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1. Introduction

Single wall carbon nanotube (SWCNT) networks have recently
been recognized as attractive material for various applications.
Their properties and consequently potential applications, how-
ever, depend strongly on the density of the SWCNT networks. Thin
SWCNT networks combine transparency, flexibility and conduc-

tivity allowing the realization of transparent conductive coatings
[1–4], transparent thin film transistors [5–8], and transparent flex-
ible sensors [9,10]. In contrast, dense SWCNT networks are highly
conductive and offer both a high surface area and high porosity.
These properties make dense SWCNT networks a promising mate-
rial for electrodes in various electrochemical devices. The state of
the art material for such electrodes is amorphous carbon (a-C),
due to its high surface area and porosity. This powdery material
requires binders and mechanical support at the backside, such as
a woven carbon cloth or a metallic mesh. Also, the conductivity of
a-C is rather poor. In contrast, SWCNT networks form a freestand-
ing film without any additive or support. Such a network structure
is also mechanically more robust in terms of bending and abra-
sion. They also have a significant higher conductivity since the high
aspect ratio of the SWCNTs leads to a reduced number of contacts
between the individual particles. Therefore, the same conductivity
can be achieved with much less material. Taking these advantages
into account, SWCNT electrodes seem well suited for use in electro-
chemical devices where they have the potential to entirely replace
both the a-C electrode and the metallic current collector. This has
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already been demonstrated in supercapacitors [11–15] and batter-
ies [16–18]. In fuel cells, however, SWCNTs have only been used
as support for the catalyst deposited on top of an a-C electrode
[19–28]. The reason is that the architecture of the a-C electrodes
in fuel cells is more complex and it needs to fulfill various func-
tions. Essentially, the architecture consists of two parts: one part
of electrode acts as gas diffusion layer with open pores. There-
fore, a wetting with the electrolyte is not desired since pores filled
with electrolyte would block the gas flow. This property can be
tuned either by larger pore size in combination with a sufficient gas

pressure or by mixing of the carbon electrode with a hydrophobic
material to make this electrode part hydrophobic and to avoid any
wetting [29]. Usually, polytetrafluoroethylene (PTFE) is used for this
purpose. The other part of the electrode acts as interface between
the gas diffusion layer and the electrolyte. Therefore and in contrast
to the first part, the second part needs to be hydrophilic to ensure
good wetting with the electrolyte. Also, the catalyst is deposited
onto this side having contact to both the gaseous fuel and the elec-
trolyte. This way, a three phase boundary is established which is
crucial to operate this type of fuel cells.

In the work presented, we describe the complete replacement
of a-C material by SWCNT networks. Following the architecture of
regular a-C gas diffusion electrodes, the partially hydrophobic prop-
erty of the SWCNT electrode has been achieved by mixing with
PTFE while the catalyst is deposited on the hydrophilic side. We
demonstrate that such multifunctional SWCNT networks provide
all functions needed for fuel cell operation such as gas diffusion
layer, catalyst support, contact to the electrolyte and current col-
lector. As a result, the manufacturing becomes simpler and less
material is required which leads to extreme thin and light gas dif-
fusion electrodes.
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Fig. 1. Sketch of the architecture for the gas diffusion electrode (left) and its

2. Experimental

The SWCNT material [30] was functionalized and doped as
reported in detail elsewhere [31]. Briefly, the SWCNT material was
sonicated in concentrated HNO3 for 3 min. This way, functional
groups are introduced acting as dopants and maximizing the con-
ductivity of the SWCNT network. Half of the sonicated SWCNT
solution was mixed with PTFE dispersion [32] to a ratio of 2:3.
Afterwards, the SWCNT/PTFE solution was filtered through a poly-
carbonate filter membrane [33] (pore size: 0.1 �m), using a simple
filter flask and moderate vacuum. The SWCNTs and the PTFE par-

Fig. 2. Scanning electrode images of a

Fig. 3. Wetting of water to the hydrophilic (left image) and hydrophobic PTFE functiona
∼5 cm.
placement (right) into a fuel cell. This fuel cell represents our set up.

ticles remained on the filter forming an entangled hydrophobic
network, which serves as the hydrophobic part of the SWCNT gas
diffusion electrode. The rest of the SWCNT solution was filtered
on top of the PTFE functionalized SWCNT network leading to a
hydrophilic top layer. This way, the entire network consists of a both
a hydrophobic and a hydrophilic side. After washing thoroughly
with water, the catalyst solution (0.1 M H2PtCl6 in isopropanol) was
cast on top of the hydrophilic side. Then, the entire network was
annealed at ∼100◦C under H2 flow for 1 h to reduce the precursor
to metallic platinum. After cooling down, the SWCNT network was
left on the filter membrane ready to use. Both anode and cathode

SWCNT gas diffusion electrode.

lized side of the gas diffusion electrode. The diameter of the SWCNT electrode is
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Fig. 5. Pt particle size distribution coated on SWCNTs.

In summary, we have a highly conductive SWCNT network with
a tuned wetting behavior and highly distributed small diameter cat-
alyst particles, thus, all requirements for a gas diffusion electrode in
fuel cell applications are fulfilled. The advantages of using SWCNT
networks become very obvious when its basic properties such as
conductivity �, thickness d and mass m are directly compared to
a commercially available a-C electrode (Table 1). The conductivity
is improved by more than two orders of magnitude whereas thick-

Table 1
Basic properties of gas diffusion electrodes based on either a-C (E-Tek37) or on
SWCNT networks

Material � (S cm−1) d (�m) m (mg cm−2)

E-Tek ∼2 400 ∼24
SWCNT 2000 10–20 ∼0.7
Fig. 4. TEM image Pt particles on SWCNTs.

were prepared the same way. For the fuel cell testing, the SWCNT
electrodes are placed in a home-built fuel cell consisting of bipolar
plates, gas in- and outlet and flow fields for gas distribution. The
SWCNT gas diffusion electrodes were placed with the hydrophobic
side facing the flow fields and the hydrophilic side covered with the
filter membrane facing the other electrode. The filter membranes
were thoroughly wetted with the electrolyte (conc. H3PO4) before
the fuel cell was sandwiched together. In Fig. 1, a sketch of the
electrodes architecture and the fuel cell set up is shown.

3. Results and discussion

3.1. Characterization of the SWCNT electrode

The electrode is characterized by means of scanning electron
microscope (SEM), transmission electron microscope (TEM), wet-
ting behavior and size analysis of the catalyst particles. In Fig. 2,
SEM images of the CNT gas diffusion electrode are presented.

The left image clearly shows the layered structure with the
hydrophilic side on the bottom and the hydrophobic side on top.
The right image shows an enlarged part of the hydrophobic PTFE
functionalized side. The PTFE appear as individual particles dis-

tributed along the SWCNTs rather than as a closed layer. But the
overall behavior is still hydrophobic. This is demonstrated in Fig. 3
using simply a water droplet.

It is obvious from the contact angle that the water droplet wets
the one but not the other side of the sample and that the SWCNT
gas diffusion electrode indeed provides both a hydrophobic and
a hydrophilic side. TEM was used in order to characterize the Pt
particles. In Fig. 4, typical TEM images of our samples are presented.

Based on the TEM pictures, a detailed analysis of the particle size
distribution was done showing that the size distribution of the Pt
particles is mainly around 2–3 nm (Fig. 5). This is within the opti-
mum range proposed for Pt particles used as catalyst [34,35] and
comparable to the size distribution found in commercially available
electrodes [35].

Assuming that the Pt particles are spherical and evenly dis-
tributed on the sample, the surface area of the Pt particles APt can
be calculated according to APt = 6 × 103/�Pt × DPt, where �Pt is the
density of Pt particles and DPt their diameter [36]. Using the size
distribution analysis from the TEM image (Fig. 5), we estimated a
surface area of APt = 100–140 cm2 g−1, which is in very good agree-
ment to values found in commercially available electrodes [37].
r Sources 180 (2008) 755–759 757
Fig. 6. I/V curves for a fuel cell where either the anode (upper curves) or the cathode
(lower curves) is replaced by a SWCNT network. The numbers indicate the different
temperatures in ◦C.
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Fig. 7. Power density for a fuel cell at 125◦C, where either the cathode (lower curve)
or the anode (middle curve) is formed by a SWCNT network. For the upper curve
commercially available a-C electrodes are used on both sides.

ness and mass are decreased by more than one order of magnitude.
Therefore, extremely thin and light gas diffusion electrodes can be
realized when using SWCNT networks.

4. Fuel cell testing

The proposed SWCNT gas diffusion electrodes were tested in
a home-built fuel cell. Pure H2 and O2 gases were used without
any humidification. We replaced the a-C electrode either on the
cathode or the anode side. I/V curves are taken at several temper-
atures ranging from RT to 125 ◦C. For comparison, a fuel cell using
only commercially available a-C gas diffusion electrodes (E-Tek)
was tested as well. The results are presented in Fig. 6.

The current density increases with temperature, as expected,
due to improved kinetics. At the same temperature, the per-
formance of the anode (H2 side) is already comparable to the
commercial a-C electrode (for clarity, only shown for 125 ◦C). The
performance of the cathode (O2 side), however, is appreciably lower
and only 2/3 of the anode performance is achieved. That can be
explained by a different activity of the catalyst and a complex 4e−

process [29]. Consequently, also the power density P (P = I × U) is
lower for the cathode side, as shown in Fig. 7.

The power density is limited by the internal resistance of the
cell which is in our set up dominated by the H3PO4-wetted filter
membrane. It was used with focus on simplicity of the set up rather

than on performance since the filter membrane was also used for
the preparation of the SWCNT network. It can be expected that
optimizations of the electrolyte may increase the power density
significantly. Also, it should be pointed out that the commercial
electrodes used were highly optimized whereas our electrodes
were rather meant as a proof-of-concept. Nevertheless, we believe
that the difference in performance observed is rather a question of
the catalyst preparation than of the carbon material used. In fact,
an elemental analysis of the SWCNT electrode after fuel cell testing
using electron diffraction spectroscopy (EDX, spectra not shown
here) revealed that the Pt precursor (H2PtCl6) was not fully con-
verted to elementary Pt. Hence, some of the Pt remained inactive,
which explains the rather poor overall-performance of our devices.
Consequently, optimizations towards catalyst preparation and the
use of other catalyst materials should overcome this problem and
are also part of ongoing/future work.

5. Conclusion and outlook

It has been demonstrated that partial functionalization with
platinum and PTFE leads to a multifunctional SWCNT network
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which can be used as extreme thin and light gas diffusion elec-
trodes. Their performance in a fuel cell has been demonstrated to be
competitive to commercial a-C electrodes. This way, a-C electrodes
can be entirely replaced by such multifunctionalized SWCNT net-
works. The light and thin architecture of such material opens the
door for a new generation of light weight power supplies, which
potentially fulfills the demands of future portable devices.

However, to move beyond the proof-of-concept status towards
mass production, some general achievements are still required. The
filtration method applied here is not suitable for large scale pro-
duction, but both the SWCNT and the PTFE/SWCNT suspension can
also be processed as inks using various printing techniques such as
transfer-printing, spraying or roll-to-roll manufacturing. This has
already been demonstrated for thin SWCNT networks [38–41] as
well as for a-C [41]. In terms of costs, it can be expected that SWCNT
material will probably always be somewhat pricier than a-C. But the
price for SWCNT materials is continuously decreasing and eventu-
ally, it can be expected that the costs of a SWCNT-fuel cell will be
dominated by factors other than the SWCNT material itself.
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[1] N. Saran, K. Parikh, D.-S. Suh, E. Muñoz, H. Kolla, S.K. Manohar, J. Am. Chem. Soc.
126 (2004) 4462–4463.

[2] Z. Wu, Z. Chen, X. Du, J.M. Logan, J. Sippel, M. Nikolou, K. Kamaras, J.R. Reynolds,
D.B. Tanner, A.F. Hebard, A.G. Rinzler, Science 305 (27) (2004) 1273–1276.

[3] M. Kaempgen, G.S. Duesberg, S. Roth, Appl. Surf. Sci. 252 (2) (2005) 425–429.
[4] Schindler, J. Brilla, N. Fruehauf, J.P. Novak, Z. Yaniv, Phys. E 37 (1/2) (2007)

119–123.
[5] K. Bradley, J.-C.P. Gabriel, G. Gruner, Nano Lett. 3 (10) (2003) 1353–1355.
[6] E.S. Snow, J.P. Novak, M.D. Lay, E.H. Houser, F.K. Perkins, P.M. Campbell, J. Vac.

Sci. Technol. B 22 (4) (2004) 1990–1994.
[7] G. Gruner, Anal. Bioanal. Chem. 384 (2006) 322–335.
[8] E. Artukovic, M. Kaempgen, D.S. Hecht, S. Roth, G. Gruner, Nano Lett. 5 (4) (2005)

757–760.
[9] M. Kaempgen, S. Roth, J. Electroanal. Chem. 586 (2006) 72–76.
10] K. Parikh, K. Cattanach, R. Rao, D.-S. Suh, A. Wu, S.K. Manohar, Sens. Actuator B

113 (2006) 55–63.
11] C. Niu, E.K. Sichel, R. Hoch, D. Moy, H. Tennent, Appl. Phys. Lett. 70 (11) (1997)

1480–1482.
12] J.N. Barisci, G.G. Wallace, R.H. Baughman, J. Electroanal. Chem. 488 (2000)
13] S. Shiraishi, H. Kurihara, K. Okabe, D. Hulicova, A. Oya, Electrochem. Commun.
4 (2002) 593–598.

14] C.G. Liu, H.T. Fang, F. Li, M. Liu, H.M. Chenga, J. Power Sources 160 (2006)
758–776.

15] M. Kaempgen, G. Wee, J. Ma, S. Mhaisalkar, G. Gruner, Appl. Phys. Lett. 90 (2007)
264104–264106.

16] S. Claye, J.E. Fischer, C.B. Huffman, A.G. Rinzler, R.E. Smalley, J. Electrochem. Soc.
147 (8) (2000) 2845–2852.

17] S.H. Ng, J. Wang, Z.P. Guo, J. Chen, G.X. Wang, H.K. Liu, Electrochim. Acta 51
(2005) 23–28.

18] Kiebele, G. Gruner, Appl. Phys. Lett. 91 (14) (2007) 144104–144107.
19] W. Li, C. Liang, J. Qiu, W. Zhou, H. Han, Z. Wei, G. Sun, Q. Xin, Carbon 40 (2002)

791–794.
20] Z. Liu, X. Lin, J. Lee, W. Zhang, M. Han, L. Gan, Langmuir 18 (2002) 4054–4060.
21] W. Li, C. Liang, W. Zhou, J. Qiu, Z. Zhou, G. Sun, Q. Xin, J. Phys. Chem. B 107 (2003)

6292–6299.
22] W. Li, C. Liang, W. Zhou, J. Qiu, H. Li, G. Sun, Q. Xin, Carbon 42 (2004) 436–439.
23] C. Wang, M. Waje, X. Wang, J. Tang, R. Haddon, Y. Yan, Nano Lett. 4 (2004)

345–348.
24] X. Zhao, W. Li, L. Jiang, W. Zhou, Q. Xin, B. Yi, G. Sun, Carbon 42 (2004)

3263–3265.
25] M.O. Danilov, A.V. Melezhyk, J. Power Sources 163 (2006) 376–381.
26] L. Li, G. Wu, B. Xu, Carbon 44 (2006) 2973–2983.
27] W. Li, X. Wang, Z. Chen, M. Waje, Y. Yan, J. Phys. Chem. B 110 (2006) 15353–15358.
28] X. Wang, W. Li, Z. Chen, M. Waje, Y. Yan, J. Power Sources 158 (2006) 154–159.
29] C.H. Hamann, W. Vielstich, A. Hamnett, Electrochemistry, Wiley–VCH, Wein-

heim, Germany, 1998.



[

[
[
[
[

[
[

M. Kaempgen et al. / Journal of Powe

30] Produced by arc discharge method and purified, purchased as P3, CNI, Houston,
USA.

31] M. Kaempgen, M. Lebert, N. Nicoloso, S. Roth, Adv. Mater. 20 (2008) 616–620.
32] 60 wt.% PTFE dispersion in water, Sigma–Aldrich, USA.
33] Millipore Membrane Filters, Millipore Corporate, Billerica, USA.
34] M. Peuckert, T. Yoneda, R. Betta, R.A. Dalla, M. Boudart, J. Electrochem. Soc. 113

(1986) 944–947.
35] K. Kortech, G. Simander, Fuel Cells, Wiley–VCH, Weinheim, Germany, 1996.
36] A. Pozio, M. de Francesco, A. Cemmi, F. Cardellini, L. Giorgi, J. Power Sources 105

(2002) 13–19.

[
[

[

[

[

r Sources 180 (2008) 755–759 759

37] Produkt information of E-Tek Inc., www.etek-inc.com.
38] Y. Zhou, Hu Liangbing, G. Gruner, Appl. Phys. Lett. 88 (2006) 123109-1–123113-

3.
39] T. Mustonen, K. Kordás, S. Saukko, G. Tóth, J.S. Penttilä, P. Helistö, H. Seppä, H.
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