanotubes and the deposited
platinum was analyzed by field emission-scanning electron microscopy (FE-SEM) using
a Hitachi S-4800 microscope and by transmission electron microscopy (TEM) using a
JEOL 2200FS (Source: FEG) microscope operating at 200 kV equipped with a CCD
camera Gatan USC (16 MP). For TEM analyses, samples were suspended in ethanol and
sonicated before deposition onto carbon-coated copper grids while for cross sectional
analysis a microtome was used on resin-encapsulated piece of web and slices were
deposited on carbon-coated copper grids.

Results and Discussion

Aligned carbon nanofiber electrodes

We first investigated the production of aligned carbon nanofiber electrodes for the
densification of the support.
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Figure 1. SEM images of non-aligned® and aligned” electrospun carbon nanofiber webs
and the respective alignment analysis® ¢,

The aligned carbon nanofiber electrodes were obtained by increasing the rotation
speed of the drum collector from the usual 300 RPM to 1500 RPM. The increased
rotation speed of the drum generates a draw effect on the fibers, aligning them along the
surface velocity vector. Figure 1 displays fibers obtained at 300 and 1500 RPM. A
consequence of the alignment is an increase in the density of the electrode by around ~
30 %, unfortunately this densification comes with the introduction of even more
anisotropy i.e. the fibers are not only aligned in planes parallels to the electrode surface,
they are also aligned along a specific direction in these planes.



Self-standing carbon nanofiber-carbon nanotube electrodes

Another possible route to densify the electrodes and reduce the anisotropy of the
connectivity is to grow carbon nanotubes (CNT) from the surface of the carbon
nanofibers by doping the latter with CNT growth catalysts and performing a CVD growth
during or after carbonization of the PAN (15). In our first study we used hexane vapor as
a source of carbon for the formation of carbon nanotubes and iron acetylacetonate as iron
nanoparticle precursor in the electrospinning solution.(figure 2a-b). Using this technique,
we were able to obtain carbon nanotube-carbon nanofibre (CNF-CNT) electrodes and
also control the length of the carbon nanotubes by changing the exposure times to the
hexane vapor. A problem we had to resolve for successful and reliable use of this
approach for substrate fabrication was the low yield and highly variable carbon nanotube
growth.
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Figue 2. SEM images of long® and short” carbon nanotube growth directly from the
surface of iron doped electrospun carbon nanofibers.

To increase the yield of the carbon nanotubes, we decided to completely revamp the
thermal process as well as the carbon nanotube growth catalyst; in particular we
investigated the growth of carbon nanotubes at 900 °C using ethanol vapor as the carbon
source and palladium, platinum, silver, copper, aluminum, iron and, nickel catalysts. The
only two precursors that yielded nanotubes were nickel and iron. Interestingly iron
resulted in straight nanotubes while nickel gave curly ones (figure 3).
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Figure 3. SEM images of carbon nanotubes obtained using either iron or nickel as growth
catalysts.



The metal nanoparticles that are necessary for the nanotube growth have to be
removed before the electrodes are considered viable for MEA operation as iron
and nickel dissolution is a major concern with regard to reduced membrane/

ionomer conductivity and membrane degradation. .However, acid based leaching
is capable of completely removing accessible iron. The cyclic voltammetry shown
in figure 4a demonstrates that there is no residual accessible iron after the
leaching process, furthermore additional evidence was also obtained by TEM
investigation that only showed the presence of embedded iron after the
leaching. The embedded iron is completely enclosed in the nanotubes and a layer
of carbide is also present on the surface of these iron particles, and therefore there
should not be concern for further iron dissolution occurring during MEA operation.
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Figure 4. Cyclic voltammetry in 0.1 M HCIO4 of a CNF-CNT electrode efore and after
iron leaching” and, TEM images of an iron nanoparticle embedded in a multi-wall carbon
nanotube”.

With a reliable and reproducible process defined for the production of multi-layered
hierarchical self-standing CNF-CNT electrodes with tuneable lacunarity, we were able to
begin platinisation by high overpotential electrodeposition (11) (an example of a
platinised electrode is given in figure 5).
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Figure 5. SEM image of the surface of a platinised CNF-CNT electrode.



Conclusion

We have developed a new process to modify the morphology for the self-
standing electrodes in a way that could remove the drawbacks observed
during the earlier implementation of electrospun carbon nanofiber self-standing
electrodes in MEAs.Thisnew process allows control and tuning of the lacunarity of
the electrodes. Furthermore, the presence of nanotubes not aligned to planes
parallel to the electrodes should reduce the anisotropicity of the connectivity thence
promoting more efficient proton transport to the membrane.
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