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High surface area mesoporous carbon
nanodendrites — detonation synthesis,
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support materialt
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Carbon supports play a crucial role in the performance and durability of the proton exchange membrane
fuel cell (PEMFC). The porosity of carbon particles and the carbon matrix, as well as the surface area, is
essential for good transport of oxygen, water and electrons. In this work, the synthesis and
characterization of extremely high surface-area, mesoporous carbon nanodendrites (MCNDs) formed by
controlled detonation are presented. This new carbon material is used as a cathode catalyst's support
material in PEMFCs. Annealed at three different temperatures and compared to commercial carbon
supports, the graphitization and ordering degree of the carbons are investigated. Pt nanoparticles are
deposited on all support materials using a novel fluidized bed reduction reactor. MCND-based Pt
nanoparticle fuel cell cathodes significantly outperform Pt catalysts on commercial carbons in single cell
tests in PEMFCs. Online carbon degradation quantification reveals that, due to its unique porous
structure and high surface area, corrosive high anodic cell potential cycling leads to pore collapse and
hence should be avoided for this kind of support material. This behavior is reduced with higher annealing

rsc.li/materials-a temperatures.

Introduction

Proton exchange membrane fuel cells (PEMFCs) have attracted
significant attention in the last few decades as promising power
generators mainly for transportation applications.™* Platinum
based catalysts for PEMFCs have been loaded onto support
materials to improve their utilization through an increase in
their electrochemical surface area (ECSA) and thus reduce
platinum group metal (PGM) loadings and the derived cost of
PEMFCs.*>*® Due to their high surface area, electron conduc-
tivity, and low production costs, carbon nanoparticles are the
most commonly used catalysts' support material.” Hence,
carbonaceous materials have been of major importance and
thus a research focus for various electrochemical applications.®
The diversity in their physical and chemical properties, as well
as their macro- and micro-structure, and morphology, can be
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tuned depending on the synthesis or post-treatment and allows
tailoring the support for their end-use.**

In the past few decades, researchers have dedicated their
efforts to modifying carbon and fine-tuning its properties to suit
their specific requirements. For instance, the surface area and
the pore structure play a determining role in catalytic applica-
tions. For fuel cell operation, the overall performance is
predominantly governed by oxygen mass transport on the
cathode, indicating that the rate of conversion is more reliant
on the quantity of oxygen reaching platinum-based oxygen
reduction reaction (ORR) catalytic active sites rather than on its
intrinsic activity. Thus, to improve the oxygen transport through
the catalyst layer different approaches are reported in the
literature.® Depending on the surface area, carbon materials are
divided into two categories, solid and porous carbons. Solid
carbons, such as Vulcan, have moderate surface areas and
smaller amounts of pores leading to good mass transport
properties, because the catalyst particles are placed on the
outside of the carbon support, whereas porous carbons, such as
Ketjenblack, exhibit very high surface areas above 500 m* g~ %;
thus, the catalyst particles can be deposited into the pore system
of the support material, protecting the nanoparticles from
ionomer poisoning." This is achieved using a higher porosity of

This journal is © The Royal Society of Chemistry 2025
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carbon materials with different fractions of micro- (<2 nm),
meso- (2-50 nm) or macropores (>50 nm).** Small pores with
low tortuosity combine the best of both carbon materials; these
“accessible” pores enable good transport and kinetic properties.
Yarlagadda et al. showed a correlation of the membrane elec-
trode assembly (MEA) performance with the accessibility of Pt
nanoparticles inside the carbon pores, displaying improved
performance with accessible pores in the range of 4-7 nm.* In
our recent publication, we presented a similar tendency
revealing an improvement in performance with the pore open-
ings of the carbons’ internal pore structure.*® Thus, a mesopore
structured high surface area carbon support enables an
improved mass activity alongside sufficient oxygen mass
transport enhancing performance even at high current densi-
ties. Structurally well-defined morphologies are achievable
using a templated-based approach and enable all kinds of nano-
metric shapes of the carbon matrix e.g. as rods,"” spheres,"® and
honeycombs.*

Apart from the morphology, the corrosion resistance of the
carbon support can be further enhanced by increasing the
graphitization degree. Xue et al. significantly improved the
stability of catalysts by using carbon black treated at 1800 °C.>®
Although the initial performance was similar to that of
untreated carbon samples, the maximum catalytic activity was
maintained during high potential cycling. Other examples of
graphitized carbon supports include the work of Tang et al.,
who developed a 3D hierarchical carbon support. Catalysts
supported on this carbon exhibited a high ECSA of 106 m* g~ *
and showed only a 5% decrease in power density during
a PEMFC single-cell test after cycling between 0.6 and 1.2 V for
30000 cycles.”

Even though tremendous effort has been made in the
research of different carbon materials, there is no generic state-
of-the-art carbon for all electrochemical devices as adjustments
for the individual requirements are needed. For Pt-based
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PEMFC catalyst systems, high surface area carbon is predomi-
nantly used, due to the beneficial effect of the tailored pore
structure on the fuel cell performance.**?*

Herein, we report a novel family of mesoporous carbon
nanodendrite (MCND) materials synthesized in a one-pot
preparation reaction and show its advantages as a support
material for Pt nanoparticles in PEMFC electrodes. We analyzed
the pore structure using N, physisorption and the graphitiza-
tion of the carbon via Raman spectroscopy, deposited Pt
nanoparticles on the carbon and investigated the performance
and durability of the new carbon support material in a rotating
disk electrode (RDE) and MEA measurements in comparison
with three commercial carbon support materials: Vulcan
(Vulcan XC 72R), KB300 (Ketjenblack EC-300]) and KB600
(Ketjenblack EC-600]JD), showing superior performance under
operating conditions for MCND-based systems.

Results and discussion

Mesoporous carbon nanodendrite (MCND) powder materials
were obtained using a one-pot synthesis with subsequent
detonation in a stainless-steel reactor (see Fig. S17). In aqueous
solution, dissolved AgNO; reacts with acetylene (C,H,) gas to
form a very unstable Ag,C, salt. To avoid the generation of
unwanted silver salts, the reaction is conducted in ammonia
solution to buffer the created NO; anion in the form of
ammonium nitrate (eqn (1)). Consequently, the reaction favors
the generation of pure Ag,C, which will then decompose to
elemental silver and pure carbon (eqn (2)).

2AgNO3 + C2H2 + NH3(aq_) - Ag2C2 + 2NH4NO3 (1)
Ag2C2 - 2Ag +2C (2)

The synthesis yielded nano-scaled carbon dendrites, Fig. 1d-
f. In order and stabilize the carbon while maintaining the

A

Pore Width / nm

, Q@

— Vulcan
~———KB300
— KB600
~——— MCND-900
~——MCND-1200
~—— MCND-1500

400

ds(d)/ m?>nm™' g’
N
5
7

- A
[
ﬁfﬂ

ssmsmnm
83
58
8
g

0141 [ MCND-1500
1,44 i [~ MONDjosie
01,31 i - -
1,2 25 o i
1
11 i 1
1,0 T T T T T
100 150 200 250 300 350
M/ cm?

Fig.1 SEM images at 50k magnification of (a) Vulcan (black), (b) KB300 (red), (c) KB60O (blue), (d) MCND-900 (green), () MCND-1200 (purple),
and (f) MCND-1500 (gold); the scale bar represents 100 nm; (g) pore size distribution by QSDFT (quenched solid density functional theory) of N,
physisorption (N, carbon adsorption branch kernel at 77 K for slit/cylindrical pores); (h) statistical Raman spectroscopy (SRS) spectra of all six

samples and pristine MCNDs (unannealed, turquoise).
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mesoporous structure, a post-synthesis heat treatment of the
pristine MCND material was conducted in an Ar atmosphere.
Three MCND batches were prepared at varying temperatures
and heat treated for 12 h to 900 °C, 1200 °C and 1500 °C, which
are denoted as MCND-X, where X refers to the annealing
temperature.

Electron microscopy was used to investigate the morphology
of the MCND support materials compared to three common
commercial carbon support materials: Vulcan, KB300 and
KB600. From scanning electron microscopy (SEM, Fig. 1a-f and
S27) and transmission electron microscopy (TEM, Fig. S31) it is
apparent that the commercial carbon supports consist of
smaller spherical nanoparticles of 30-50 nm, which agglom-
erate to form small carbon clusters, whereas the MCND mate-
rials have larger particles with dendritic shapes. The MCND
particles also exhibit a very open 3D-net structure revealing
dendritic rods with a width of 50 to 100 nm and length of a few
hundred nm. These dendrites branch every 100-200 nm and
thus display sufficient space in between, creating a hierarchical
structure, which is expected to allow good gas transport if used
as electrode materials.

To further investigate the surface area and porosity of the
carbons, N, physisorption measurements were carried out, with
the resulting isotherms presented in Fig. S4.1 The pore size
distribution for all examined carbon materials is depicted and
summarized in Fig. 1h and Table 1, respectively. The pore
structure of the carbons was determined through SEM analysis,
revealing a slit/cylindrical pore structure, which was used to
subsequently select the most appropriate quenched solid
density functional theory (QSDFT) model for fitting the pore
size distribution of the support materials. The MCND carbon
support materials have larger surface areas than the commer-
cial carbons. In particular, MCNDs annealed at 900 and 1200 °C
led to sharply larger surface areas, reaching 1731 m> g '
(MCND-900) and 1664 m” g~ (MCND-1200), with a comparable
amount of mesopores but slightly fewer micropores for MCND-
1200. Increasing the annealing temperature to 1500 °C (MCND-
1500) was accompanied by a slightly decreased surface area to
1498 m? g~ !, mainly due to the reduced amount of micropores
compared to MCND-900. The pore size distribution for all three
MCND carbon materials was rather narrow with over 63% of
mesopores (>2 nm), being between 3 and 5 nm. KB600 showed
the highest surface area of all commercial carbons with 1364 m?*
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g ', The pore size distribution of KB600 was less homogeneous
compared to the MCND carbons, with pore sizes ranging from 3
to 10 nm in a more asymmetric distribution and only 34% of
mesopores being between 3 and 5 nm. KB300 had a significantly
lower surface area of around 800 m” g~ with a wide pore size
distribution between 2 and 10 nm and 42% of mesopores
between 3 and 5 nm. Since Vulcan is considered a solid carbon,
compared to the porous carbon Ketjenblack, the surface area is
the smallest with just 230 m> g~ . The elemental analysis of the
carbon species (Table S1f) revealed a small difference in the
oxygen content on comparing the commercial carbon supports
with 1.1-1.9% oxygen and the MCND materials with 2.3-2.8%
oxygen, which is attributed to the nitric acid washing of the
pristine MCND material before the annealing step. MCND-900
has the highest amount of oxygen as expected (higher anneal-
ing temperatures usually result in a decrease in the oxygen
content). The higher amount of oxygen and the high surface
area of the MCND carbons could lead to higher carbon corro-
sion of the material due to an increase in defects inside the
material; an increase in graphitization of the carbon could
counteract this effect and stabilize the carbon under corrosive
conditions.

To investigate the graphitization level of the carbons, Raman
spectroscopy was performed statistically on all six samples and
pristine MCNDs, the unannealed base material. Normalized
average Raman spectra are shown in Fig. S5.1 By plotting the
intensity ratio between the D (~1350 cm™') and the G peak
(~1580 cm ') vs. the FWHM of the 2D peak (~2700 cm™ ') as
shown in Fig. 1i, the degree of structural order of different
carbon materials, even the bulk material, can be gauged and
compared.**?® With increasing annealing temperature, the
FWHM of the 2D peak, indicative of the degree and kind of
stacking order of MCND-900, MCND-1200 and MCND-1500
does not vary significantly, while at the same time, the corre-
sponding Ip/Ig ratio is increasing toward MCND-1500. These
trends indicate increasing transformation of amorphous sp’-
and sp*-bonded carbon atoms into more sp> graphitic stacking
structures.?® On the other hand, Vulcan, an oil-furnace black,?
showed the lowest degree of stacking order and graphitiza-
tion,**** while KB600 showed an intermediate level of graphi-
tization similar to KB300. The physicochemical characterization
of the MCND materials, in particular their pronounced meso-
porosity, suggests that they are suitable support materials

Table 1 Results of the surface characterization of the carbon support materials from N, physisorption measurements in terms of surface area
(BET SA, Brunauer—Emmett—Teller) and pore size distribution using QSDFT analysis

QSDFT surface area (m> g™ ')

Carbon material BET SA (m* g™ ) <2 nm 2-33 nm Total Micro/total ratio
Vulcan 229 84 144 228 0.37
KB300 791 273 417 690 0.40
KB600 1364 303 885 1188 0.26
MCND-900 1731 620 890 1510 0.41
MCND-1200 1664 464 883 1347 0.34
MCND-1500 1498 439 845 1284 0.34
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with so-called accessible pores for deposition of Pt nano-
particles (accessible carbon).

The deposition of Pt nanoparticles on the six different
carbon support materials involved two steps: wet impregnation
and reduction under a H, atmosphere in a self-engineered
fluidized bed reactor (FBR).*>** This synthesis method bene-
fits the formation of small and uniform Pt particles distributed
well on the carbons. The Pt loading of the catalysts was aimed at
20 wt% (Table S21). Representative TEM images of all six
systems are given in Fig. 2 to support this. The spherically
shaped Pt nanoparticles are well distributed across the carbon
supports in all samples and have a narrow size distribution
between 2 and 3 nm. To assess whether the Pt nanoparticles are
located inside the pores of the MCND materials, stereoscopic
TEM images were obtained of Pt/Vulcan (Fig. S61) and Pt/
MCND-1500 (Fig. S71). Two TEM images of the same sample
spot were obtained at different specimen angles; by cross-
viewing both images or using 3D red cyan glasses for the
anaglyph image, the Pt nanoparticle placement on the carbon
material can be observed. On Vulcan, as a solid carbon, the Pt
nanoparticles are located on the outside of the carbon particles,
either on the front or the back. For Pt/MCND-1500, some cata-
lyst nanoparticles are also deposited on the outside of the
carbon, but a significant amount is placed inside the pore
structure.

XRD measurements were carried out for all six carbon
supports with (Fig. S8bt) and without Pt nanoparticles (Fig.
S8at). Two peaks appearing near 26° and 43°, corresponding to
the characteristic (002) and (100) planes of carbon, respectively,
can be identified for carbon support materials. The (002) peak is
attributed to the disordered carbonaceous interlayer, while the
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(100) peak is related to the crystalline carbon.*® The (100)
diffraction peaks were observed in all carbon supports, while
the (002) peak is not present for the MCND carbon materials,
indicating fewer structural defects. The samples with deposited
Pt nanoparticles all show the diffraction pattern of a Pt face-
centered cubic (fcc) structure.

To preliminarily investigate the electrocatalytic ORR prop-
erties of the prepared catalysts, RDE measurements were con-
ducted in acidic media. After activation, linear sweep
voltammetry (LSV) (Fig. 3a) was conducted in oxygen-saturated
electrolyte (0.1 M HClO,) and shows polarization curves for all
six catalysts, with Pt/KB300 and Pt/KB600 having the highest
halfwave potential, and both Pt/MCND-1500 and Pt/MCND-
1200 show smaller geometric activities compared to the other
catalysts. The cyclic voltammograms (CVs) (Fig. 3b) are used to
determine the electrochemical surface area (ECSAsypa) of the
catalysts shown in Fig. 3c. Pt/KB300, Pt/KB600 and Pt/MCND-
1500 showed very high ECSA (>120 m® gp ‘). The mass
activity (MA) at 0.9 V is determined from the LSVs and depicted
in Fig. 3c. Pt/KB300 showed the highest MA with >0.4 A mgp, ",
while Pt/Vulcan, Pt/KB600 and Pt/MCND-900 also showed
similar MA at 0.3-0.4 A mgp, . The RDE results suggested that
the new MCND support materials did not perform similarly to
the commercial carbons in terms of ECSA and MA, yet showed
the beneficial mesoporous accessibility to Pt nanoparticles.
Since activity trends in the RDE do not always translate into the
fuel cell, further investigations into the performance under fuel
cell operating conditions were conducted by MEA single cell
measurements (details given in the ESIt).*?

Fig. 4a shows the beginning of life (BOL) performance of the
six different catalysts. The MCND-based Pt -catalysts

2.1 +0.4 nm

R
Particle size /| nm
S

Fig.2 TEM images and particle size distribution measured for at least 130 particles of the six Pt nanocatalysts supported on (a) Vulcan (black), (b)
KB300 (red), (c) KB60O (blue), (d) MCND-900 (green), (e) MCND-1200 (purple), and (f) MCND-1500 (gold).
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Fig. 3 Electrochemical response curve of (a) LSV and (b) CV. Evolution of the electrochemical parameters in terms of (c) ECSA and ORR mass
activity (MA) for Pt/Vulcan (black), Pt/KB300 (red), Pt/KB600 (blue), Pt/MCND-900 (green), Pt/MCND-1200 (purple) and Pt/MCND-1500 (gold)

after activation.

outperformed all other commercial systems studied in this
work in all current density ranges. This significant improve-
ment translated to a power density increase measured at 1 A
cm 2 of 6% and 12% between Pt/KB300 and Pt/MCND-900 and
Pt/Vulcan and Pt/MCND-1500, respectively. The performance
increase is attributable to the improved pore structure of the
MCND materials. Accessible pores, as present for these
supports, show beneficial kinetic and mass transport proper-
ties. Yarlagadda et al. proved that the oxygen transport resis-
tance of Pt catalysts within accessible pores is comparable to
those on solid carbons.” Furthermore, recent studies showed
that mesoporous carbons can act as support materials with
higher kinetic activity and improved accessibility to protons and
Oxygen.m,m,zs

Furthermore, the ECSA in MEA slightly changed compared
to RDE data (Fig. S91) and increased for the MCND-based
systems and Pt/Vulcan. The BOL performance of the six cata-
lysts evidenced that the new MCND support material represents
a promising alternative to today's most popular support mate-
rials. Our results suggest that the beneficial surface area and the
tailored accessible pore structure indeed lead to increased
performance under relevant fuel cell operating conditions.

The catalysts were then subjected to the harshest Depart-
ment of Energy (DoE)-recommended AST, tailored to investigate
the carbon support materials using high voltage cyclic voltam-
metry (1-1.5 V; 5k cycles).* This protocol was developed to
simulate start-stop processes in PEMFCs, but the harsh

13130 | J. Mater. Chem. A, 2025, 13, 13126-13134

conditions lead to severe carbon corrosion independently of the
carbon support material which is undesirable for the longevity
of fuel cell applications. Therefore, mitigation strategies
emerged such as dummy loads and gas purges to prevent high
voltages and significantly reduce the carbon corrosion in the
catalyst layer.**>® Borup et al. investigated the cells of two
Toyota Mirai fuel cell electric vehicles after 300 and 3000 h of
real-world driving and found no significant changes between
the two catalyst layers.** Only after subjecting them to the DOE-
recommended catalyst (30 000 square wave voltammograms;
0.6-0.95 V; 3 s dwell time) and carbon support protocols, the
catalyst layer showed severe degradation especially a thinning
of the layer after the support AST. These results suggest that the
mitigation strategies of modern fuel cell systems can inhibit the
degradation of the catalyst layer. Furthermore, support mate-
rials with high surface areas and thus more exposed surface
carbon suffer more from corroding conditions compared to
solid carbons. While the conditions of the carbon support AST
may not be translatable into real fuel cell applications or
accurately predict the durability of real life PEMFCs, the AST
can give insight into the degradation mechanism occurring at
high voltage cycling and contribute to improving carbon
support materials. The cell voltage trajectories during the AST
are displayed in Fig. 4b at 0.6 A cm > over the first 1000 cycles.
Pt/Vulcan showed a steady voltage drop over 1k cycles. While
having the lowest starting potential at BOL, the catalyst's
durability outperformed that of other catalysts. Pt/KB600 and

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Fuel cell performance of Pt/V (black), Pt/KB300 (red), Pt/KB600

(blue), Pt/MCND-900 (green), Pt/MCND-1200 (violet), and Pt/MCND-

1500 (gold) under operation conditions; (a) BOL polarization curve of 10 cm? MEA; (b) evolution of voltage at 0.6 A cm™2 during support
degradation AST; (c) relative fraction of carbonmea loss as determined via nondispersive infrared (NDIR) measurements during support degra-

dation AST.

Pt/KB300 displayed a steady potential drop over the first 200
cycles, followed by sharp degradation compared to Pt/Vulcan.

The BOL cell voltages of the three MCND-based Pt catalysts
were very high with their cycle degradation being more severe
than that of the commercial carbon supports. Pt/MCND-900
showed the sharpest potential drop and lost performance
after 200 CVs. This can be explained by a partial collapse of the
catalyst layer due to severe carbon corrosion. Pt/MCND-1200
and Pt/MCND-1500 featured similar degradation behaviors.
The AST confirms that, while the initial performance of the new
support materials can outclass those of the commercial carbon,
the higher surface area makes these catalysts more vulnerable
to carbon corrosion during high potential cycling and the highly
porous structure easily susceptible to the collapse of the catalyst
layer. This calls for structural collapse mitigation strategies
such as higher graphitization or chemical scaffolding using
dopants. However, the significantly improved cell performance
under regular operation conditions outweighs and is more
relevant than AST durability under high potential cycling,
because modern cell potential control during fuel cell opera-
tions will effectively prevent high voltage excursions and
prevent carbon corrosion.

In order to learn more about the degradation mechanism,
the cathode exhaust stream was spectroscopically analyzed
using a non-dispersive infrared (NDIR) system to detect CO and
CO, evolving during the AST. This analysis was to confirm that

This journal is © The Royal Society of Chemistry 2025

the degradation was related to the corrosion of the carbon
supports. Fig. 4c displays the degradation behavior of the
different support materials. The detected concentrations of CO
and CO, in the cathode exhaust stream were integrated and
converted to a mass of carbon and divided by the amount of
carbon of the catalyst support material. This relative fraction of
carbonyg, loss is depicted in Fig. 4c against the number of CVs.
This measure was chosen to compare the different carbon
materials, which have slightly different Pt-loadings on the
carbon supports (Table S21) leading to different amounts of
carbon in the catalyst layer while maintaining the same
geometrical Pt loading of 0.15 mgp cm > for the MEAs.
Furthermore, neither the carbon from the ionomer nor from the
GDL is considered in this calculation due to the difference in
the surrounding of the carbon atoms in these cases and there-
fore different proneness to carbon corrosion. Pt/Vulcan has
a slow and steady carbon loss during the first 1000 cycles,
showing the most favorable carbon corrosion behavior of the
tested catalyst systems. Both KB-based -catalysts showed
comparable carbon corrosion, being slightly higher than Pt/
Vulcan. For the three MCND based catalysts, the carbon corro-
sion was comparable over the first 200 CVs. Afterwards, Pt/
MCND-900 reached a plateau, when no further significant
performance was observable. This confirms the collapse
hypothesis of the catalyst layer, because large portions of the Pt
nanoparticles and the carbon support material were no longer
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electrochemically available after this point. This can also be
surmised for Pt/MCND-1200 and Pt/MCND-1500 at later stages
of the AST. Hence, our single cell MEA measurements indicate
that under electronic cell potential control the new MCND
“accessible” support material offers excellent potential for sus-
tained high performance fuel cell catalysts due to its unparal-
leled BOL performance. Meanwhile, the carbon corrosion
behavior and therefore the durability of MCND carbons need
further attention in order to compete with commercial carbon
support materials under extreme voltage cycling conditions.

Conclusion

We have introduced and characterized MCNDs as a new mes-
oporous carbon material for PEMFC electrodes. The surface
characterization of the MCND materials revealed a very high
surface area and a narrow pore size distribution between 3 and
5 nm. Statistical Raman spectroscopy showed an increasing
graphitization with higher annealing temperatures and less
structural disorder compared to three commercial carbons
(Vulcan, KB300 and KB600). For the platinization process of the
support materials, the synthesis via an FBR resulted in small (2-
3 nm) and homogeneously distributed spherical Pt particles.
RDE measurements showed promising ECSA and MA for the
MCND based catalysts comparable to commercial carbon
materials. In single cell MEA tests, the MCND catalysts out-
performed all commercial counterparts, while very high
potential fuel cell cycling proved challenging. Online NDIR
measurements of CO and CO, in the cathode exit confirmed
that the performance losses during AST can be attributed to the
carbon corrosion of the support material. The results suggest
that the new MCND support material is suited for high perfor-
mance fuel cells, if the potential is held electronically under 1 V
to prevent carbon corrosion, something which is the industry
standard today. Further increasing the annealing temperature
and therefore the graphitization of the catalysts, while retaining
the high surface area, should enhance the carbon corrosion
behavior of the MCND support.
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