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Direct ammonia fuel cell (DAFC) performance was investigated using as anode Ptlr/C
electrocatalysts (Pt:Ir atomic ratios of 50:50, 70:30, 80:20 and 90:10) prepared by the boro-
hydride reduction process and NH,OH 1.0, 3.0 and 5.0 mol L~* in KOH 1.0 mol L~ * as fuel. X-
ray analyses of Ptlr/C electrocatalysts suggested the formation of Ptlr alloy and the
transmission electron micrographs showed the average particle diameters between 4.5 and
6.0 nm. Using PtIr/C 50:50 electrocatalyst and NH,OH 5.0 mol L™* in KOH 1.0 mol L' at 40 °C
a maximum power density was 48% and 70% higher than that obtained using Pt/C and Ir/C
electrocatalysts, respectively. The increase of electroactivity using Ptlr/C electrocatalysts
might be related to a decrease of poisoning on catalyst surface by N,4s species and to an
improved kinetic for ammonia oxidation reaction.

Electrocatalysts Copyright © 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.
N ammonia is its toxicity, but it is self alarming and any leakage

1. Introduction

can be detected by nose in concentrations as low as 5 ppm,
and due to its lower density than the air if escapes into the

Ammonia has been considered as a potential fuel for alkaline
fuel cells since ammonia has low production cost, is easily to
handle and to transport as liquid or as concentrated aqueous
solution and is easy in liquefaction at ambient temperature
[1,2]. Moreover, the theoretical charge for ammonia oxidation
to N, is 4.75 Ah g* that compares very well with the theo-
retical charge of methanol in its oxidation to CO, 5.02 Ah g~ *
[2]. Furthermore, liquid ammonia has 70% more hydrogen
content and 50% higher specific energy density than liquid
hydrogen per unit volume [3]. However, the main drawback of

* Corresponding author. Tel.: 455 11 3133 9284; fax: +55 11 3133 9285.

atmosphere ammonia dissipates rapidly [4].

The studies about ammonia electro-oxidation have been
increasing in the last years, and good articles have been pub-
lished [3,5—7]. To improve the ammonia oxidation reaction at
low temperature, efficient catalysts are required and for this
proposed, Pt-group metals show promising catalytic activity
[3]. Considering this process, Pt is the most active catalyst [8],
but it is expensive and easily poisoning by N,g4s species [5].
Lomocso and Baranova [5] studied by electrochemical tech-
niques (cyclic voltammetry and chronoamperommetry) the
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electro-oxidation of ammonia using different concentrations
in KOH 1 mol L~ over Pt/C, PtIr/C, PtPd/C and PtSnO,/C and
reported that PtIr/C as promising material due to the good
catalytic activity and enhanced stability for ammonia electro-
oxidation. Another important point of using Ir electrode is
thatithaslower overpotential of ammonia oxidation (0.35Vus.
RHE) than Pt (0.43 V vs. RHE) in 0.1 mol L' NH; and 1 mol L™!
KOH [3]. Zhongetal. [7] published recently a review concerning
the electrocatalysts for ammonia electro-oxidation and ac-
cording to the authors Ir is able to dehydrogenate ammonia at
lower potential than Pt. Furthermore, Ir is about 35% cheaper
than Pt [9].

Recently Suzuki et al. [1] reported a studied of a DAFC using
Pt/C, Ru/C and PtRu/C as anode electrocatalysts, and it was
shown that the open circuit voltage (OCV) is dependent on the
catalysts compositions, it has been achieved 0.54 V for PtRu/C,
0.37 V for Pt/C and 0.08 V for Ru/C, values below theoretical of
1.17 V. Lan and Tao [10] also reported the results of a DAFC,
and from this study it was demonstrated that the better re-
sults was obtained using NH,OH aqueous solution compared
to NH; gas. However, considering the DAFCs works cited
above, no systematic investigation was made in order to study
different electrocatalysts compositions and ammonia con-
centrations. Taking in account the DAFCs development, the
optimization of these parameters is extremely relevant.

Aiming the development of DAFCs the present study de-
scribes not only the investigation of different compositions of
Ptlr/C as anode electrocatalysts but also different NH,OH
concentrations in KOH 1 mol L™ as a fuel. For comparison,
commercial Pt/C from BASF and Ir/C were also evaluated.

2. Experimental

Ptlr/Celectrocatalyts (20 wt% of metals loading) with Pt:Ir atomic
ratios of 50:50, 70:30, 80:20 and 90:10 and Ir/C (20 wt% metal
loading) were prepared by the borohydride reduction process
[11,12] using H,PtCls-6H,0 37.5% (Sigma—Aldrich) and IrCl,
99.8% (Sigma—Aldrich), as metal source. In this process Vulcan
XC72was firstly dispersed in an isopropyl alcohol/water solution
(50/50, v/v). The mixture was homogenized under stirring and
then the metals sources were added and put on an ultrasonic
bath for 5 min. After that, a solution of NaBH, in 0.1 mol L~* KOH
was added in one portion under stirring at room temperature
and the resulting solution was maintained under stirring for
15 min more. After this, the final mixture was filtered and the
solids washed with water and then dried at 70 °C for 2 h.

The electrocatalysts were characterized by X-ray diffraction
(XRD) using a Rigaku diffractometer model Miniflex II using Cu
Ka radiation source (0.15406 nm). The X-ray diffraction patterns
were recorded in the range of 20 = 20°—85° with a step size of
0.05° and a scan time of 2 s per step. The atomic ratios of Ptand Ir
in the synthesized materials were measured by energy disper-
sive spectroscopy (EDS) by using a JEOL — JSM6010 LA equipment.

Transmission electron microscopy (TEM) images were also
carried out using a JEOL transmission electron microscope
model JEM-2100 operated at 200 kV in order to obtain the
morphology, distribution and nanoparticles size which were
determined by counting about 100 particles at different re-
gions of the different electrocatalysts [13].

The DAFCs experiments took placed in a single cell with an
area of 5 cm?. The temperature was set to 40 °C for the fuel cell
and 85 °C for the oxygen humidifier. All electrodes contained
1 mg of Pt per cm? in the anode or in the cathode excepted for
Ir/C which contained 1 mg of Ir per cm?. In all experiments
commercial Pt/C from BASF was used in the cathode. The
electrocatalyst was painted over carbon cloth in the form of a
homogeneous dispersion prepared using Nafion® solution
(5 wt%, Aldrich). After the preparation, the electrodes were hot
pressed on both sides of a Nafion® 117 membrane at 125 °C for
3 min under a pressure of 247 kgf cm™2. Prior to use, the
membranes were exposed to KOH 6 mol L™* for 24 h, this
procedure was based on Hou et al. article [14]. The fuels, 1.0,
3.0 and 5.0 mol L~* NH,OH in 1.0 mol L-* KOH, were delivered
at 2.0 mL min™!, and the oxygen flow was regulated at
150 mL min . Polarization curves were obtained by using a
potentiostat/galvanostat PGSTAT 302NAutolab.

3. Results and discussion

Fig. 1 shows the XRD patterns for Ptlr/C and Ir/C catalysts. In
this Figure, it can be observed that all catalysts have a peak
around 20 = 25°, which is attributed to the hexagonal structure
(002) of Vulcan Carbon XC-72 [5]. The face-centered cubic sys-
tems of Pt and Ir can be seen by the peaks at approximately
20 = 39°, 46°, 67° and 81° [15]. In all XRD patterns were not
observed the peaks characteristic of IrO, at 26 = 34.5° and 54°
[16] suggesting the alloying of Ptlr for binary catalysts. Another
evidence of PtIr alloy formation is that the positions of (220)
crystalline planeis shifted to high 20 values (67.7°) [5] compared
to Pt (20 = 67°) [15]. The mean crystallite sizes were estimated
by Scherrer’s equation using the (220) peak [5,16]. The values
were 5.1 nm for Ptlr/C 90:10, 5.0 nm for Ptlr/C 80:20, 5.4 nm for
PtIr/C 70:30 and 4.8 nm for PtIr/C 50:50. The experimental
compositions of all Ptlr/C materials using the EDS analysis
were 89:11 (nominal 90:10), 79:21 (nominal 80:20), 68:32 (nom-
inal 70:30), 53:47 (nominal 50:50). As can be seen the percentage
of each metal is close to nominal values in all cases.

Ptir/C 80:20

PHIr/C 70:30
M/‘\ PHr/C 50:50 . —_
P N Ir/C _
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Fig. 1 — X-ray diffraction patterns for the Ir/C and PtIr/C
electrocatalysts.
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Fig. 2 — The TEM micrographs a, c, e, g and i corresponds to Ir/C, Ptlr/C 50:50, PtIr/C 70:30, Ptlr/C 80:20 and PtIr/C 90:10
respectively. The histograms are on the right side of the respective micrographs.
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Fig. 3 — Polarization and power density curves of a 5 cm? DAFC at 40 °C. (a) and (b) using NH,OH 1.0 mol L. (c) and (d) using
NH,OH 3.0 mol L™.(e) and (f) using NH,OH 5.0 (both in KOH 1 mol L™?). Ir/C (1 mg Ir cm~2), Pt/C BASF and PtIr/C
(1 mg Pt cm™?) compositions used as anode, for cathode in all experiments was used Pt/C BASF (1 mg Pt cm~?).

Representative TEM micrographs and histograms of particles are with average diameter of 6.0 nm for Ir/C,
particle mean diameter distribution for the binary catalysts 5.3 nm for PtIr/C (50:50), 5.7 nm for PtlIr/C (70:30), 4.8 nm for
of PtIr/C and Ir/C are shown in Fig. 2a—h. In both cases the Ptlr/C (80:20) and 4.5 nm for PtIr/C (90:10). Only Ir/C and Ptlr/
particles were well dispersed on the carbon support, C 70:30 showed a small percentage of particles higher than
although some small particle agglomerations can be seen 10 nm, with a maximum mean diameter of 20 nm and
on Ptlr/C 70:30 (Fig. 2e) and on PtIr/C 80:20 (Fig. 2g). The 16 nm, respectively.

Table 1 — The main results of the DAFC experiments.

Catalyst NH,OH 1 mol L=* NH,OH 3 mol L.~* NH,OH 5 mol L=*
OCV/V Prax/mMW cm ™2 OCV/V Prnax/mMW cm ™2 OCV/V Prax/mMW cm ™2

Ir/C 0.408 1.11 0.408 1.32 0.429 1.25

Pt/C 0.493 1.95 0.504 2.09 0.506 217

PHIr/C 90:10 0.623 3.15 0.651 3.55 0.677 3.90

PtIr/C 80:20 0.600 2.75 0.603 3.11 0.628 3.37

PHIr/C 70:30 0.650 3.16 0.664 3.52 0.683 371

PtIr/C 50:50 0.650 3.34 0.695 3.87 0.716 4.17
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Fig. 3 shows the polarization and power density curves for
1.0,3.0 and 5.0 NH,OH mol L~ " in KOH 1 mol L~ using Pt/C BASF,
Ir/C and Ptlr/C catalysts as anode in a DAFC operated at 40 °C,
and Pt/CBASF as cathodein all experiments. The performance of
each catalyst was improved as NH4OH concentration increases,
except for Ir/C (see Table 1). It is possible to be observed that
using Ptlr/C 50:50 the results are slightly higher when compared
with the other PtIr/C compositions, and when compared to Pt/C
the maximum current was between 42% and 48% higher for all
the NH4OH concentrations used. When the same comparison
was made with Ir/C these values are between 66% and 70%.

It is also can be seen from Fig. 3 that the highest OCV
(0.716 V) was obtained using Ptlr/C 50:50 and NH,OH 5 mol L *,
which is significantly higher when compared to those ob-
tained for Ir/C (0.429 V) and Pt/C (0.506 V) in the same NH;OH
concentration (see Table 1). This difference in OCV reflects the
catalytic activity of each catalyst for NH,OH oxidation [1].

The better results obtained using PtIr/C binary composition
compared to Pt/C and Ir/C might be associated with the effect
generated between Pt and Ir in close contact (alloy), since the
upon contact of two metals of different work functions charge
will be transported from one metal to another until the Fermi
level of electrons at the interface is equilibrated (electronic
effect) [5]. This phenomenon might cause a decrease of
poisoning on catalyst surface by N,q4s species facilitating the
ammonia oxidation [5]. Furthermore, ammonia overpotential
on Ir is lower than on Pt, and the bimetallic Ptlr improves the
kinetics of ammonia oxidation when compared to pure Pt [3].

The OCV values obtained in our experiments for Ptlr/C
compositions and Pt/C are higher than those obtained for Suzuki
et al. [1] (0.54 V for PtRu/C and 0.37 V for Pt/C), however, the
condition experiments are quite different, the experiments of
Suzuki et al. [1] were carried out at 50 °C using NH3 gas and
different metal loading from that used in our experiments. In
fact, a comparison with similar work is difficult, because of the
different physicochemical properties presented by the catalysts
used in such studies and different experimental conditions.

4, Conclusions

Ptlr/C showed an improved performance as anode electro-
catalyst for DAFC when compared to Pt/C and Ir/C electro-
catalysts. The maximum power density and OCV were
obtained using a Pt:Ir atomic ratio of 50:50 and 5.0 mol L~*
NH,OH in KOH 1.0 mol L ! as fuel. The increase of activity of
PtIr/C electrocatalysts may be associated to the electronic ef-
fect between Pt and Ir that might cause a decrease of
poisoning on catalyst surface by N,gs species and to an
improved kinetic for ammonia oxidation reaction.

Acknowledgements

The authors wish to thank FAPESP (2013/01577-0, 2011/18246-
0, 2012/22731-4, 2012/03516-5) and CNPq (150639/2013-9,
141469/2013-7) for the financial support.

REFERENCES

[1] Suzuki S, Muroyama H, Matsui T, Eguchi K. Fundamental
studies on direct ammonia fuel cell employing anion
exchange membrane. ] Power Sources 2012;208:257—62.
Vidal-Iglesias FJ, Solla-Gullén ], Montiel V, Feliu JM, Aldaz A.
Screening of electrocatalysts for direct ammonia fuel cell:
ammonia oxidation on PtMe (Me: Ir, Rh, Pd, Ru) and
preferentially oriented Pt(110) nanoparticles. ] Power Sources
2007,171:448-56.

Allagui A, Oudah M, Tuaev X, Ntais S, Almomani F,

Baranova EA. Ammonia electro-oxidation on alloyed Ptlr

nanoparticles of well-defined size. Int ] Hydrogen Energy

2013,;38:2455—63.

Zamfirescu C, Dincer I. Ammonia as a green fuel and

hydrogen source for vehicular applications. Fuel Process

Technol 2009;90:729—37.

Lomocso TL, Baranova EA. Electrochemical oxidation of

ammonia on carbon-supported bi-metallic PtM (M = Ir,

Pd, SnO,) nanoparticles. Electrochim Acta

2011;56:8551-8.

Allagui A, Sarfraz S, Baranova EA. Ni,Pd; , (x =0.98, 0.93, and

0.58) nanostructured catalysts for ammonia electrooxidation

in alkaline media. Electrochim Acta 2013;110:253—9.

Zhong C, Hu WB, Cheng YF. Recent advances in

electrocatalysts for electro-oxidation of ammonia. ] Mater

Chem A 2013;1:3216—-38.

Vidal-Iglesias FJ, Garcia-Ardez N, Montiel V, Feliu JM,

Aldaz A. Selective electrocatalysis of ammonia oxidation

on Pt(100) sites in alkaline medium. Electrochem Commun

2003;5:22—6.

Brouzgou A, Song SQ, Tsiakaras P. Low and non-platinum

electrocatalysts for PEMFCs: current status, challenges and

prospects. Appl Catal B Environ 2012;127:371—88.

[10] Lan R, Tao S. Direct ammonia alkaline anion-exchange
membrane fuel cells. Electrochem Solid State Lett
2010;13:B83—6.

[11] Henrique RS, De Souza RFB, Silva JCM, Ayoub JMS,
Piasentin RM, Linardi M, et al. Preparation of Pt/C-In,03
center dot SnO, electrocatalysts by borohydride reduction
process for ethanol electro-oxidation. Int J Electrochem Sci
2012;7:2036—46.

[12] Neto AO, Tusi MM, de Oliveira Polanco NS, da Silva SG,
Coelho dos Santos M, Spinacé EV. PdBi/C electrocatalysts for
ethanol electro-oxidation in alkaline medium. Int ] Hydrogen
Energy 2011;36:10522—6.

[13] Herranz T, Garcia S, Martinez-Huerta MV, Pefia MA,

Fierro JLG, Somodi F, et al. Electrooxidation of CO and
methanol on well-characterized carbon supported Pt,Sn
electrodes. Effect of crystal structure. Int ] Hydrogen Energy
2012;37:7109—18.

[14] Hou H, Wang S, Jin W, Jiang Q, Sun L, Jiang L, et al. KOH
modified Nafion112 membrane for high performance
alkaline direct ethanol fuel cell. Int ] Hydrogen Energy
2011;36:5104-9.

[15] Tayal], Rawat B, Basu S. Bi-metallic and tri-metallic Pt—Sn/C,
Pt—Ir/C, Pt—Ir—Sn/C catalysts for electro-oxidation of ethanol
in direct ethanol fuel cell. Int ] Hydrogen Energy
2011,36:14884—97.

[16] Silva JCM, Anea B, De Souza RFB, Assumpcao MHMT,
Calegaro ML, Neto AO, et al. Ethanol oxidation reaction on
IrPtSn/C electrocatalysts with low Pt content. ] Braz Chem
Soc 2013;24:1553—60.

2

3

[4

5

6

7

8

9


http://refhub.elsevier.com/S0360-3199(14)00103-7/sref1
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref1
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref1
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref1
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref2
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref2
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref2
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref2
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref2
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref2
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref3
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref3
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref3
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref3
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref3
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref4
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref4
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref4
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref4
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref5
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref5
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref5
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref5
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref5
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref5
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref5
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref6
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref6
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref6
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref6
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref6
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref6
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref6
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref6
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref7
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref7
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref7
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref7
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref8
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref8
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref8
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref8
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref8
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref9
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref9
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref9
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref9
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref10
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref10
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref10
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref10
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref11
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref11
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref11
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref11
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref11
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref11
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref11
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref11
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref12
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref12
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref12
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref12
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref12
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref13
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref13
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref13
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref13
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref13
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref13
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref13
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref14
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref14
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref14
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref14
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref14
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref15
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref15
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref15
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref15
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref15
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref15
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref15
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref15
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref15
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref16
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref16
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref16
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref16
http://refhub.elsevier.com/S0360-3199(14)00103-7/sref16
http://dx.doi.org/10.1016/j.ijhydene.2014.01.053
http://dx.doi.org/10.1016/j.ijhydene.2014.01.053

	Direct ammonia fuel cell performance using PtIr/C as anode electrocatalysts
	1 Introduction
	2 Experimental
	3 Results and discussion
	4 Conclusions
	Acknowledgements
	References


