Journal of

Materials

Accepted Manuscript

Chemistry A

Journal of

Materials Chemistry A

d sustainability

ROYAL SOCETY
OF CHEMISTRY

ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

www.rsc.org/materialsA


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 23

10
11
12
13
14
15
16
17

18

19
20
21
22

23

Journal of Materials Chemistry A

Direct support mixture painting, using Pd(0) organo-metallic compounds — an
easy and environmentally sound approach to combine decoration and

electrode preparation for fuel cells

Florian Nitze®™", Robin Sandstrom, Hamid Reza Barzegar®, Guangzhi Hu®, Marta

Mazurkiewicz‘, Artur Malolepszy®, Leszek Stobinski® and Thomas Wagberg®

*Department of Physics, Umeé University, 901 87 Umeé, Sweden

® Chalmers University of Technology, Department of Chemical and Biological Engineering -
Division of Applied Surface Chemistry, 412 96 Goteborg, Sweden

¢ Faculty of Materials Science and Engineering, Warsaw University of Technology, 02-507
Warsaw, Poland

nstitute of Physical Chemistry, Polish Academy of Sciences Kasprzaka 48/52, 01-224 Warsaw,

Poland
T Electronic Supplementary Information (ESI) available
* Corresponding author, florian.nitze @chalmers.se

An inventive, fast and straight-forward approach for the direct preparation of fuel cell electrodes
has been developed and tested. Our approach avoids long catalyst preparation and post-synthesis
treatment. It reduces the use of chemicals and thereby concomitantly lowers the environmental
impact and improves cost efficiency. It combines decoration of the support by palladium

nanoparticles with electrode preparation through a simple one-step ink-painting and annealing
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process. The composites have been investigated by high resolution transmission electron
microscopy, scanning electron microscopy, and x-ray diffraction. Crystalline particles are well
attached and well distributed on the support. Particles are few nanometers and spherical for
decorated Vulcan whereas they are larger and irregularly shaped for decorated helical carbon
nanofibers (HCNFs). Electrodes with a metal loading of 0.8 mg/cm2 have been tested in a direct
formic acid fuel cell. Both the Vulcan and the HCNF electrodes show similar and high power
output of up to 120 mW/mg. They also show similar performances in deactivation experiments
conducted at 200 mA/ cm” even when using only high purity grade formic acid. After
deactivation the electrodes show no structural damage, making them superior to most commercial
catalysts. The electrodes can be completely regenerated to initial activity by simple treatment in
water. The easy regeneration process indicates that CO-adsorption on the fuel cell anode catalyst

is not the main poisoning mechanisms responsible for electrode degeneration.

Keywords: Direct formic acid fuel cells, Electrocatalysts, Nanoparticles, Palladium, Helical

carbon nanofibers, Decoration.
1. Introduction

Fuel cells are undoubtedly the number one candidate for future clean energy due to the ability to
convert a variety of fuels into electricity. One of the strengths of the fuel cell technology is its
versatility making it adaptive for fuels ranging from the most commonly used hydrogen [1-
3],methanol [4, 5], glucose [6], phosphoric acid [7] and formic acid [8-11]. For all these designs
the principle of spatial separation of oxidation and reduction remains the same but yet the

scientific and engineering challenges are very different. Such challenges include the hazards and
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limitation of hydrogen storage [12], proper design of flow fields [13, 14], the water management

in the fuel cell membrane [15, 16] or a too fast deactivation of the catalyst material [9, 10, 17].

A specific class of fuel cells is based on proton exchange membranes (PEM) [8, 18, 19] which
solely conduct protons but not electrons or fuel and thereby achieve the spatial separation. Nafion
is the most prominent building block for PEMs. A PEM fuel cell performance depends mainly on
the membrane electrode assembly (MEA) encapsulated in between flow fields. Currently, noble
metals such as platinum (Pt) [20], palladium (Pd) [8] or Ruthenium (Ru) [21] are most frequently
used as catalysts[8, 22, 23] but also novel catalyst materials for oxygen reduction such as metal
free nitrogen doped carbons[24, 25] have attracted recent interest. To enhance the active surface
area and thereby lowering the loading of the precious noble metals, a common approach is to
decorate supports like Vulcan [26], carbon black [27], carbon nanotubes (CNTs) [4] or helical
carbon nanofibers (HCNFs) [8, 9] with nanoparticles which also improves the conduction
towards/from the electrodes. Key factors for a good performance of a MEA are high active
surface area of the catalyst, good conduction of the catalyst layer for both electrons and protons
and high diffusion rates of the fuel or the oxygen. Long term stability is an additional parameter
which needs to be addressed to make fuel cells practically useful. Fulfilling all these key factors
and simultaneously obtaining high catalytic activity and an easy preparation of the complete
MEA, including the catalyst, is challenging and therefore new approaches are of large interest. A
certain issue concerns the decoration of the catalyst support and the subsequent preparation of a
catalyst ink which can be either deposited on the electrode [8] or directly on the membrane [28].
Commonly the catalyst ink is prepared by mixing Nafion and the decorated catalyst support in
appropriate ratios and to apply the resulting ink by spraying or painting [23, 29, 30]. However

this method relies on an already prepared catalyst material which are obtained in a separate and
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usually time consuming and complex process by for example the reduction of metal salts [8, 23].
Besides being time consuming, the processes also often lead to toxic waste products which need
special handling. So far the only reported methods on the direct preparation of a catalyst support
on the electrode are by electro-deposition [4] or by a combination of spray deposition followed

by reduction [31].

With this report we present a low-cost, fast and very simple approach of directly
combining the decoration of the catalyst support with the electrode preparation. The resulting
procedure significantly facilitates the preparation process of the fuel cell MEA. To achieve this
we use tris(dibenzylideneacetone)-dipalladium(0) (Pd,(dba)s), a Pd zero charge organo-metallic
complex. It has been shown earlier that the decoration of carbon support like Cgy [32] or CNTs
[33] is possible by boiling in toluene. We show that our approach results in well decorated
supports, Vulcan and HCNFs, and that the electrode preparation requires a maximum of 30 min
plus additional 2 h of annealing time, which effectively removes the dba ligands [32]. The choice
of a zero charge organo-metallic complex ((Pd,(dba)s)) is both a cheaper alternative compared to
for example palladium acetate and concurrently makes the reduction step in classical
impregnation methods obsolete. Altogether the practically solvent free process reduces the use of
chemicals to a minimum and increases thereby cost efficiency and environmental compatibility.
The electrodes show very high activities in a direct formic acid fuel cell (DFAFC). Formic acid is
a very attractive fuel that can be produced solely from biomass, in some processes even as an
“unwanted” waste product [34] and yet formic acid generates higher power density than methanol
[35]. After deactivation of the catalyst no structural damage is detected by transmission electron
microscopy (TEM) or X-ray diffraction (XRD), manifested also by that the initial activity easily

can be restored by keeping the electrodes in water. Although our study focuses on the anodic
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electrode of a DFAFC we foresee that the method is generally applicable for other type of fuel
cell electrodes. Our method also opens up for direct electrode preparation using other organo-

metallic complexes.
2. Method
2.1. Hydrophilization of the support

Two different supports were tested. Commercially available carbon black Vulcan (Cabot
Corporation) and high quality HCNFs synthesized according to our recent report [36]. Prior to
use the support was hydrophilized by sonication and boiling in hydrogen peroxide (H,O,) and
nitric acid (HNO3). 250 mg of support was mixed with 62.5 ml deionized water (H2Oeio)) 1n a
500 ml glass beaker. Subsequently 62.5 ml HNO3 (65 % Scharlau reagent grade) and 125 ml
H,0, (30 % Normapur VWR) was added and briefly hand-stirred. The mixture was ultra-
sonicated (60 W, USC300P V) for 7 min under occasional hand-stirring. The achieved dispersion
was heated on a hotplate (VWR) until boiling. The functionalized support was separated and
washed with HyOgeio) in @ vacuum-filter setup on a PTFE (Omnipore, pore size 1 pm, Millipore).

To remove residual H,O from the product it was dried in vacuum at 100 °C for at least 30 min.
2.2. Combined decoration and electrode preparation

The schematic procedure is illustrated in Scheme 1. Functionalized support and Pd,(dba);
(Sigma-Aldrich) were mixed in a glass bottle to achieve a 20 wt% metal loading. To achieve a
paintable ink 25 ul/mg (support) of toluene was added. The mixture was sonicated for 15 min at
30 °C bath temperature. The ink was carefully applied layer by layer with a brush to a 5 cm?
torray paper (Sigratec GDL 10 AA, Ion Power) on a hotplate at 60 °C until 20 mg of
corresponding dry catalyst 20 wt.% metal loading was applied. The resulting electrode was

5
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annealed for 2 h in air at 200 °C. The electrode was covered with Nafion dispersion 175 pl
Nafion 5 wt.%, DES520, Ion Power Inc., 350 pl ethanol 99.5 % Kemetyl and HyOgeio) in a 1:1
volume ratio, corresponding to 30 wt.% by careful painting on a hotplate at 50 °C and dried for

at least 30 min.

Standard commercial catalyst 60 wt.% Pt on Vulcan XC-72 (Premetek) was used as counter
electrode. 42 mg 60 wt.%, Pt/Vulcan, 280 ul Nafion 5 wt.% and 700 ul ethanol were mixed by 30
min sonication. The ink was painted on torray paper (Sigratec GDL 10 AA, Ion Power) on a
hotplate at 50 °C. TEM images were obtained on a JEOL 2100F high resolution TEM at 200 keV
and Tecnai at 200 keV. Scanning electron microscopy (SEM) analysis was conducted on a
Hitachi S-5500 In-lens high resolution FE-SEM. The metal loading of the anodic electrodes were
checked by thermogravimetric analysis (TGA) of the ash after burning complete electrodes using

a Mettler Toledo TGA/DSC 1 LF/948.

2.3. Cyclic voltammetry

The electrocatalytic activity tests of the prepared materials was performed on Autolab
PGSTAT30 with a three-electrode cell at the room temperature. A Pt wire and a saturated
calomel electrode were used as counter and reference electrodes, respectively. The catalyst layer
was scratched of from the torray paper prior to coverage with Nafion. A glassy carbon electrode
coated with the catalyst was used as working electrode. The preparation of the working electrode
lists as follow: 1) the glassy carbon electrode was carefully polished with 0.05 m aluminum oxide
paste on a polishing pad and then washed in acetone, ethanol and water under ultrasonication for
5 min, successively; 2) 4 ul Pd/Vulcan (or Pd-HCNFs) suspension mixed with dimetylformamid

(DMF) (2 mg/mL) was dropped onto the upward surface of the glassy carbon electrode and dried
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in room temperature; 3) 2 ul of Nafion solution (0.5 wt%) was covered on the surface of the
catalyst-modified glassy carbon electrode and dried in air without any heating process. 0.5 M
phosphate buffer solution (pH 6.8) was used as the electrolyte solution during the electrochemical
measurement. Prior to each measurement, the test solution was bubbled with argon for at least 30

min to remove the dissolved oxygen of the electrolyte solution.
2.4. Fuel cell tests

DFAFC test were conducted in a 5 cm” quickCONNECT cell fixture from Quintech with carbon
serpentine flowfields at 30 °C cell and fuel temperature. The cathodic side with the Pt based
electrode was fed 1 1/min dry O,. Two different, Vulcan and HCNFs, anodic Pd based electrodes
were tested at a flow of 0.7 ml/min + 0.7 ml/minA 3 M aqueous formic acid (Formic acid > 98 %,
puris analysis (p.a.), Sigma Aldrich) solution distributed by a peristaltic pump. Output voltage as
function of applied current was measured. Based on these results deactivation test were
conducted at constant current of 1000 mA corresponding to 200 mA/cm?” or 250 mA/mg(Pd) and

a flow of 0.7 ml/min + 0.7 ml/minA 3 M aqueous formic acid and 1 1/min dry O,.
3. Results
3.1. Transmission electron microscopy

Transmission electron microscopy (TEM) images of the resulting structures are shown in Fig. 1
for Vulcan and HCNFs. As shown in Fig 1c and f the particles are highly crystalline, but contain
some twinning for the NPs on HCNFs. On neither support the NPs show any signs of thick oxide
layers or amorphous carbon coverage. The particles are highly crystalline revealed by a clear
selected area electron diffraction pattern (an example SAED is shown in supporting information
Fig. 1 §). The absence of amorphous carbon or other covering layers manifest that the annealing

7
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step after the painting process effectively removes the dba ligands, leaving only fresh metallic Pd
particles. The effective removal of dba ligands at 200 °C has been shown in [32] and proven by
XRD, Raman and TGA. Despite the fast and direct decoration process which does not involve
any sonication or boiling, the distribution of the NPs are surprisingly good. The homogeneity is
better for Vulcan in the sense that the overall particles are smaller and the diameter range is
narrower. For Vulcan most particles are spherical, while they are irregularly ellipsoid-like shaped
for HCNFs. The size (averaged of 100 individual particles for each support) for HCNFs measured
over the long axis is 13.6 + 4.1 nm. The spherical diameter for Vulcan 5.4 + 1.0 nm. By the
analysis of TEM images we cannot find any significant difference in particle size between used
and fresh samples. It is not entirely clear if the elliptic particles for HCNFs result from an
agglomeration of individual NPs or if they are crystallized like this, but the cauliflower-like
appearance particularly clear in the SEM image (Fig. 2¢) point in the direction of agglomerated
particles. The smaller size of the NPs on the Vulcan support is most likely explained by a larger
number of negatively charged functional groups compared to the HCNF support. This is
supported by that the pH value of Vulcan in aqueous dispersions is between 4-5, whereas it is
around 5-6 for the HCNF support. The larger number of functional groups provide more
attachment sites for Pd crystal seeds and correspondingly smaller and more numerous NPs.
Another reason might originate from the better dispersability of Vulcan compared to HCNFs

which leads to a better integration of the NP-solution with the Vulcan support.

3.2. Scanning electron microscopy

The scanning electron microscopy images shown in Fig. 2 reveal that our approach results in
well-defined and uniform catalyst films of about 30 um on the torray paper for both the Vulcan

and the HCNF. The HCNFs based electrode films are generally rougher than for Vulcan. We
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explain this with the structural difference in the two support types, HCNFs being long wire-like
and Vulcan being round ball like. Investigating the electrode catalyst films before and after use
reveals no difference. Neither does the appearance of the catalyst support assembly change after
deactivation indicating that catalyst migration or catalyst leakage is negligible (see supporting

information Fig. 2 and 3 ).

3.3. X-ray diffraction

The x-ray diffraction spectra in Fig. 3 confirm the high crystallinity of the nanoparticles. The
main features result from the (111) and (002) reflection of a pure Pd fcc crystal, which give
reflections at 20 = 39.9°, and 46.4° respectively. A small contribution of a PdC phase is
represented by a weak downshifted shoulder on the (111) Pd peak, resulting from an expansion of
the lattice in the case of PAC. We note however that a peak at similar position also appears for
pure torray paper. Possible contributions of a PdO are below the detection limit. All other
features result from the torray paper. The lower limit of the grain sizes of Pd nanoparticles for
HCNF and Vulcan is 16 and 13 nm respectively for the fresh electrodes and 18.5 and 16.5 nm for
the used electrodes, which agrees well with the TEM analysis of the Pd- NPs on the HCNFs but
is slightly larger than the values derived for the Vulcan support. It should be noted that since
larger particles give a strong contribution to the intensity, the XRD provides a volume-averaged
value and tend to overestimate the particle diameter [37, 38]. The discrepancy for the particle size
deduced from HRTEM and XRD might originate from some few larger NPs embedded in the
torray paper. We believe that these larger particles are not well attached on the carbon support
and therefore not detectable by TEM/HRTEM due to the TEM grid preparation. However, when
dispersing whole pieces of electrode including carbon paper, it is possible to find large particles
of about 10-20 nm also by TEM (see supporting information Fig 4). They are also not likely to

9
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contribute much to the catalytic performance of the fuel cell catalyst. The XRD pattern of the Pd-
NPs on the Vulcan support shows a weak but still slight decrease in the FWHM of the (111) peak
after fuel cell tests compared to the freshly prepared sample, assigned to some agglomeration of

smaller particles.
3.4. Cyclic Voltammetry and fuel cell tests

In order to investigate the electrocatalytic performance of the as-produced Pd-HCNFs towards
formic acid oxidation, a series of cyclic voltammetry (CV) measurements have been carried out
in Nj-saturated phosphate buffer solution (PBS). Fig. 4a shows the blank CV for the N, saturated
PBS. Three distinct features can be identified. The peak around -0.3 V and the broad feature
above 0.5 V can be attributed to adsorption/desorption of hydrogen and oxygen, respectively. The
reduction peak of Pd oxide can be found at 0.12 V and 0.14 V for Vulcan and HCNFs,
respectively. From the reduction peak area of Pd oxide and the loading measured by TGA, the
electrochemical active surface area of Pd-HCNFs can be calculated to 3.76 mz-g'l(Pd), which is
just about 55.4% of the electrochemical active area for the conventional catalyst Pd-Vulcan (6.79
m” g (Pd)). This is rationalized by the larger size of the Pd-NPs on HCNFs compared to the
Vulcan based catalyst, in agreement with the TEM results. The catalytic performance of Pd-
HCNFs and Pd-Vulcan catalyst towards formic acid oxidation is shown in Fig.4b. The
predominant oxidation peak of formic acid on Pd between -0.3 to 0.2 V covers all weaker peaks
originating from hydrogen adsorption/desorption or Pd oxide reduction. The oxidation potential
is upshifted for the HCNF support. The current density resulting from formic acid oxidation on
Pd-HCNFs is about 504 mA-cm? mg'(Pd) which is about 78 % of the current density of the
Vulcan catalyst (647 mA-cm? mg 'Pd). However, taking the significantly lower electroactive area

for the Pd-HCNFs into account indicates that the catalytic process proceeds more efficiently on
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the HCNF support, ascribed to the 3D helical structure of HCNFs, which might result in faster
and more efficient electron transfer processes relative to the Vulcan carbon material, in line with

earlier reports [39].

The metal loading of 0.8 mg/cm? on both electrodes was confirmed by TGA. The activities are
comparable to tests of commercial 20 wt.% on Vulcan under similar conditions [10]. Also,
although the catalytically active area derived from the blank CV measurements is twice as large
for Pd-Vulcan than for the Pd-HCNFs, originating from the smaller Pd-NP size, the catalytic
activity is higher for HCNF as shown in Fig. 4. It has been shown in several reports [40, 41] that
irregularly shaped particles can have higher catalytic activity than spherical ones. However,
compared to the here presented method the synthesis in these approaches are highly complex and
time consuming. We believe that i) the irregularly shaped particles with many edges which
improve the catalytically activity, i1) the good conductivity originating from the wire-like
character of HCNFs, and iii) the more porous film morphology for HCNFs (Fig 2 a-b) leading to
better diffusion channels altogether overcompensates the effect of a lower electroactive area.
Deactivation tests shown in Fig. 6 furthermore reveal that the Vulcan and HCNF based
assemblies deactivates at similar rates. At a constant current of 1000 mA or 250 mA/mg(Pd)
giving maximum power output, the cells deactivated over approximately 1 h for both HCNFs and
Vulcan. In a similar study [10] with a Pd loading of 0.5 mg/cm? the cell deactivated with p.a.
grade formic acid within less than 300 sec at 84 mA/mg(Pd). It should however be noted that this
study was conducted at room temperature. The results in our study are well comparable to studies
using commercial catalysts or with by far more complicated catalyst preparations. A summary of
the comparison is found in table 1. Also, we note that, the initial activity of the catalysts can be

completely restored by simply washing the electrodes for 1 h with water without any applied
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potential similar to a the observations made by Zhou et al. [11]. This strongly indicates that the
deactivation occurs by adsorbed substances only loosely bond to the Pd surface and not by
adsorption of CO [11]. The easy regeneration by water purging supports that the deactivation
occurs only by the agglomeration of CO, bubbles in the anode catalyst layer as suggested by
Mikotajczuk et al. [10]. Fig. 5 and 6 shows the power outputs, and the deactivation curves for
catalyst samples before a deactivation run (continuous line) and in a second deactivation run
(dotted line) after a one hour washing procedure. The performance is very similar, indicating that
the deactivation is purely induced by impurities in the fuel, and do not result from catalyst
leakage or catalyst agglomeration. This is supported by that we do not observe any structural
change for neither support by TEM or SEM. Although commercial catalysts can show slightly
better performance than the catalyst prepared by our approach tests show that commercial
catalyst exhibit strong structural damage after use [9]. Altogether, this makes our synthesis highly

advantageous over earlier reported methods.

4. Conclusion

We have presented a low-cost, easy and very fast approach for the preparation of poison resistant
fuel cell electrodes based on a one-step ink-painting process. The prepared catalysts have
excellent electrocatalytic properties for DFAFCs explained by well dispersed, ligand free
decorated Pd nanoparticles. The structural stability of both Vulcan and HCNF based catalysts is
outstanding, and the HCNF based catalysts shows a slightly higher activity compared to Vulcan.
Complete deactivation of the electrodes does not result in any structural damage and can be
completely reversed by simple water treatment indicating a deactivation mechanism which is not
caused by CO adsorption but rather by CO, bubbles or weakly adsorbed poisons. Our presented

method is environmentally friendly, cost efficient, and highly suitable for industrial upscaling.
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Studies to improve the performance and to understand the underlying deactivation mechanisms
are necessary to evaluate the full potential of the method, but we note that the method is not only

applicable for DFAFC but for all MEA based fuel cells also with different organo-metallics.
Acknowledgements

This work was supported by grants from the Swedish research council, (dnr: 2010-3973), and by
the “artificial leaf” project through Knut and Alice Wallenberg foundation T. Wagberg thanks
Kempestiftelsen and Angpannefoéreningen for support. F. Nitze thanks Kempestiftelsen and
Gustaf Richerts Stiftelse for support. The Knut and Alice Wallenberg Foundations are
acknowledged for an equipment grant for the electron microscopy facilities in Stockholm
University. L. Stobinski thanks for support of the National Center for Research and
Development: PBS1/A5/15/2012. M. Mazurkiewiczc and A. Malolepszyc thank the European

Union funds by the European Social Fund.
References

[1] J. Brouwer, Current Applied Physics, 10 (2010) S9-S17.

[2] H. Nishikawa, H. Sasou, R. Kurihara, S. Nakamura, A. Kano, K. Tanaka, T. Aoki, Y. Ogami, International
Journal of Hydrogen Energy, 33 (2008) 6262-6269.

[3] W.H. Smith, P.A. Adcock, Abstracts of Papers of the American Chemical Society, 223 (2002) U388-
U388.

[4] C.T. Hsieh, J.L. Wei, J.Y. Lin, B.H. Yang, Diamond and Related Materials, 20 (2011) 1065-1071.

[5] A. Demirbas, Energy Sources, Part A: Recovery, Utilization, and Environmental Effects, 30 (2008) 529 -
535.

[6] B.R. Tao, F.J. Miao, P.K. Chu, Electrochimica Acta, 65 (2012) 149-152.

[7] H. Hirata, T. Aoki, K. Nakajima, Journal of Power Sources, 199 (2012) 110-116.

[8] F. Nitze, M. Mazurkiewicz, A. Malolepszy, A. Mikolajczuk, P. Kedzierzawski, C.-W. Tai, G. Hu, K.J.
Kurzydtowski, L. Stobinski, A. Borodzinski, T. Wagberg, Electrochimica Acta, 63 (2012) 323-328.

[9] G. Hu, F. Nitze, H.R. Barzegar, T. Sharifi, A. Mikotajczuk, C.-W. Tai, A. Borodzinski, T. Wagberg, Journal
of Power Sources, 209 (2012) 236-242.

[10] A. Mikolajczuk, A. Borodzinski, P. Kedzierzawski, L. Stobinski, B. Mierzwa, R. Dziura, Applied Surface
Science, 257 (2011) 8211-8214.

[11]Y. Zhou, J. Liu, J. Ye, Z. Zou, J. Ye, J. Gu, T. Yu, A. Yang, Electrochimica Acta, 55 (2010) 5024-5027.

[12] W.E. Winsche, K.C. Hoffman, F.J. Salzano, Science, 180 (1973) 1325-1332.

13



OCoOoONOOTULLE WN -

B D WWWWWWWWWWNNNNNNNNNNRRRPRRERRRERRRR R
PO WVWOWRONOOUNBDWNROOVONIODTUDNWNROWOLOMNOODUDNWNRO

o
N

I
w

44

Journal of Materials Chemistry A Page 14 of 23

[13] H.C. Chiu, J.H. Jang, W.M. Yan, H.Y. Li, C.C. Liao, Applied Energy, 96 (2012) 359-370.

[14] B.R. Friess, M. Hoorfar, International Journal of Hydrogen Energy, 37 (2012) 7719-7729.

[15] T. Kitahara, H. Nakajima, K. Mori, Journal of Power Sources, 199 (2012) 29-36.

[16] C. Wang, Z.Q. Mao, J.M. Xu, X.F. Xie, Chemical Journal of Chinese Universities-Chinese, 24 (2003)
140-142.

[17] X.W. Yu, P.G. Pickup, Journal of Power Sources, 187 (2009) 493-499.

[18] N. Saibuathong, Y. Saejeng, K. Pruksathorn, M. Hunsom, N. Tantavichet, Journal of Applied
Electrochemistry, 40 (2010) 903-910.

[19] H.A. Abaoud, M. Ghouse, K.V. Lovell, G.N. Al-Motairy, Journal of New Materials for Electrochemical
Systems, 6 (2003) 149-155.

[20] Y.H. Pai, C.W. Tseng, Journal of Power Sources, 202 (2012) 28-34.

[21] X.L. Jin, B. He, J.G. Miao, J.H. Yuan, Q.X. Zhang, L. Niu, Carbon, 50 (2012) 3083-3091.

[22] J. Hosseini, A. Bodaghi, Journal of Solid State Electrochemistry, 15 (2011) 795-800.

[23] A. Malolepszy, M. Mazurkiewicz, A. Mikolajczuk, L. Stobinski, A. Borodzinski, B. Mierzwa, B. Lesiak, J.
Zemek, P. Jiricek, in: Physica Status Solidi C: Current Topics in Solid State Physics, Vol 8, No 11-12, Wiley-
V CH Verlag Gmbh, Weinheim, 2011.

[24] K. Gong, F. Du, Z. Xia, M. Durstock, L. Dai, Science, 323 (2009) 760-764.

[25] T. Sharifi, G. Hu, X.E. Jia, T. Wagberg, ACS Nano, 6 (2012) 8904-8912.

[26] J.T. Moore, J.D. Corn, D. Chu, R. Jiang, D.L. Boxall, E.A. Kenik, C.M. Lukehart, Chemistry of Materials,
15 (2003) 3320-3325.

[27] M. Takahashi, T. Mori, A. Vinu, H. Kobayashi, J. Drennan, D.R. Ou, Journal of Materials Research, 21
(2006) 2314-2322.

[28] S.M. Baik, J. Kim, J. Han, Y. Kwon, International Journal of Hydrogen Energy, 36 (2011) 12583-12590.
[29] R. Balgis, G.M. Anilkumar, S. Sago, T. Ogi, K. Okuyama, Journal of Power Sources, 203 (2012) 26-33.
[30] C.H. Chen, W.J. Liou, H.M. Lin, S.H. Wu, A. Borodzinski, L. Stobinski, P. Kedzierzawski, Fuel Cells, 10
(2010) 227-233.

[31] K. Qishi, O. Savadogo, Journal of New Materials for Electrochemical Systems, 11 (2008) 221-227.

[32] F. Nitze, H.R. Barzegar, T. Wagberg, Physica Status Solidi (B) Basic Research, 249 (2012) 2588-2591.
[33] M. Cano, A. Benito, W.K. Maser, E.P. Urriolabeitia, Carbon, 49 (2011) 652-658.

[34] F. Jin, J. Yun, G. Li, A. Kishita, K. Tohji, H. Enomoto, Green Chemistry, 10 (2008) 612-615.

[35] S. Ha, R. Larsen, Y. Zhu, R.l. Masel, Fuel Cells, 4 (2004) 337-343.

[36] F. Nitze, E. Abou-Hamad, T. Wagberg, Carbon, 49 (2011) 1101-1107.

[37] D. Wang, H.L. Xin, R. Hovden, H. Wang, Y. Yu, D.A. Muller, F.J. DiSalvo, H.D. Abrufia, Nat Mater, 12
(2013) 81-87.

[38] B.E. Warren., X-ray diffraction, Dover Publications, 1990.

[39] G.Z. Hu, F. Nitze, T. Sharifi, H.R. Barzegar, A. Mikolajczuk, C.W. Tai, A. Borodzinski, T. Wagberg, J.
Mater. Chem., 22 (2012) 8541-8546.

[40] Y. Kim, H.J. Kim, Y.S. Kim, S.M. Choi, M.H. Seo, W.B. Kim, The Journal of Physical Chemistry C, 116
(2012) 18093-18100.

[41] F.). Vidal-Iglesias, R.M. Aran-Ais, J. Solla-Gullon, E. Garnier, E. Herrero, A. Aldaz, J.M. Feliu, Physical
Chemistry Chemical Physics, 14 (2012) 10258-10265.

14



Page 15 of 23 Journal of Materials Chemistry A

10

11

12

13

14

15

16

17

18

19

20

Figure captions:

Scheme 1 Illustration of the decoration and electrode preparation method.

Fig. 1 Transmission electron microscopy images of Pd nano particle decorated HCNFs (a-c) and
Vulcan (d-f).

Fig. 2 Cross-section scanning electron microscopy images of the prepared electrodes a) HCNFs,
b) Vulcan. c) SEM image of irregular shape particles with edges and twinning on HCNFs.

Fig. 3 X-ray diffraction pattern of a) Vulcan and b) helical fiber based electrodes. The lower
black are recorded on unused, the upper red on electrodes after deactivation. # identifies some
strong peaks originating from the background including the torray paper.

Fig. 4 a) Cyclic voltammetry curves of Pd-Vulcan (black line) and Pd-HCNFs (red line) before

(a) and after (b) adding 3 M formic acid. Electrolyte: 0.5 M PBS, scan rate: 0.05 V/s.

Fig. 5 a) Power output and b) polarization curve of Pd decorated Vulcan and HCNFs in a direct
formic acid fuel cell. Black circles and red squares symbolize Vulcan and HCNFs, respectively.
Continuous and dotted lines represent the electrode before respectively after a complete

deactivation and regeneration by water purging.

Fig. 6 Deactivation of prepared electrodes at 1000 mA. Black circles and red squares symbolize
Vulcan and HCNFs, respectively. Continuous and dotted lines represent the first respectively the

second deactivation.

Table 1: Comparison to other studies using different preparation methods for the catalyst.

Scheme 1
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Table 1
Method and support Current CV Power DFAFC| Particle size | Loading
[mW/mg(Pd)] [nm] [wt%]
Polyol HCNFs [8] 300 mA mg(Pd)” 62 15 18.6
Polyol MWCNTs [8] 130 mA mg(Pd)” 42 - 28.4
Benzyl mercaptan HCNFs [9] 30 mA cm™ 120 4.9 19
Commercial 20 wt% Pd/C [9] 15 mA cm™ 125 5.7 21.5
This study HCNFs 500 mA cm™ 120 13.6/16 20%
mg(Pd)”’ TEM/XRD
This study Vulcan 650 mA cm™ 115 5.4/13 20%
mg(Pd)”’ TEM/XRD
Pd Carbon Medicinulis [10] - 77 2.7/11 (2 size 10
ranges)
Commercial 20 wt% Pd/C [10] - 58 34 20
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The table of contents entry:

Ready to use membrane electrode assembly are easily prepared by mixing and sonication of
the chosen support in toluene with Pd,(dba);, painting of the resulting ink, followed by
annealing at 200 °C. The method results in nicely decorated supports and the prepared
electrodes show high potential in direct formic acid fuel cell.

Keywords: Fuel cell, electrode preparation, decoration, DFAFC, palladium.
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