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Abstract Single wall carbon nanohorns (SWNH), pro-
duced by AC arc discharge in air, were used as Pt and PtRu
supports in polymer electrolyte membrane fuel cells
(PEMFC). These electrocatalysts were compared with
equivalent electrocatalysts supported on commercial car-
bon back. The SWNH were characterized by differential
thermal analysis (DTA), TEM, SEM, and XRD. The pro-
duced SWNH were 84.5 wt% pure, containing 3 wt% of
amorphous carbon and 12.5 wt% of graphitic carbon.
SWNH were used as electrocatalyst supports and tested in
the electrodes of two types of polymer electrolyte fuel
cells: H,-fed PEMFC and direct methanol fuel cells
(DMFC). The electrocatalyst nanoparticles anchored on
both carbon supports were ca. 2.5 nm in diameter obtained
by employing ethylene glycol as the reducing agent. The
use of SWNH showed catalytic activities 60% higher than
using carbon black as the electrocatalyst support in both
types of fuel cells.

This paper follows from a presentation at Hyceltec 2009, the 2nd
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Introduction

The electrocatalyst support used in the electrodes of
polymer electrolyte membrane fuel cells (PEMFC) is very
important because carbon support can greatly affect the
electrochemical activity obtained. Owing to that, different
forms of carbon structures alternative to the commonly
used carbon black have been suggested and have been
recently summarized by Antolini [1]. The desired main
features of these new carbon structures are a high surface
area and a good crystallinity that can provide both high
dispersion of electrocatalyst nanoparticles and facilitate
electron transfer; a suitable porosity allowing good reac-
tants fluxes is also very important. Among possible car-
bon structures, carbon nanotubes [2, 3], carbon nanohorns
[4-6], and graphene [7] have been suggested and showed
interesting performances when compared with carbon
black.

Single wall carbon nanohorns (SWNH) have a similar
graphene structure as carbon nanotubes displaying, how-
ever, a horn-shaped tip at the top of the single wall nano-
tube instead of the half fullerene cap observed in
nanotubes. They are ca. 2-10 nm in diameter and
10-70 nm in length [8] and self-assemble in aggregates of
about 20-100 nm [6]. SWNH display a great variety of
particle aggregates being the most common the so-called
bud-like or dahlia-like, according the horn tip is inside
the aggregate particle or protruding the aggregate particle
[9, 10]. SWNH have been usually produced by arc dis-
charge and CO, laser ablation, both starting from graphite.
The state of the art laser ablation devices for producing
SWNH use a three-chamber system and can produce up to
60 g h™', two decades above the productivity of simpler
devices [10]. In its turn, production rates by arc discharge
are presently lower (18 g h™"). However, arc discharge is a
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preferable method because it is cheaper [11]. Moreover,
current investigation using arc discharge is still going on in
order to increase productivity and decrease production
costs by using less pure graphite electrodes [12]; these
developments will result ultimately in a wider use of
SWNH [13, 14].

Single wall carbon nanohorns have been characterized
by Raman spectroscopy and X-ray Photoelectron Spec-
troscopy (XPS) in order to infer its assembly structure. It
was observed that SWNH particles aggregate through not
only van der Waals forces but also by chemical bonding
[15]; very recently, however, it was succeeded the indi-
vidual isolation of SWNH by density gradient centrifuga-
tion [8]. SWNH have been deeply characterized in terms of
surface area and porosity [16, 17] due to its promising
properties for gas adsorption, additionally they were
modified by oxidation in order to increase its surface area
up to ca. 1000 m? g~' [18, 19]. Finally, differential ther-
mal analysis (DTA) has been largely used to characterize
SWNH purity where most common impurities are amor-
phous carbon and giant graphitic balls [18, 20, 21].

Single wall carbon nanohorns have been applied in the
fields of nanomedicine mainly for cancer therapy [22-24],
gas sensors [25-27], biosensors [28-30], drug delivery and
carrier systems [13, 24, 31-33], in hydrogen storage sys-
tems [34], and as counter electrode in dye-sensitized solar
cells [35].

Additionally, the use of SWNH can also be very
promising in fuel cells not only because of its high surface
area, but also because of its high electrical conductivity
that results from the close contact among the SWNH in the
aggregates. Additionally, the self-assembling nature of the
aggregates allows reactants to easily diffuse to make con-
tact with the catalyst. SWNH have been previously sug-
gested for fuel cell electrodes in few patents [14, 36];
however, their potential when used as electrocatalyst sup-
port needed to be further addressed. For instance, it was
observed an increase of ca. 50% in the PEMFC perfor-
mance when carbon black was replaced by SWNH to
support the electrocatalysts [37]. A direct correlation
between SWNH surface area and PEMFC performance was
observed [4]. In its turn, a very high improvement in pas-
sive direct methanol fuel cells (DMFC) performances was
observed by using SWNH to support the Pt catalyst [38].
Despite these studies, the direct comparison between the
performance of a DMFC employing a catalyst supported on
SWNH and on carbon black has never been studied.

In this study, SWNH aggregates were synthesized by
AC arc discharge in air and characterized. Following,
SWNH were used as electrocatalyst support in the elec-
trodes of DMFC and PEMFC and the performance com-
pared with corresponding electrocatalysts supported on
commercial carbon black.

Experimental section
SWNH synthesis

The synthesis of SWNH was performed by using AC arc
discharge in air [9]. The arc discharge was ignited between
two pure graphite electrodes approaching each other at a
constant speed of 4 mm min~"', and was powered by an AC
generator at a frequency of 35 Hz at 28 V and 90 A [5].

Electrocatalysts deposition

Ethylene glycol (EG) was used as reducing agent in order
to anchor Pt and Pt/Ru (1:1 atomic ratio) nanoparticles on
the carbon supports [5]. Briefly, SWNH or carbon black
(Vulcan XC-72R, Cabot) was previously suspended in an
EG solution (5 vol% of water in EG), and the required
amount of a 0.8 wt% metal catalyst solution (H,PtClg:
6H,0O and RuCl;, both from Sigma-Aldrich) in the EG
solution was added drop wise. NaOH was added to adjust
pH above 13, and the mixture was refluxed for 3 h. The
sample was filtered and dried for 8 h at 80 °C.

Characterization

The microstructure and morphology of the different
materials were characterized by transmission electron
microscopy (TEM) and by field emission scanning electron
microscopy (FE-SEM) equipped with an Energy Disper-
sive X-ray Spectroscopy (EDS) detector. The samples
analyzed by TEM were prepared by dropping a small
amount of electrocatalyst suspension, dispersed in ethanol
by ultrasounds, on a thin copper grid holder covered by a
conductive layer of amorphous carbon. In its turn, for SEM
analysis, a small amount of electrocatalyst suspension was
dropped on graphite covered aluminum stubs.

The crystallite size of the electrocatalysts and the crys-
talline pattern of the carbon supports were evaluated by
X-ray diffraction (XRD), with a Cu Ko source radiation.
The 20° < 20 < 85° range was studied with a scan step
size of 0.02° and a fixed counting time of 1s, while the
(220) reflection of Pt (62-72° 20) was studied with a scan
step size of 0.02° and a scan step time of 3 s.

Differential thermal analysis (DTA/TG) was used to
evaluate SWNH purity using a heating rate of 3 °C min~"
up to 1000 °C with an air flow of 100 mL min~'. Ther-
mogravimetric analysis (TGA) was used to evaluate the
metal content of the electrocatalyst powder. It was used an
oxygen input flow rate of 30 mL min~' and a heating rate
of 10 °C min™" up to 900 °C. N, adsorption isotherm at
77 K was used to evaluate the BET surface area of the
carbon supports.
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Pt and Pt Ru nanoparticles supported on both SWNH
and carbon black were analyzed by XPS. Powder samples
needed to be supported in a carbon tape. XPS core-level
spectra were obtained using a spectrometer system equip-
ped with a polychromatic Mg Ko X-ray source at 15 kV.

Electrodes preparation

Gas diffusion layer (GDL) of the DMFC electrodes were
in-house assembled using carbon cloth covered with
4 mg cm™? of a microporous carbon black layer mixed
with 15 wt% Teflon with respect to the carbon black [5].
Regarding the PEMFC electrodes, they were used Sygracet
commercial GDLs, hydrophobized with 5 wt% of PTFE
and covered with a proprietary microporous layer (SGL
Carbon, ref.: GDL 24 BC).

The catalytic layers were spray dried on the GDL
microporous surface followed by drying at room temper-
ature overnight [5]. Briefly, a homogeneous suspension of
the catalyst powder was prepared with isopropyl alcohol
and 20 wt% Nafion with respect to the supported catalyst.
The catalyst load was obtained based on the difference
between the weights of the microporous GDL before and
after the spray drying (Table 1).

Fuel cell tests

The DMFC and PEMFC runs were carried out in a 5-cm?
single cell hardware and with a 4 cm” electrodes area.
For the DMFC performance experiments, it was used a
117-Nafion membrane as polymer electrolyte [S]. Tests
were performed at 50 °C by feeding a 2 M methanol
solution to the anode side at 2 mL min~' and by feeding
the cathode side with 200 mLy min~' oxygen at atmo-
spheric pressure and 30% relative humidity.

In its turn, the PEMFC runs were performed using a
1135-Nafion membrane at 50 °C. The cell was fed with
500 mL min~" of hydrogen and 500 mL min~' of syn-
thetic air, both streams with 80% relative humidity and

Table 1 BET surface area, electrocatalyst content on the supports
tested, and the electrocatalyst load on the different electrodes
prepared

Support Carbon black SWNH
BET surface area (m2 gfl) 231 176
DMEFC PtRu content on support (wt%) 12 12
DMEC Pt content on support (wWt%) 10 10
PEMFC Pt content on support (wt%) 18 16
DMEFC anode load (mgp, cm~?) 0.9 0.9
DMFC cathode load (mgp, cm™2) 0.5 0.5
PEMEFC electrodes load (mgp, cm_z) 0.6 0.3
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2 bar. In both cases, polarization curves were obtained in
triplicate.

Results and discussion
SWNH synthesis and characterization

Single wall carbon nanohorns were synthesized by AC arc
discharge in air [9, 39] at 35 Hz and 28 V. At these con-
ditions (low frequency and high voltage), it was obtained
the highest yield of high purity SWNH (ca. 16 g h™") [39].
Figure 1a shows an SEM micrograph of the synthesized
SWNH particles, where aggregates show the so-called
dahlia-like structure [9, 10]. In such aggregate, the tips of
the SWNH are protruding from the aggregate and a rough
surface is observed. Figure 1b shows a TEM image of the
dahlia-like SWNH exhibiting the conic tips protruding
from the aggregate particle in greater detail. Figure lc
shows the so-called bud-like aggregate [9, 10], where the
conic tips of the nanohorns are inside the aggregate mak-
ing the aggregate surface less rough. From TEM and SEM
observations, it could be inferred that the main SWNH
aggregate type present in the sample is the bud-like
structure together with very few graphitic giant balls
[9, 39].

In order to infer their purity, synthesized SWNH were
characterized by DTA [10, 18]. Figure 2 shows the exo-
thermic heat flow and weight loss as a function of the
burning temperature. A first small and broad peak at nearly
350 °C can be observed in the DTA plot. This is related to
the burning of the amorphous carbon present in the sample
[18]. At this temperature ca. 3 wt% of the sample was
burned out corresponding to amorphous carbon impurities.
In the temperature range between 400 °C and nearly
600 °C SWNH are burned out [10, 18]. On the other hand,
at temperatures higher than 600 °C graphitic impurities
corresponding to the graphitic giant balls are burned out
[21], corresponding to ca. 12.5 wt% of the SWNH sample.
According to these results, the composition of the SWNH
sample is approximately: 3 wt% amorphous carbon,
84.5 wt% SWNH, and 12.5 wt% graphitic carbon. This
purity level is comparable to values reported in other
studies [4, 18, 40].

Regarding the SWNH burning between 400 °C and
600 °C, at lower temperatures (7 < 500 °C) occurs the
burning out of the horn tip composed mainly by the
defective 5-carbon rings. Once 5-carbon rings are not sta-
ble as tubular graphene, the tips are burned out easier [18].
The peak related to the horn tip burning out is very broad,
and it is overlapped by the beginning of the tubular
graphene burning at ca. 500 °C, as reported previously
[18].



J Mater Sci (2011) 46:7198-7205 7201
10 1100
amorphous
carbon
« 8 180
o
£ 6l Jeo X
2 ~
g g
~ 4 r ] 0
55 L
Y ol &SXX 120
[ graphitic
L carbon
0 - 0

Fig. 1 Micrographs of the synthesized SWNH: a SEM, b TEM
image of the dahlia-like aggregate, ¢ TEM image of the bud-like
aggregate

Electrocatalyst characterization

Pt and Pt/Ru electrocatalysts were supported on commer-
cial carbon black and SWNH in order to compare the
performance of both supports in DMFC and PEMFC
applications. The metal electrocatalysts were deposited in
both carbon structures from a metal salt solution and using
ethylene glycol as reducing agent. Electrocatalyst particle

100 200 300 400 500 600 700 800
T/eC

Fig. 2 DTA and weight loss as function of temperature for the
synthesized SWNH sample

size and its distribution on the carbon supports were
characterized by XRD, TEM, and SEM; electrocatalyst
content was determined by TGA.

Figure 3 shows the XRD pattern of Pt electrocatalyst on
carbon black and SWNH supports. The diffraction peaks of
the carbon supports related to the hexagonal graphite
structure appear at 25.5° (002) and 42.4° (100). A wider
(002) peak is observed corresponding to carbon black
pattern, which is characteristic of amorphous carbon with
only small regions of crystallinity. On the other hand,
SWNH sample shows a broad (002) peak constituted by
two main components: the broader component at lower
angles due to diffraction of two graphene planes one near
the other (the walls of SWNH tubes), as reported by
Bandow and co-workers [41], and a straight and sharp
(002) peak at higher angles due to the presence of the
graphitic carbon, as just stated above. The typical diffrac-
tion peaks of Pt are around 39.7° (111) and 67.8° (220) and
can be observed in the diffractogram for both carbon
support samples. The average Pt crystallite size was
obtained from the Scherrer’s equation at Pt (220) diffrac-
tion peak, because there is not overlapping with reflections
due to other phases. The mean electrocatalyst particle
diameter is approximately 3 nm for both carbon supports,
indicating the very small particle size that can be obtained
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Fig. 3 Powder XRD pattern of Pt/SWNH (a) and Pt/C (b) catalysts

@ Springer



7202

J Mater Sci (2011) 46:7198-7205

by using the ethylene glycol reduction method, in accor-
dance with other works using the same method [3].
Figures 4 and 5 show the metallic nanoparticles depos-
ited on carbon black and SWNH observed by SEM and
TEM. Figure 4a and b shows the Pt and PtRu electrocat-
alysts, respectively, observed by SEM on the carbon black
support. These images show that the metal nanoparticles

Fig. 4 Micrographs of Pt and Pt/Ru nanoparticles deposited on
carbon black (Vulcan XC-72R): a SEM, Pt, b SEM, PtRu, ¢ TEM, Pt

@ Springer

Fig. 5 Micrographs of Pt and Pt/Ru nanoparticles deposited on
SWNH: a SEM, Pt, b SEM, PtRu, ¢ TEM, Pt

are uniformly distributed on the carbon black surface.
SEM/EDS confirmed the atomic ratio 1:1 in both Pt:Ru
samples. Figure 4c shows a TEM image of the Pt nano-
particles supported on carbon black. The average Pt par-
ticle diameter observed is ca. 2.5 nm, in accordance with
XRD results. Figure 5a and b shows the metallic nano-
particles of Pt and PtRu, respectively, supported on the
synthesized SWNH. The metallic dispersion is also high
and very similar to the one observed on the carbon black
(Fig. 4). Figure 5c¢ shows the TEM micrograph of the Pt
electrocatalyst deposited on the SWNH where a small Pt
particle size, ca. 2.5 nm in average, can also be observed.

The XPS spectra for Pt(4f) and Ru(3d) core levels of the
Pt and PtRu electrocatalysts supported on carbon black and
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SWNH are shown in Fig. 6. The Pt(4f) and Ru (3d) regions In these figures, the major peak is due to metallic Pt (in the
exhibit doublets from the spin—orbit splitting of the 4f5/2  range from 71.8 to 72.5 eV), and the other peaks are
and 4f7/2 and 3d3/2 and 3d5/2 states. The XPS spectra for  attributed to oxidized species. The carbon black (Fig. 6a—c)
the Ru (3d) core level is slightly overlayered with the C(1s)  and SWNH (Fig. 6d—f) supported electrocatalysts showed
XPS peak; however, deconvolution results indicate that Ru  essentially identical ratio of metallic Pt to oxide species
present in the PtRu samples is in metallic state (Fig. 6¢c, f).  (ca. 75% in average). The slight shift observed for the
In its turn, the XPS spectra suggest the presence of two or  Pt(4f7) peaks (71.2 eV) toward higher binding energies in
three chemically different Pt states (Fig. 6a, b, d and e). all the samples is a known effect for small particles [42].
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Fig. 6 XPS spectra of the different electrocatalysts. Carbon black supported: a Pt (Pt4f); b PtRu (Pt4f); ¢ PtRu (Cls; Ru3d); SWNH supported;
d Pt (Pt4f); e PtRu (Pt4f); f PtRu (Cls; Ru3d)
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Fig. 8 Comparison of PEMFC performances of the MEAs tested
with different carbon supports at 50 °C

The metallic Pt:Ru atomic ratio calculated from the XPS
analysis confirmed the proportion of 1:1 for the PtRu
supported carbon black electrocatalyst, in accordance with
SEM/EDS analyses. It was observed a slightly higher
proportion of Pt (1.5:1) in the PtRu supported SWNH
sample.

It may be concluded that the metal catalysts exhibit in
both supports approximately the same morphology, beyond
having approximately the same load, Table 1. This enables
us to compare the influence of the catalysts support on the
DMFC and PEMFC performance.

Fuel cell tests

The prepared supported catalysts were used to make the
electrodes for the PEMFC and DMFC tests. Figures 7 and
8 show the polarization curves obtained for both samples
tested under the same operating conditions. Table 1 shows
the electrocatalyst load in each of the electrodes prepared,
the electrocatalyst content in the carbon supports, and the
BET surface area of both the carbon supports. Surface area
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of the SWNH sample (176 m* g™') is in agreement with
some references [4] while lower than other works (ca.
300 m? g~ ' [43, 44]). The larger surface area observed for
the carbon black sample is related to the presence of more
micropores (data not shown) in comparison to SWNH [1].
Actually, carbon black has a micropore surface area frac-
tion ca. 30% higher than SWNH, indicating that SWNH
structure is more open than the carbon black one.

Figure 7 shows the DMFC performance for both the
carbon supports. It is clear that SWNH support shows a
better performance in comparison with the carbon black
support; the peak power density of the DMFC with SWNH
increased 60% compared with the one with carbon black.

Figure 8 shows the PEMFC performance obtained also
with the two types of catalyst carbon supports. Once more,
SWNH showed ca. 60% increase in peak power density
compared with carbon black. This is in accordance with
previous results that showed 50% increase in PEMFC
performance of SWNH support compared with the one
with carbon black [14]. In both DMFC and PEMFC runs,
electrochemical impedance spectroscopy (EIS) indicated
similar proton conductivities of the membranes within each
fuel cell technology.

These results show that the use of SWNH for sup-
porting fuel cell electrocatalysts is very promising. In this
study, the electrocatalyst content obtained on both carbon
supports and the BET surface areas was similar (Table 1)
and both support types have the same electrocatalyst
particle size with a uniform distribution. This way, the
better performance of SWNH should be related to the high
electrical conductivity and the more open structure of the
SWNH aggregates. Future work is undergoing in order to
understand the increased performance obtained in fuel
cells.

Conclusions

Single wall carbon nanohorns were synthesized by AC arc
discharge in air at a low frequency (35 Hz). The SWNH
sample prepared is composed by 84.5 wt% SWNH aggre-
gates, 3 wt% amorphous carbon, and 12.5 wt% graphitic
carbon. The SWNH were used to support electrocatalyst
nanoparticles of Pt and PtRu with ca. 2.5 nm in diameter,
using ethylene glycol as the reducing agent of the precursor
metal salts. The performance of electrocatalysts supported
on both commercial carbon black and SWNH was evalu-
ated when inserted on a PEMFC and a DMFC. The SWNH
support exhibits in both cases peak power densities 60%
higher than when using carbon black as catalyst support.
It was then concluded that the use of SWNH is very
promising as electrocatalyst support.
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