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Abstract
Porous carbon-based electrodes are frequently applied in electrochemical energy
technologies, for instance in fuel cells and redox flow batteries. In previous
work, we observed that the final structure of a fuel cell electrode is dominated
by both the morphology of the support material and its processing into a 3D
porous structure. Herein, the impact of catalyst support morphology on the
performance of polymer electrolyte membrane fuel cells was studied compar-
ing carbon-supported platinum catalysts only differing in the shape of the car-
bon support material with otherwise similar features. Carbon-supported Pt cat-
alysts were obtained by carbonization of polyaniline (PANI) in long fibrous,
short fibrous, and granular shape. The chemical identity of the PANI precursors
was demonstrated by FTIR spectroscopy and elemental analysis (EA). The final
carbon-supported platinum catalysts were characterized by EA, Raman spec-
troscopy, XRD, and TEM exhibiting similar degree of carbonization, nanopar-
ticle size, and nanoparticle dispersion. The effect of support morphology and the
resulting differences in the 3D structure of the porous electrodewere investigated
by focused ion beam-scanning electronmicroscopy slice and view technique and
correlated to their fuel cell performance.

KEYWORDS
3D reconstruction, FIB-SEM, fuel cells, N-doped carbon, PEMFC, polyaniline, support mor-
phology

1 INTRODUCTION

In polymer electrolyte membrane (PEM) fuel cells,
supported platinum nanoparticle catalysts are widely
employed, in order to reduce the amount of noble metal

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium,
provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2022 The Authors. Electrochemical Science Advances published by Wiley-VCH GmbH

required and thereby reduce the cost of the device. Carbon
is the support material of choice, as it is cheap, inert, and
provides a good dispersion and narrow size distribution of
the catalytically active noble metal phase. Furthermore, it
is sufficiently electron-conducting and stable at the high
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potentials in acidic electrolytes. Such supported catalysts
containing additionally a proton-conducting ionomer are
mixed to a viscous ink and then processed into a porous
3D structure, for example, by airbrushing. After drying, the
obtained porous catalyst layer constitutes the electrode, at
which either the oxygen reduction reaction (ORR) or the
hydrogen oxidation reaction (HOR) takes place. Depend-
ing on the electrode’s porosity, pore connectivity, and the
interdigitation of electron and proton-conducting path-
ways, the transport of educts and products (H+, e–, H2,
O2, water) appears to be more or less hindered. This will
lead to differences in mass transport and reaction kinet-
ics at the electrodes significantly affecting the fuel cell
performance.[1–5].
There are different ways to manufacture porous

electrodes,[2] such as airbrushing,[6] electrospraying,[7]
and sieve-printing,[6,8] but also electrospinning.[9,10] The
ultimate goal of all fabrication strategies is to create a
porous structure that allows for all transport processes
to take place efficiently. Therefore, a balanced system of
the micro (<2 nm), meso (2–50 nm), and macro pores
(>50 nm) is required. Consequently, a lot of effort has been
addressed to the development of fabrication techniques,
which allows for significant control over the finally formed
3D architecture[3,8,10,11] but can still be scaled up at low
cost. This is not an easy task, since most manufacturing
techniques suffer from variances in catalyst distribution
and loading, catalyst layer thickness, pore sizes, and
pore size distribution as well as inhomogeneities in the
catalytic layer originating from instabilities (e.g., nozzle
blocking, slight changes in ink viscosity, etc.) during
processing.
It has been shown previously that the 3D architecture of

electrodes in electrochemical energy devices can be inves-
tigated in detail by the focused ion beam (FIB)-scanning
electronmicroscopy (SEM) slice&view technique and sub-
sequent 3D reconstruction.[12,13,14,15] This technique has
for instance been used to study degradation phenomena
in PEM fuel cell electrodes,[16,17] as well as the impact
of various electrode fabrication processes on the resulting
3D electrode structure.[18] Early work by Ettingshausen
et al.[19] and Litster et al.[2] already indicated the impor-
tant role of the support material’s shape for the forma-
tion of the porous structure of the catalytic layer in fuel
cells. They found that the electrode’s 3D architecture
is largely dominated by the morphology of the support
material.
With the above in mind, the first idea to systematically

tune the structure of the porous electrode may be to vary
the shape of the used support materials. However, this is
not as easy as it seems, because on the one hand, surface
functionalization and microporosity of the carbon sup-
port impact ionomer distribution,[20,21] and Pt nanoparti-

cle size distribution and dispersion[21,22] thereby influenc-
ing the electrochemical activity of the carbon-supported
metal catalyst. On the other hand, also the processing of
the catalyst on to the polymer electrolyte membrane is
affected by carbon surface functionalization. For exam-
ple, for Pt supported on carbon nanotubes the dispersion
of catalysts within the ink, which had been spray-coated
on the membrane, depends on the surface functionaliza-
tion of the CNTs.[23] In turn the properties and compo-
sition of the catalyst suspension/paste and the processing
conditions also determine the final electrode structure.[15]
Hence, in order to solely study the effect of the support
morphology on the fully processed electrode structure, we
chose an approach, in which chemically identical start-
ing materials differing only in shape were synthesized and
transferred into carbons with largely identical features. In
the present work, polyaniline (PANI) was chosen as start-
ing material, as it is a well-established polymer that is
facile to synthesize in different morphologies, but with the
same chemical properties.[24] Employing different acids in
the synthesis protocol led to different shapes, which can
be controlled from long fibers to short fibers to granular
shape. Carbonization at temperatures up to 1000◦C in N2
yieldsN-doped carbon supports, while the support shape is
maintained throughout the heat-treatment[25,26]. As a uni-
form decoration of the carbonized PANI with Pt nanopar-
ticles is difficult, we decorated PANI with platinum before
its carbonization resulting in an enhanced stability of
the nanoparticles. This peculiar behavior has already
been demonstrated in our previous study,[27] and was
identified to result from the strong Pt-N interactions.[28]
Using SEM and FIB slice&view techniques in a large
volume combined with a detailed pore analysis, we
demonstrate herein the significant effect of support mor-
phology on the electrode structure and thus fuel cell
performance.

2 EXPERIMENTAL SECTION

2.1 Synthesis of platinum on carbon
supports with different morphologies

PANI powders with particles of three different morpholo-
gies were prepared using modified oxidative polymeriza-
tion reactions known from the literature.[24,26] Aniline
(450 μl) and ammoniumperoxodisulphate (APS; 1428 g)
were dissolved in 50 ml acid each. To achieve the different
morphologies, either 0.4 M acetic acid, 1 M, or 0.1 M sulfu-
ric acid was used in order to obtain long PANI fibers, short
PANI fiber, or granules of PANI, respectively. Under rapid
stirring, the APS solution was poured into the aniline solu-
tion, after that the reaction mixture was kept untouched
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for 24 h. The resulting PANI material was filtered, washed
with ethanol and water, and stored in wet conditions until
further use.
To obtain 20 wt% Pt on carbonized PANI, a Pt/PANI

loading of roughly 11 wt% was prepared in the starting
material using a formic acid method proposed by Guo
et al.[29] before carbonization, since it is known from the
literature, that PANI will lose roughly 50% of its weight
under these heat-treatment conditions.[25] A mass corre-
sponding to 400mg dry PANI of eachmorphology was dis-
persed in 30 ml ultrapure water (MilliQ 18.2 MΩ @25◦C)
using an ultra turrax homogenizer. When a good disper-
sion was achieved, 125 mgH2PtCl6 (40 wt% Pt) were added
and stirring was continued for twomore hours to allow for
good contact of platinum ions and PANI.[30] Then 3 ml
of HCOOH were added dropwise while stirring and the
mixture was stored without stirring for 24 h to reduce the
platinum precursor completely. After filtration, the precip-
itates were dried in a vacuum at room temperature to min-
imize agglomeration.
The carbonization treatment was carried out in a tube

furnace under nitrogen flow. The samples were placed
in an alumina crucible and heated with a ramp of
1◦C/min up to 750◦C. After holding the sample at the
final temperature for 90 min, the furnace was switched
off and samples cooled down to room temperature before
removing.

2.2 Physico-chemical characterization
of PANI precursors and resulting Pt
catalysts powders

Fourier transform infrared (FTIR) spectroscopy was
applied to ensure the chemical identity of the as-prepared
PANI. Small amounts of the dried PANI powders were
ground in a mortar together with 150 mg KBr until the
powder turned to a pale green. A pellet with 13 mm
diameter was pressed using a hydraulic hand press with
10 t pressure for 3 min. For each pellet 64 scans were
measured in the range from 4000 cm–1 to 400 cm–1 with a
resolution of 1 cm–1 using a Vertex 70 (Bruker).
The elemental composition of the materials before and

after carbonization was determined with a Vario Micro
Cube™ elementary analysis system, which can detect the
elements C, H, N, and S. Each result is the average of two
individual measurements using roughly 3 mg of the start-
ing material.
Surface area measurements were obtained by N2 sorp-

tion measurements using a Quantachrome NovaWin from
NOVA instruments. Sampleswere dried overnight in a vac-
uum at 80◦C, weighed, and then dosed with N2 (molecular
cross-section = 0.1620 nm2) at 77.3 K.

X-ray diffraction (XRD) measurements were carried out
with an STOE STADI-P diffractometer in transmission
geometry using germaniummonochromized Mo Kα1 radi-
ation (λ = 0.71069 Ǻ). To determine the average crystallite
size of the platinum particles, Rietveld refinement using
the FULLPROF software package was performed.[31]
Transmission electron microscopy (TEM) was per-

formed at a Philips CM20 und an acceleration voltage of
200 kV. For all samples, a small amount of powder was
dispersed in ethanol by ultrasonication and one drop was
placed on a TEMgrid. The platinumnanoparticles size dis-
tribution was determined by analyzing at least 200 parti-
cles for each sample.
Raman measurements were performed at a Senterra

Microscope (Bruker) using a laser wavelength of 532 nm
with a spectral resolution of 4 cm–2. In order to reduce
beam damage at the sample, the laser power was reduced
to 1 mW. For each sample up to 20 spectra were measured
at different positions and averaged.

2.3 Preparation of catalyst coated
membranes

All catalyst coated membranes (CCMs) were prepared in
the same way. A Nafion 117 R© membrane was fixed stand-
ing upright in a heated (100◦C) spraying mask with vac-
uum from the backside. The mask allows to prepare a
5 × 5 cm2 and a 5 × 1 cm2 electrode sample at the same
time. The 5× 5 cm2 CCMwas operated as a fuel cell and the
5× 1 cm2 CCMwasused for the 3D structure investigations.
First, the anode consisting of 200mg commercial Pt on car-
bon black (Alfa Aesar, platinum nominally 20% on carbon
black) dispersed in 9 ml MilliQ water, 1 ml Nafion R© solu-
tion (5 wt% in lower aliphatic alcohols and water, D520,
DuPont) and 20 ml isopropanol was sprayed using a modi-
fied airbrushing method. For cathode preparation, a mod-
ified fast spraying method,[32] derived from the layer-by-
layer (LbL) method[33] was used. Therefore, two differ-
ent solutions were prepared: The first solution contained
200 mg of the as prepared catalyst dispersed in ethanol-
water (1:1) with pH 2.6, the second solution contained 1 ml
Nafion R© solution dispersed in 49 ml ethanol–water mix-
ture (1:1). Both solutions were sprayed alternately onto the
other side of the Nafion membrane, mounted onto the
heated vacuum plate standing upright. The heating leads
to an immediate drying of the suspensions that allows to
control the thickness of the resulting layers.
The platinum loading of the cathodes was determined

by thermogravimetric analysis (TGA) using a Netzsch STA
449C Jupiter under synthetic air (Linde, 80% N2, 20% O2)
with a heating rate of 5◦C min–1 in a range from 30 to
1000◦C.
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2.4 Fuel cell measurements

The prepared CCMswere tested in a homemade test bench
using a Quickconnect R© fixture at 5 bar. The CCM was
sandwiched between two Freudenberg I3 GDL (Freuden-
berg, Weinheim) and two graphitic flow fields with lamel-
lar four channel structure. The cell temperature was set to
70◦C, hydrogen with a flow rate of 150 ml/min, and oxy-
gen with 80 ml/min were both humidified using bubbler
humidifiers (anode: 80◦C; cathode: 85◦C) before being fed
into the fuel cell.
For CO stripping measurements in the fuel cell setup,

the cathode was flushed with dry nitrogen for 1 h before
the load was replaced by a potentiostat (Gamry Reference
600 R©). The anode was fed with hydrogen and used as a
counter- and reference electrode at the same time. Sub-
sequently, CO was added into the N2 stream for 15 min
while the potential of the electrode was held at 0.1 V versus
the reference hydrogen electrode (RHE). After the CO was
adsorbed to the catalyst surface, the electrode compart-
ment was further flushed for 45 min with N2 with poten-
tial retained at 0.1 V versus RHE in order to remove CO in
the gas phase. Afterward, the CO is stripped off by cycling
the potential up to 1.25 V versus RHE using a scan rate of
20 mV/s. The CO stripping cycle is followed by five cycles
in the range of 1.25V versusRHE to 0.05V versusRHE. The
electrochemically active surface area (ECSA) was calcu-
lated from the CO stripping peak by integrating the charge
due to CO oxidation Qco by the following equation:

𝐸𝐶𝑆𝐴
[
𝑐𝑚2𝑔−1

𝑃𝑡

]
=

𝑄𝑐𝑜

2 ⋅ 210𝑚𝐶 𝑐𝑚−2
⋅
1

𝑚𝑃𝑡

(1)

2.5 Investigations of 3D electrode
structures

SEM (FEI Quanta 200 FEF operated at 20 kV acceleration
voltage) was used to investigate the electrode thickness of
the prepared CCMs. Therefore, the 5 × 1 cm2 CCMs were
embedded in Araldit R© (polymerization at 60◦C for 16 h)
and a cross section was prepared using an ultramicrotome
(Reichert-Jung Ultracut E ultramicrotome, DKK diamond
knife).
FIB-SEM slice&view 3D reconstructions were per-

formed on an FEI Strata 400 S system equipped with a
Sidewinder™ ion column using the Auto slice&view pack-
age. To minimize surface damage, a platinum protective
layer with a thickness of about 1 μm was deposited on
the CCM before milling. Then a standard cross section
(Figure 1a) was milled to allow electron beam imaging of
the area of interest (Figure 1b). During slice and view oper-
ation, 400 FIB cuts were made with a thickness of 20 nm

each using a 30 kV Ga+-ion beam. For each cut, the cor-
responding area was imaged using the SEM at 5 kV. Fig-
ure 1c,d displays the last FIB and the last SEM image,
respectively, which were captured. Comparing Figure 1a,b
the volume that was cut during the procedure can be esti-
mated.
The FIB-SEM slice&view image stack was aligned using

IMOD V4.7[33] by cross-correlation of an area next to the
region of interest (ROI) that did not change during data
acquisition. Afterward, the y-position of each slice was
compensated for the inclined viewing angle of the SEM.
Finally, the ROI was cropped, and combined into a stack
of 400 8-bit grayscale images recorded at axial intervals
of 20 nm. After the alignment, a representative area of
roughly 4 × 4 × 4 μm3 was chosen and binarized manu-
ally using Amira 5.4 (FEI Company) taking care that only
the foreground structure was selected for the pore edge.
The 3D visualization and graphical outputswere generated
using Amira. In order to evaluate the reconstructed pore
space statistically, a chord length distribution (CLD) was
calculated from the binarized data sets. An in-house soft-
ware developed in Visual Studio C# 2008 (Microsoft Cor-
poration, Redmond,WA)was used for this. Randompoints
were generated in the void area of the image stack and from
each point, 32 vectors were projected in angularly equi-
spaced directions as described elsewhere.[34] The resulting
chords are the sum of the absolute lengths of an opposed
pair of vectors, describing a straight distance between two
interfaces (pore wall-to-pore wall). Chords that projected
out of the image were discarded. For each CLD 106 chords
were collected and the results were displayed in a his-
togram using a binning size of 50 nm.

3 RESULTS AND DISCUSSION

3.1 Chemical identity: Support and
catalyst characterization

In a first step, the three different catalysts (Pt-on-long-
fibers, Pt-on-short-fibers, and Pt-on-granules) were char-
acterized in-depth with respect to the chemical identity of
the different PANI support precursors and the final fea-
tures of the carbon support and Pt nanoparticles, such
as particle size and distribution. First, FTIR absorption
spectra of the three different protonated PANI precursors
were measured showing nearly the same characteristics
(Figure 2a). The characteristic absorption bands present
in all samples are quinonoid ring stretching at 1585 cm–1,
benzenoid ring stretching at 1497 cm–1, C-H stretching
at 1300 cm–1, C-N+ stretching at 1244 cm–1, benzoid-NH
stretching at 1150 cm–1, and aromatic C-H out of plain
vibration at 823 cm–1 in agreement with previous investi-
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F IGURE 1 Representative images from the FIB-SEM imaging. (a) FIB image after pre-milling, the freestanding cubic area that has been
pre-milled will be cut into thin slices during the FIB-SEM process, (b) SEM image corresponding to FIB sections perpendicular to the surface,
while the electron beam is arranged at an angle of 52◦, (c) FIB-image after 400 slice and view cycles, (d) SEM image corresponding to (c).
Figure part (e) shows a schematic of the FIB alignment

F IGURE 2 IR spectra (a) of the three PANI samples with different morphologies. TEM images of the different PANI morphologies: Long
fibers were obtained via the synthesis in 0.4 M acetic acid (b), short fibers in 1 M sulfuric acid (c), and granular material in 0.1 M sulfuric acid
(d)

gations of PANI.[30,24] Additional absorption bands arise
at 1440 cm–1, 1041 cm–1, 693 cm–1, and 592 cm–1 that can
be assigned to hydrogen sulfate and/or sulfate counter-
ions.[26] At a first glance it might surprise that these
peaks are more pronounced in the sample prepared with-
out sulfuric acid. However, sulfuric acid is produced as a

by-product during the polymerization of aniline in such
amounts that it is sufficient to fully protonate the PANI.[24]
Small shifts in the bands around 1497 cm–1 and 823 cm–1 as
well as a difference in height at 1585 cm–1 were observed.
These variations are due to some discrepancies in the
amino groups in the ring structures, like anionic or cationic
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TABLE 1 Elemental analysis, XRD and BET measurements of PANI precursor and the resulting Pt catalysts after carbonization

PANI precursor PANI based Pt/C catalyst
Long Short Granular Long Short Granular

C [wt%] 57.8 56.8 54.9 59.4 50.7 53.9
N [wt%] 10.9 10.5 10.1 8.2 7.3 5.9
S [wt%] 5.07 4.71 5.75 0.4 0.8 0.5
H[wt%] 4.8 4.9 4.9 1.5 1.9 1.3
C/N 5.3 5.4 5.4 7.2 6.9 10.2
d-Pt [nm]
(XRD)

n.a. n.a. n.a. 3.2 3.3 3.1

d-Pt [nm]
(TEM)

n.a. n.a. n.a. 2.4 ± 1.2 2.5 ± 1.12 2.7 ± 1.0

BET
[m2/gcatalyst]

30 39 36 79 98 112

amino groups, which led to the different morphology dur-
ing formation, but do not affect the chemical behavior.[24]
In good agreement with the FTIR measurements, ele-

mental analysis (Table 1) of the three morphologically
different PANI precursors also obtained almost identical
results. All PANI precursors contain around 10.5 wt% N
and 5 wt% S of residual sulfuric acid. Pt deposition and
carbonization at 750◦C show that the number of N-groups
decreases as found by elemental analysis (Table 1). For
the PANI precursors, C:N was determined to be around
5.4:1 and for the carbonized materials, C:N changed to
around 7:1. TEM images of the resulting Pt catalysts reveal
a homogenous Pt nanoparticle distribution (Figure 3a–c)
as a result of the strong Pt-N interactions, as already shown
previously.[28]
TEM images at higher magnification revealed the pres-

ence of small platinum nanoparticles with a bimodal par-
ticle size distribution. The smaller particle size distribu-
tions are similar in particle size and homogeneity andwith
rather uniform distances between particles when compar-
ing themicroscopic images for the three differently shaped
support materials. Calculating the mean diameter of all
particles in an arbitrary region, we found 2.4 ± 1.2 nm for
the Pt particles on the long fibers, 2.5± 1.1 nm on the short
fibers, and 2.7 ± 1.0 nm on the granular material. Analy-
sis of their XRD patterns by Rietveld Refinement reveals
crystallite sizes in the range of 3 nm for all three catalysts.
However, the discrepancy between data and the fit results
indicates the presence of a bimodal particle size distribu-
tion. The reflections exhibit a peculiar reflection profile,
which can be explained by overlaying reflections of a large
size and a small size crystallite fraction. However, the over-
all discrepancy between data and fit is too small to prop-
erly include a bimodal crystallite size distribution. Thus,
the mean crystallite size obtained by Rietveld Refinement
and assuming a monomodal crystallite size distribution is

slightly too large, which is in agreement with the smaller
particle sizes found by TEM analysis compared to the crys-
tallite sizes found by XRD. In summary, particle size dis-
tribution and particle dispersion on the differently shaped
carbon supports have been found to be nearly identical for
all three catalysts.
Furthermore, Raman measurements (Figure 4) were

performed in order to investigate the progress in graphi-
tization for the different materials, when being trans-
ferred from the PANI precursor to the carbonmaterial. For
all three catalysts, identical D and G bands were found
by Raman microscopy indicating identical graphitization
degrees. However, the in-plane crystallite length as pro-
posed by Tuinstra-Koenig was not determined, because
large amounts of sp3 carbon are present in the specimens
making a proper determination by Raman spectroscopy
difficult.[35] Comparing the results to other PANI-based
carbonmaterials,[36] which have been carbonized at a sim-
ilar temperature, 700◦C, these exhibit a similar Raman
spectrum and C:N ratio with 8.8:1. As they observed crys-
tallite domains with sizes of around 9 Å and an sp2-C
content of approximately 55%, a similar microstructure for
the PANI-based catalysts in this study can be expected.
Furthermore, N2-sorption experiments for the three cat-
alysts show similar surface areas. The BET surface areas
were determined to 78.7 m2/g for the long fibers, 98.0 m2/g
for the short fibers, and 111.9 m2/g for the granular sup-
port material, differing only slightly from sample to sam-
ple (Table 1). The values are in a range comparable to Vul-
can XC72 and Pt supported on Vulcan XC72 (200 m2/g and
50m2/g, respectively), which are applied as state-of-the-art
electrocatalysts in PEMFC applications.[37]
Summarizing the above results, themeasured character-

istics are similar enough to describe the catalysts as almost
identical with theirmain difference being the supportmor-
phology. Subsequently, the morphologically different cat-
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F IGURE 3 XRD and TEM of the three catalysts showing similar Pt particle size and distribution. A refers to PANI_750_long, B to
PANI_750_short, and C to PANI_750_gran. i Overview, ii detailed images at the same magnification and iii corresponding diffraction patterns
with Rietveld refinement

F IGURE 4 Raman spectra of the catalysts, PANI_750_long,
PANI_750_short and PANI_750_gran

alysts were used to fabricate catalyst-coated membranes
(CCM) by a layer-by-layer (LbL) spraying approach.[32]
The catalysts were sprayed on one side of the membrane
only, while for the opposite electrode always the same
material, a commercial Pt/C catalyst, was used and pro-
cessed using a routine airbrush procedure.

3.2 Fuel cell performance

All three CCMs were tested as described in Section 2.5
in a single cell test bench using identical test conditions
with the different catalyst morphologies operated as
cathodes. Polarization curves were recorded automatically
and power density curves were calculated on the basis of
the polarization curves (Figure 5). The best performance
was found for the CCM prepared using the carbon fiber
catalyst CCMlong. It has to be noted that the maximum
power density to the mass of Pt for this CCMlong is four
times lower compared to a CCM prepared in the same
way using a commercial Pt/C catalyst.[18] This result
is partly due to the deposition of Pt nanoparticles onto
the PANI before the carbonization treatment (as Pt
nanoparticles might become buried within the carbon
support and thus not accessible) leading to a low ECSA
as found by rotating disk electrode measurements.[28]
Nevertheless, as all PANI-based materials in these studies
have been carbonized after Pt deposition a comparison
between them is still meaningful. A summary of the
characteristic values of the three CCMs in given in
Table 2.
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F IGURE 5 Polarization and power density curves related to the geometrical cell area (a) and the amount of Pt (b) of the CCMs
employing three different support morphologies, PANI_750_long, PANI_750_short, and PANI_750_gran as cathode electrodes. CO-stripping
curves of the different electrodes are presented in (c)

TABLE 2 Characteristic values for the three different CCMs

CCMwith
respective cathode
morphologies Pt loading

Electrode
thickness

Maximum
Power
density ECSACO ECSACO

[mgPt/cmgeo
2] [µm] [mW/mgPt1] [cm2] [cm2/g]

Long 0.17 ± 0.02 20.6 ± 1.0 492 625 147
Short 0.17 ± 0.02 19.2 ± 1.1 455 450 106
Granular 0.22 ± 0.02 21.8 ± 1.9 283 345 62.5

All three polarization curves show nearly the same
open circuit potential of roughly 870 mV, but the slope of
the ohmic region shows clear differences. For CCMgran,
an ohmic resistance of 83.9 mΩ has been observed,
which is higher than that for CCMshort (73.5 mΩ)
and CCMlong (66.2 mΩ). The maximum power den-
sity P observed for the three samples follows the order:
Plong, max = 83.6mW/cmgeo

2,Pshort, max = 77.4mW/cmgeo
2,

Pgran, max = 62.3 mW/cmgeo
2 (Figure 5a). Accounting for

the amount of Pt loading at the cathode the maximum
power density was found to be: Plong, max = 492 mW/mgPt,
Pshort, max = 455mW/mgPt, and Pgran, max = 283mW/mgPt
(Figure 5b). Interestingly, the lowest mass-related power

density has been found for the CCM with granular sup-
port morphologies exhibiting the largest Pt loading with
0.22 mgPt/cmgeo

2 compared to the other two cathode elec-
trodes (short and long fiber) with 0.17 mgPt/cmgeo

2. CO-
stripping (Figure 5c) of the different cathodes revealed
also different electrochemically active surface areas with
147 cm2/gPt, 106 cm2/gPt, and 62.5 cm2/gPt for long
fiber, short fiber, and the granular-shaped catalysts. Thus,
the accessibility of the Pt nanoparticles decreases with
decreasing length of the fibers and is found to be the lowest
for the granular catalyst in accordance with the cell perfor-
mance. This difference in accessibilities despite the chemi-
cal identity of the catalyst materials with respect to carbon
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F IGURE 6 Cross sections (a-c) and surface views (d-f) of the CCMs. long (a+d), short (b+e), gran (c+f). The surface view of the long
fibers (d) has a higher magnification so that the fibers become visible in their complete length. Besides the long fibers, there is a small amount
of material (less than 50%) in other shapes, which is due to the synthesis

features, elemental composition, and Pt nanoparticle size
indicates that the performance variations are caused by dif-
ferences in the porous network architectures of the elec-
trode rather than differences between the electrocatalysts.
In the subsequent section, the electrode structures are fur-
ther investigated to probe the morphology-performance
correlation further.

3.3 3D structure: SEM, FIB-SEM, and
chord-length analysis

Before the detailed 3D investigation of the electrode struc-
ture, resin-embedded samples were investigated by SEM
to determine the electrode thicknesses. The cross-sectional
images are shown in Figure 6a–c. Top views of the elec-
trode surfaces were used to get a first impression of the
structure and porosity of the catalytic layers (Figure 6e,f).
All three electrodes show a homogeneous thickness in
the range of 20 μm (CCMlong: 20.6 ± 1.0 μm, CCMshort:
19.2 ± 1.1 μm, CCMgran: 21.8 ± 1.9 μm). This thickness is
in the range reported previously for multilayer electrodes
using the same amount of catalyst and ionomer.[18] Due to
the embedding in the resin, the structure of the electrodes
was not visible in these cross-sections, but top views (Fig-
ure 6d–f) of the electrode surface revealed that the mor-
phology of the support material is maintained also during
and after electrode fabrication by the horizontal LbL pro-
cess.
As the CCM fabricated with long and short fibers

exhibits the largest similarity on Pt particle size and ele-
mental composition, for both CCMs, a 3D reconstruction

based on FIB-SEMmeasurements was performed. The 3D
reconstructions of CCMlong and CCMshort are shown in
Figure 7a,b, respectively.
In both samples, themorphology of the supportmaterial

is clearly visible. For the sample prepared by using the long
fibers, some extended fibers even penetrate through the
complete reconstructed volume. Both samples have high
porosity (CCMlong: 63.6%, CCMshort: 66.8%) and essentially
the complete solid phase, as well as the complete pore
phase, are interconnected. For CCMlong, a surface area of
8.2 × 106 m2/m3 and for CCMshort of 10.6 × 106 m2/m3

was calculated, the values being in good agreement with
the specific surface area reported for a commercial CCM
(Gore PROMEA510.1M710.18 C510.4 PEMFC) using a sim-
ilar FIB-SEM approach.[38]
Figure 7c,d illustrates the pore network of the samples;

the blue color represents very small pore channels and the
red color larger pore channels up to 160 nm andmore, with
light blue, green, and yellow colors indicating pore lengths
in between these margin values. Both samples have high
porositywith a large number of small pores, which are con-
nected by a network of larger pores.
Especially the sample prepared from long fibers shows

an increased fraction of large pores. The density of both
samples is higher in the region near the membrane (low z-
values) than closer to the electrode surface, with the elec-
trode prepared from short fibers being denser than the
sample fabricated from long fibers. These differences in
the pore structure can only be explained by the shape of
the support material and the fabrication procedure. The
electrodes are sprayed as 40 bilayers in a fast spray layer-
by-layer technique; consequently, when long fibers come
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F IGURE 7 3D reconstruction of the cathodes with different support morphologies (a) long fibers, (b) short fibers. (c,d) Illustration of the
pore size distribution in both electrodes

down in an area where long fibers have already settled
down before, they are hindered in building up a dense
layer. Hence, a porous 3D structure is formed that contains
higher amounts of large pores and alongside a reduced
material density near the surface, leading to the—rather
unintentional—formation of a hierarchical structure.
As a stochastic descriptor of the electrode architecture,

the chord length distribution of the pore space of both
electrodes is depicted in Figure 8. Both samples show
a homogeneous distribution with a sharp increase for
small pores. The maximum of the chord length distri-
bution is located at the second interval for both sam-
ples (50–100 nm), but the maximum frequency is signif-
icantly lower for CCMlong (9.3% for CCMshort vs 7.1% for
CCMlong). As predicted from the pore network visual-
ization, CCMshort shows more small chords compared to
CCMlong. In CCMshort 23.3% of all chords are shorter than
150 nm, in CCMlong only 18.0% of all chords are that small.

Themean value of the calculated chord length distribution
for CCMshort (clshort. mean = 414 ± 348 nm) is noticeably
smaller compared to CCMlong (cllong, mean = 633± 583 nm).
This clearly shows that CCMlong is comprised of larger
pores than CCMshort. The high standard deviation for both
samples is due to the comparatively broad size distribu-
tion of the pore space. Below 500 nm each interval shows
a higher percentage of chord lengths for CCMshort; above
this value, the percentage of measured chord lengths in
CCMlong is higher. Also, the longest interface–interface
distance (4.8 μm), which was observed in our investiga-
tion, was found for the CCMlong sample. The longest dis-
tance observed in CCMshort was 3.4 μm and therefore is
nearly one-quarter shorter in comparison. Both samples
contain large pores cutting through extended areas of the
reconstructed part of the electrode. However, the amount
of these large pores is significantly higher in the recon-
structed volume of the electrode, which has been prepared
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F IGURE 8 Chord length distribution of pore space comparing
CCMlong with CCMshort

from long fibers, than for CCMshort. Those large pores pre-
sumably facilitate drainage of the reaction product, that is,
liquid water, during operation and provide therewith bet-
ter accessibility of the catalytically active Pt sites for the
reactants.

4 CONCLUSIONS

Three carbon-supported Pt catalysts, differing only in the
morphology of their N-doped carbon supports, were pre-
pared by carbonization of differently shaped PANI start-
ing materials and characterized in depth. The chemical
identity of the supports with long fiber, short fiber, and
granular morphology was confirmed by FTIR, elemental
analysis, and Raman spectroscopy. Important to the elec-
trochemical testing, platinum nanoparticle sizes with
around 3 nm were verified using XRD and TEM analysis
in all cases. Despite the similar chemical identity of the
prepared catalysts, different fuel cell performances were
obtained, which are the result of the different supportmor-
phologies impacting the respective 3D electrode structure
of the cathode (porosity, connectivity, and electrode sur-
face area) as analyzed in detail for the CCM with long
and short fibers by FIB-SEM investigation and 3D recon-
struction. The pore space consists of a significantly higher
number of large pores (>500 nm) for CCMlong, which was
also corroborated by the chord length distribution analy-
sis. Furthermore, the electrode structure appears to be less
dense close to the membrane, as long fibers already settled
down hinder the incoming ones from building up a close-
packed layer. We assume that this structure with a higher
number of large pores (and unintentionally hierarchical
arrangement) is favorable for reactant flow andwaterman-
agement.
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