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Replacing precious and nondurable Pt catalysts with cheap materials is a key issue for commercialization of
fuel cells. In the case of oxygen reduction reaction (ORR) catalysts for direct methanol fuel cell (DMFC), the
methanol tolerance is also an important concern. Here, we develop AIN nanowires with diameters of about
100-150 nm and the length up to 1 mm through crystal growth method. We find it is electrochemically
stable in methanol-contained alkaline electrolyte. This novel material exhibits pronounced electrocatalytic
activity with exchange current density of about 6.52 X 107® A/cm”. The single cell assembled with AIN
nanowire cathodic electrode achieves a power density of 18.9 mW cm™2. After being maintained at 100 mA
cm~ for 48 h, the AIN nanowire-based single cell keeps 92.1% of the initial performance, which is in
comparison with 54.5% for that assembled with Pt/C cathode. This discovery reveals a new type of metal
nitride ORR catalyst that can be cheaply produced from crystal growth method.

irect methanol fuel cell (DMFC) is one of the most attractive power sources for portable and vehicular

applications due to the simplicity of the system and the adaptability of the liquid fuel*. At present, the

commercialization of DMFCs is hindered by several issues, including crossover of methanol from anode to
cathode™, as well as the dependence on precious Pt catalyst for methanol oxidation and oxygen reduction
reactions>. Methanol transported through the membrane will be electrochemically oxidized at the cathode, thus
reducing the cathodic reactant. And in intermediate reactions during this process, for instance the adsorption of
carbon monoxide onto the catalyst surface, the cathode will also be poisoned, which further lowers its
performance’’.

Thus, the methanol-tolerant oxygen reduction reaction (ORR) catalysts have attracted much attention in
recent years. One of the effective approaches is the nanostructured Pt alloy since Pt is the most effective electro-
catalyst for ORR reaction. Pt-Pd Alloy Nanoflowers', Pt/CoSe, Nanobelt'!, core-Shell Pt decorated PdCo'* and
numbers of Pt alloy nanoparticles'*~' fall into this category. Although great advances have been achieved for the
improvement of methanol tolerance, a high usage of Pt metal is still of great concern for further practical
applications of DMFCs.

In recent years, some promising non-precious catalysts have been developed towards oxygen reduction
reaction, including Co or Fe-based macrocyclic compounds"’, transitional metal chalcogenides'®, nitrogen-doped
carbon nanotubes'’, nitrogen-doped ordered mesoporous carbon®, and even nitrogen-doped graphene®*>. The
transition metal nitride catalysts also displayed methanol-tolerance for ORR reactions. In comparison with a
sharp ORR current decrease of ~80% for commercial Pt/C catalyst after the addition ofa 3 M methanol at 90 sin
the LSV test, it was reported that a sulfur-nitrogen Co-doped carbon foam catalyst has no noticeable decrease
under the same test condition®. The similar behavior was also found for sulfur-nitrogen Co-doped graphene
oxide®* and Co-doping carbon blacks with nitrogen- fluorine.

With the recent advancement in anion-exchange membrane materials, there has been a growing interest in
alkaline direct methanol fuel cell. Compared with proton exchange membrane under acidic environment, there
are several significant advantages including the improved kinetics for both anodic alcohol oxidation reactions and
cathodic oxygen reduction reactions, as well as a wide range of stable catalyst materials in alkaline media®*-.
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Figure 1| XRD patterns of the AIN nanowire catalyst.

Many Pt-free catalysts exhibited excellent performance close to that
of Pt in alkaline media, e.g., the maximum power density of alkaline
direct methanol fuel cell assembled with fluorine-doped carbon black
as the cathode achieved 14.56 mW cm™ at 60°C, which is superior
than a maxima of 9.44 mW cm™? for commercial Pt/C*. Graphitic
carbon nitride exhibited comparable ORR activity, better durability
and methanol tolerance ability in comparison to Pt/C*.

Herein, we report an AIN nanowire with fine crystallization as
oxygen reduction electrocatalyst in alkaline direct methanol fuel cell.
Unlike the doped metal-N structure, the crystallized AIN is chem-
ically stable in both acid and alkaline conditions, which should be
helpful to improve the durability of fuel cells. The ORR activities were
studied in an alkaline medium using cyclic voltammetry (CV) and
rotating disk electrode (RDE) techniques. An alkaline direct meth-
anol fuel cell test was constructed by using the so-formed materials as
electrocatalyst in cathode. The performance of this single fuel cell
demonstrated that the AIN nanowire catalyst is a promising meth-
anol-tolerant candidate as oxygen reduction electrocatalyst for alkal-
ine direct methanol fuel cell.

Results

The XRD pattern of the as-prepared sample (Figure 1) shows that the
sample can be indexed as wurtzite AIN (¢ = 3.113 A and ¢ = 4.982
A), agreeing well with the calculated diffraction pattern (ICDD-PDF
No. 25-1133). No impure peaks have been detected within the instru-
mental resolution, indicating that the sample is wurtzite AIN with
high purity. Figure 2a gives an overall view of the sample collected
from the crucible lid, revealing that there are large-scale ultralong
AIN nanowires with high density. SEM image with higher magnifica-

tion (Figure 2b) indicates that the flexible nanowires are 100-150 nm
in diameter and up to 1 mm in length with smooth surface and good
toughness. The flexible structure and smooth surface of the ultralong
nanowires are important for applications as catalyst in fuel cells. The
typical TEM feature of a single AIN nanowire (Figure 2c) suggests a
highly ordered and uninterrupted wire structure for the nanowires,
where no segmentation or morphological imperfections, such as
branching, are observed. High resolution TEM image (Figure 2d)
indicates that an amorphous thin sheathed layer with thickness of
2-3 nm on the nanowire surface, and no defects like dislocations and
stacking faults are found, indicating the high crystalline nature of the
nanowires. The surface area of the AIN nanowire catalyst was deter-
mined by using the N, adsorption technique and the value is 43 m*/g,
which is close to the calculated value with diameter of 100 nm.
Figure 3 shows the polarization and power density curves obtained
in an alkaline DMFC single cell with PtRu/C electrodes on the anode
side and either AIN nanowire catalyst or Pt/C as the cathode electro-
des at 60°C. Clearly, the initial cell performance and power density of
the single cell equipped with Pt/C are superior to those recorded for
AIN nanowire. The open circuit potential (OCP) for both single cells
is of ca. 0.89 V. The maximum power densities are of ca. 30.5 and
18.9 mW cm? for single cells with Pt/C or AIN nanowire cathode
electrodes, respectively. After being maintained at 100 mA ¢cm ™ for
48 h, the situation changes drastically. As shown in Fig. 3b the OCP
for both single cells decreases to around 0.8 V, while the maximum
power densities decrease to 16.9 and 17.4 mW cm™? for Pt/C-based
single cell and AIN nanowire-based single cell, respectively.
Remarkably, the effect of running time on performance of the single
cell assembled with AIN nanowire catalyst is less pronounced com-
pared to that on performance of the single cell using Pt/C catalyst.
The origin for the superior methanol tolerance of AIN should be
ascribed to the inertness of AIN toward methanol oxidation.

Discussion

Electrochemical property of the AIN nanowire catalyst was per-
formed by using cyclic voltammetry(CV) in N, saturated 1 M
KOH aqueous solution electrolyte with a scan rate of 50 mV s
(Figure 4). No significant oxidation or reduction current peaks are
observed in the CV curve recorded from N, saturated solution, indi-
cating that the novel catalyst is electrochemically stable over the
entire potential range (—0.9-+0.2 V vs. MMO). These results dif-
fered from other reports on non-noble ORR catalysts such as Fe-N/C
containing instable metal ions that present redox couples within the
electrochemical windows'®. Furthermore, no significant oxidation or
reduction current peak is observed in the curves when methanol was
presented in the solution, demonstrating that the AIN nanowire is
also chemically stable in methanol.

Figure 2 | SEM of the AIN nanowire grown on the substrate (a), and the collected AIN nanowire catalyst (b); (c) and (d) are TEM and high resolution

TEM micrographs of the AIN nanowire, respectively.
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Figure 3| (a) initial single cell performance, and (b) single cell performance after stabled at 100 mA cm ™2 for 48 h, of the single cell assembled with AIN

cathode in comparison with Pt/C cathode.

To assess their ORR activity, the AIN nanowire coated electrodes
were also tested in O, saturated KOH solution. As displayed in
Figure 5, the reduction waves near —0.3 V vs. Hg/HgO indicate that
the catalyst is active toward the ORR. The pronounced electrocata-
Iytic activity is associated with an ORR onset potential at about
—0.12 V vs. Hg/HgO. The cathodic current density achieved a value
of —1.3 mA cm™ at —0.28 V vs Hg/HgO. To examine the ORR
kinetics and the corresponding kinetic parameters for the AIN nano-
wire catalyst, linear sweep voltammograms (LSV's) were recorded at
various electrode rotation rates from 400 to 2000 rpm, in an O,
saturated solution with a rotating disk electrode (RDE) (Figure 5a).
The current at low-potential range shows a typical increase with
rotation rate due to the attenuated diffusion layer. The onset poten-
tial of AIN nanowire is more negative than that of the commercial Pt/
C catalyst, and it presents a slightly lower limiting current density
than that of Pt/C, which consists with the results of single cell
performance. However, for practical application in DMFC, the
methanol crossover effect should also be considered. Thus, the
current-time (i-t) chronoamperometric responses of Pt/C and AIN
electrodes upon adding 3M methanol were recorded. (Figure. 5b)
After the addition of methanol, the AIN electrode shows no notice-
able change in its ORR current, indicating its superior methanol
tolerance and high catalytic selectivity against methanol. While in
contrast, an instantaneous current jump is observed for Pt/C elec-
trode after the addition of methanol, which should be attributed to
the initiation of methanol oxidation reaction (MOR). The different
responses demonstrate the remarkably superior methanol tolerance
of AIN nanowire to commercial Pt/C as the ORR catalyst.

By plotting applied electrode potential (E) as a function of log(ig)
(iq is the disk current density), as shown in Figure 6, the Tafel slope
and the intercept can be separately obtained. Thus, two important
ORR Kkinetic parameters (the electron transfer coefficient, o, and the
exchange current density, i°) can be calculated. The exchange current
density (i°) calculated through a Tafel equation is about 6.52 X
107* A/cm?, close to the exchange current density obtained for the
O, reduction on the Pt microelectrodes at acidic condition®*2, The
number of electrons transferred (n) is calculated to be ~2.45 at
—0.1-—0.2 V vs. Hg/HgO from the slopes of the Koutecky-Levich

plots', suggesting that the ORR catalyzed by the AIN nanowires is a
mixed process of 2- and 4-electron transfer.

In conclusion, the crystallized AIN nanowires are elelctrochemi-
cally stable in alkaline conditions with or without methanol. No
significant oxidation or reduction current peak is observed in the
CV curve recorded from N, saturated solution in the investigated
potential range. Linear sweep voltammograms (LSV's) demonstrates
that the AIN nanowire catalyst has a pronounced electrocatalytic
activity with ORR onset potential at about —0.12 V vs. Hg/HgO
and a high cathodic current density of —1.3 mA cm™> at —0.28 V
vs Hg/HgO. The exchange current density is about 6.52 X 107* A/
cm’ and is independent on the methanol addition in the electrolyte.
Single cell performance achieves 18.9 mW cm™? for the DMFC with
AIN nanowire cathode electrodes. After being maintained at 100 mA
cm ™ for 48 h, the AIN nanowire-based cell keeps 92.1% of the initial
performance, in comparison with 54.5% for the cell assembled with
Pt/C cathode. The results demonstrated the AIN nanowire catalyst is
a promising methanol-tolerant candidate as oxygen reduction elec-
trocatalyst for alkaline direct methanol fuel cells.

Methods

Preparation of the AIN nanowire catalyst. AIN nanowire catalyst was conducted ina
RF-heated furnace capable in the temperatures of 1700°C. TaC crucible with 30 mm
in diameter and 50 mm in depth was used. AIN source materials sintered at 1500°C
for 2 h served as charge. Fiber growth was carried out under a nitrogen (99.999%)
pressure of 0.6 atm and a distance of 10 mm between the source and crucible lid. The
estimated temperature gradient between the source and crucible lid was 3-7°C/mm.
After growing for 2 hours, the AIN nanowire catalyst was collected from the crucible
lid.

Structure analysis of the AIN nanowire catalyst. The morphology and micro-
structure of the collected products were examined by SEM (Filiphis, XL-30) and
HRTEM (Philip CM-200). The fiber orientation was identified by XRD. Here, XRD
data were collected on a MACM18XHF diffractometer with Cu Ko radiation. The
nitrogen adsorption and desorption isotherms at 77 K were collected by using a
Micrometrics ASAP 2020 system. The samples were degassed overnight prior to the
test. Brunauer-Emmett-Teller (BET) surface areas were estimated over a relative
pressure (P/P0) range from 0.05 to 0.30.

Electrochemical performance of the AIN nanowire catalyst. The electrocatalytic
characterization for the ORR on the electrocatalysts was evaluated in a 1 M KOH
aqueous solution with or without methanol at 30°C using the Autolab PGSTAT-30

| 4:6013 | DOI: 10.1038/srep06013

3



a)

b)

-2 -2
— N, saturated — 0, saturated

i 1 N, saturated with methanol —— O, saturated with methanol
« = -1 -1

£

= ]

<

)

z

g |

W

=

E 1

E

=

O ]

2 2]
T T T T T v T T T v T v T T T T
-0.9 -0.6 0.3 0.0 0.3 -0.9 -0.6 -0.3 0.0 0.3
Potential (V vs.Hg/HgO)

Figure 4 | Cyclic voltammetry of AIN nanowire catalyst as ORR catalysts in N,-saturated 1 M KOH (a) and O,-saturated 1 M KOH (b) with or without

2 M methanol.

electrochemical system. The electrochemical measurements were made in a classical
three-electrode electrochemical cell with a Pt mesh counter electrode and Hg/HgO
(MMO) reference electrode. To prepare the working electrode, 10 pL of catalyst ink,
consisting of 2 mg AIN nanowire catalyst per mL, was pipetted onto the surface of a
GC disk electrode with a geometric area of 0.20 cm?. The catalyst loading was kept at
0.1 mg cm™>. After the coating dried, 5 uL of PBI solution (5wt% in
Dimethylacetamide) was dropped onto the catalyst coating to form a catalyst layer.

Cyclic voltammograms and single-scan current-voltage curves were collected in
the potential range of —0.9- 0.2 V vs. MMO at 50 mV/s. To evaluate the alcohol
crossover tolerance of the electrocatalysts, solutions of 1 M KOH with 2 M methanol
were used as the electrolyte Linear sweep voltammograms were conducted at 400,
800, 1200, 1600, and 2000 revolutions per minute (RPM) with a scan rate of 10 mV/s.
The current —time (i-t) chronoamperometry was recorded for both Pt/C and AIN
nanowire electrodes upon adding 3 M methanol at —0.4 V in O,-saturated 1 M
KOH at a rotation rate of 1600 rpm.
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Figure 5| (a) Linear sweep voltammograms of AIN nanowire and commercial Pt/C as ORR catalysts in O, saturated 1 M KOH. Scan rate: 10 mV s

Single cell performance of the AIN nanowire catalyst. KOH dope PBI film (100 pm
thick) were used as polymer electrolyte membrane as reported®. Prior to fabricating
electrodes, a homogeneous suspension composed of PTFE and carbon powder was
sprayed onto the carbon paper (TGP-060, Toray Inc.) to form the gas diffusion layer
with sublayer®. Catalyst slurry was prepared prior to the MEA fabrication. A
commercial PtRu/C (Johnson Matthey, 30 wt%, Pt:Ru 2:1) was used as anode
whereas AIN nanowire catalyst or commercial Pt/C (Johnson Matthey, 40 wt%) was
used at the cathode side. During the preparation, Pt-Ru/C (1 g), AIN nanowire (1 g)/
active carbon (0.3 g) or Pt/C(1 g) were mixed with 13 mL deionized water under
vigorous stirring. Then 6.7 mL PBI solution (5wt% in Dimethylacetamide) was added
to the mixture, followed by ultrasonic treatment for 30 min and a high-speed
homogenizer for 1 h to form catalyst slurry. The catalyst slurry was applied to PTFE
thin film by spraying. After dried at 60°C for 10 min followed with at 90°C in N,
atmosphere for 3 min, the catalyst layer was then transferred onto the membrane at
125°C and 10 MPa by the decal method to form the catalyst-coated membrane
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(b) Current —time (i-t) chronoamperometric response of Pt/C and AIN nanowire electrodes by adding 3 M methanol after 500 s at —0.4 V in O,-

saturated 1 M KOH at a rotation rate of 1600 rpm.
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(CCM)*. The gas diffusion layers were placed on the anode and cathode side of the
CCM to form the MEA. The Pt or AIN loading for both the anode and cathode
catalyst layer was controlled by weight and the value was 0.8 mg/cm’.

Two flow-field plates made of high-density carbon with carved double-channel
serpentine flow paths (1 mm wide and 1 mm deep) were fixed next to the MEA.
Finally, the single fuel cell was assembled by two gold-plated copper end plates
used as current collectors and assembled next to the flow-field plates. Fuel cells
were tested at 60°C under ambient pressure conditions using 2 M methanol in
1 M KOH aqueous solution as fuel into the anode and oxygen as oxidant into the
cathode. The flow rates for methanol and oxygen were kept constant with values
of 20 and 40 mL/min, respectively. The cell voltage (V) was obtained by varying
the current at 5 mA intervals and equilibrated for 7 s between the intervals during
the polarization curve measurement using an Autolab PGSTAT-30 electrochem-
ical system.

1. Sundarrajan, S., Allakhverdiev, S. I. & Ramakrishna, S. Progress and perspectives
in micro direct methanol fuel cell. Int. J. Hydrogen Energ. 37, 8765-8786 (2012).

2. Liu, Z. et al. Sulfur-nitrogen co-doped three-dimensional carbon foams with
hierarchical pore structures as efficient metal-free electrocatalysts for oxygen
reduction reactions. Nanoscale 5, 3283-8 (2013).

3. Ahmed, M. & Dincer, I. A review on methanol crossover in direct methanol fuel
cells: challenges and achievements. Int. J. Energ. Res. 35, 1213-1228 (2011).

4. Zenith, F. & Krewer, U. Simple and reliable model for estimation of methanol
cross-over in direct methanol fuel cells and its application on methanol-
concentration control. Energ. Environ. Sci. 4, 519-527 (2011).

5. Wang, Z. H. et al. Research Progress on Pt-Based Anode Catalysts in the Direct
Methanol Fuel Cell. Acta Chim. Sinica 71, 1225-1238 (2013).

6. Basri, S., Kamarudin, S. K., Daud, W. R. W. & Yaakub, Z. Nanocatalyst for direct
methanol fuel cell (DMFC). Int. ]. Hydrogen Energ. 35, 7957-7970 (2010).

7. Du,C.Y.,, Zhao, T. S. & Yang, W. W. Effect of methanol crossover on the cathode
behavior of a DMFC: A half-cell investigation. Electrochim. Acta 52, 5266-5271
(2007).

8. Liu, P, Yin, G. P. & Cai, K. D. Investigation on cathode degradation of direct
methanol fuel cell. Electrochim. Acta 54, 6178-6183 (2009).

9. Tang, H. L, Pan, M,, Jiang, S. P. & Yuan, R. Z. Modification of Nafion (TM)
membrane to reduce methanol crossover via self-assembled Pd nanoparticles.
Mater. Lett. 59, 3766-3770 (2005).

10. Fu, G. T. et al. One-Pot Water-Based Synthesis of Pt-Pd Alloy Nanoflowers and
Their Superior Electrocatalytic Activity for the Oxygen Reduction Reaction and
Remarkable Methanol-Tolerant Ability in Acid Media. J. Phys. Chem. C 117,
9826-9834 (2013).

11. Gao, M. R. et al. A Methanol-Tolerant Pt/CoSe2 Nanobelt Cathode Catalyst for
Direct Methanol Fuel Cells. Angew. Chem. Int. Edit 50, 4905-4908 (2011).

12. Wang, D. L. et al. Pt-Decorated PdCo@Pd/C Core-Shell Nanoparticles with
Enhanced Stability and Electrocatalytic Activity for the Oxygen Reduction
Reaction.]. Am. Chem. Soc. 132, 17664-17666 (2010).

13. Trinh, Q. T, Yang, J. H,, Lee, J. Y. & Saeys, M. Computational and experimental
study of the Volcano behavior of the oxygen reduction activity of PAM@PdPt/C
(M = Pt, Ni, Co, Fe, and Cr) core-shell electrocatalysts J.Catal. 291, 26-35 (2012).

14. Liu, S. H., Zheng, F. S. & Wu, J. R. Preparation of ordered mesoporous carbons
containing well-dispersed and highly alloying Pt-Co bimetallic nanoparticles
toward methanol-resistant oxygen reduction reaction. Appl. Catal. B-Environ.
108, 81-89 (2011).

15. Taufany, F. et al. Relating Structural Aspects of Bimetallic Pt3Cr1/C
Nanoparticles to Their Electrocatalytic Activity, Stability, and Selectivity in the
Oxygen Reduction Reaction. Chem.- Eur. J. 17, 10724-10735 (2011).

16. Yang, J. H., Zhou, W. J., Cheng, C. H,, Lee, J. Y. & Liu, Z. L. Pt-Decorated PdFe
Nanoparticles as Methanol-Tolerant Oxygen Reduction Electrocatalyst. ACS
Appl. Mater. Interfaces 2, 119-126 (2010).

17. Lefevre, M., Proietti, E., Jaouen, F. & Dodelet, J. P. Iron-Based Catalysts with
Improved Oxygen Reduction Activity in Polymer Electrolyte Fuel Cells. Science
324, 71-74 (2009).

18. Feng, Y. J. & Alonso-Vante, N. Nonprecious metal catalysts for the molecular
oxygen-reduction reaction. Phys. Status Solid B 245, 1792-1806 (2008).

19. Gong, K. P., Du, F,, Xia, Z. H., Durstock, M. & Dai, L. M. Nitrogen-Doped Carbon
Nanotube Arrays with High Electrocatalytic Activity for Oxygen Reduction.
Science 323, 760-764 (2009).

20. Yang, W, Fellinger, T.-P. & Antonietti, M. Efficient Metal-Free Oxygen
Reduction in Alkaline Medium on High-Surface-Area Mesoporous Nitrogen-
Doped Carbons Made from Ionic Liquids and Nucleobases. J. Am. Chem. Soc.
133, 206-209 (2010).

.Li, Y. et al. An oxygen reduction electrocatalyst based on carbon nanotube-
graphene complexes. Nat. nanotechnol. 7, 394-400 (2012).

22. Wu, Z.-S. et al. 3D Nitrogen-Doped Graphene Aerogel-Supported Fe304

Nanoparticles as Efficient Electrocatalysts for the Oxygen Reduction Reaction.
J. Am. Chem. Soc. 134, 9082-9085 (2012).

23. Liu, Z. et al. Sulfur-nitrogen co-doped three-dimensional carbon foams with
hierarchical pore structures as efficient metal-free electrocatalysts for oxygen
reduction reactions. Nanoscale 5, 3283-3288 (2013).

24.Xu,J. X, Dong, G. F,, Jin, C. H., Huang, M. H. & Guan, L. H. Sulfur and Nitrogen
Co-Doped, Few-Layered Graphene Oxide as a Highly Efficient Electrocatalyst for
the Oxygen-Reduction Reaction. Chemsuschem 6, 493-499 (2013).

25. Sun, X. J. et al. A Class of High Performance Metal-Free Oxygen Reduction
Electrocatalysts based on Cheap Carbon Blacks. Sci. Rep. 3, (2013).

26. Goswami, G. K., Nandan, R., Barman, B. K. & Nanda, K. K. Excellent performance
of Pt-free cathode in alkaline direct methanol fuel cell at room temperature.

J. Mater. Chem. A 1, 3133-3139 (2013).

27.Ye, Y. S. et al. Alkali doped polyvinyl alcohol/graphene electrolyte for direct
methanol alkaline fuel cells. J. Power Sources 239, 424-432 (2013).

28. Yu, E. H., Krewer, U. & Scott, K. Principles and Materials Aspects of Direct
Alkaline Alcohol Fuel Cells. Energies 3, 1499-1528 (2010).

29. Sun, X. J. et al. Fluorine-Doped Carbon Blacks: Highly Efficient Metal-Free
Electrocatalysts for Oxygen Reduction Reaction. ACS Catal. 3,1726-1729 (2013).

30. Liu, Q. & Zhang, J. Y. Graphene Supported Co-g-C3N4 as a Novel Metal-
Macrocyclic Electrocatalyst for the Oxygen Reduction Reaction in Fuel Cells.
Langmuir 29, 3821-3828 (2013).

. Parthasarathy, A., Davé, B, Srinivasan, S., Appleby, A. J. & Martin, C. R. The
Platinum Microelectrode/Nafion Interface: An Electrochemical Impedance
Spectroscopic Analysis of Oxygen Reduction Kinetics and Nafion Characteristics.
J. Electrochem. Soc. 139, 1634-1641 (1992).

32. Xie, Z. & Holdcroft, S. Polarization-dependent mass transport parameters for orr
in perfluorosulfonic acid ionomer membranes: an EIS study using
microelectrodes. J. Electroanal. Chem. 568, 247-260 (2004).

33. Xing, B. & Savadogo, O. Hydrogen/oxygen polymer electrolyte membrane fuel
cells (PEMFCs) based on alkaline-doped polybenzimidazole (PBI). Electrochem.
commun. 2, 697-702 (2000).

34. Tang, H., Wang, S., Pan, M. & Yuan, R. Porosity-graded micro-porous layers for
polymer electrolyte membrane fuel cells. J.Power Sources 166, 41-46 (2007).

35. Tang, H., Wang, S., Pan, M., Jiang, S. P. & Ruan, Y. Performance of direct
methanol fuel cells prepared by hot-pressed MEA and catalyst-coated membrane
(CCM). Electrochim. Acta 52, 3714-3718 (2007).

2

—

3

—_

Acknowledgments

This work was financially supported by The National Basic Research Program of China
(Grant No. 2013CB932901, 2010CB923200), Program for New Century Excellent Talents
in University (NCET-13-0684), Fund of State Key Laboratory of Information Photonics
and Optical Communications (Beijing University of Posts and Telecommunications, PR
China), National Natural Science Foundation of China (Grant No. 61376018, 51372267,
51102019, 51272031).

Author contributions

M.L, T.H.L. and W.J.W. conceived the idea, performed the experiments, analyzed and
discussed data and wrote the paper; J.R.L. performed the characterization, revised the paper.
J.W. and Y.G.W. contributed to the AIN synthesis, TEM and XRD experiments.

Additional information

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Lei, M. et al. Emerging methanol-tolerant AIN nanowire oxygen
reduction electrocatalyst for alkaline direct methanol fuel cell. Sci. Rep. 4, 6013;
DOI:10.1038/srep06013 (2014).

| 4:6013 | DOI: 10.1038/srep06013



This work is licensed under a Creative Commons Attribution-NonCommercial- lCommons license, users will neeSi to obte%m permission fr(')m‘ the llcer}ss holder
s ShareAlike 4.0 International License. The images or other third party material in this in order to reproduce the material. To view a copy of this license, visit http://
article are included in the article’s Creative Commons license, unless indicated creativecommons.org/licenses/by-nc-sa/4.0/
otherwise in the credit line; if the material is not included under the Creative

| 4:6013 | DOI: 10.1038/srep06013 6


http://creativecommons.org/licenses/by-nc-sa/4.0/
http://creativecommons.org/licenses/by-nc-sa/4.0/

	Emerging methanol-tolerant AlN nanowire oxygen reduction electrocatalyst for alkaline direct methanol fuel cell
	Introduction
	Results
	Discussion
	Methods
	Preparation of the AlN nanowire catalyst
	Structure analysis of the AlN nanowire catalyst
	Electrochemical performance of the AlN nanowire catalyst
	Single cell performance of the AlN nanowire catalyst

	Acknowledgements
	References


