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Abstract

The methanol crossover effects and high-cost of Pt based catalysts severely restrict the practical applications of direct
methanol fuel cells (DMFCs). In this work, a novel structure of ~25 nm AIN nanoparticles with graphite carbon
outer coating (AIN@C) was synthesized via a one-step solid-state method with simultaneous nitridation processes
and carbon graphitization. AIN@C nanocomposites were exploited as a catalyst of the oxygen reduction reaction
(ORR). Benefited from the graphite carbon outer coating, AIN@C exhibits enhanced electrochemical properties
(more positive onset potential and higher current density) than pure AIN. Notably, superior methanol-tolerance (a
negligible current change after adding 3 M methanol) and excellent durability (91.4 % of the initial current density
remained after 10000 s of chronoamperometry test) can be observed. This study provides a feasible approach for
developing the applications of traditional ceramic materials towards the ORR catalyst in DMFCs.
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I. Introduction

To meet the growing energy demand, exploitation of new
energy conversion devices has attracted much attention,
because the traditional fossil fuels are limited in resource
reserve and can result in severe environmental disrup-
tion 1 =3, Fuel cells have been considered as one of the most
promising power source due to their high efficiency and
low emission levels 6-8. In particular, direct methanol fuel
cells (DMFCs), which produce electrical energy from the
electrochemical reactions of methanol oxidation and oxy-
gen reduction, are more attractive for the portable electri-
cal applications ?-12. However, the cathodic oxygen re-
duction reaction (ORR) is still a primary factor to de-
termine the reaction kinetics of DMFCs for its sluggish
kinetics. Although the Pt based materials have been em-
ployed as state-of-the-art electrocatalyst, the high cost re-
stricts their commercialization. In addition, the poison-
ing of cathode caused by detrimental effect of methanol
crossover is another critical issue 12-14,

In order to overcome these problems, great efforts have
been made to develop novel methanol-tolerant electro-
catalysts. Pt-based alloy with transition metals non-active
toward methanol oxidation, such as Co, Ni, Fe and Cu,
is employed to enhance the ORR and methanol-tolerant
performances 15-19 Nevertheless, the unmanageable pro-
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cess for preparation of these nanocrystalline alloys and
their inherently tendency to favor the methanol oxidation
over ORR cannot satisfy the huge demand for low-cost
and efficient methanol-tolerant catalysts 20. Recently, var-
ious nitrogen coordinated non-precious metals have been
demonstrated to possess high activity and methanol-toler-
ance for ORR. Compared to particular metal crystal, the
metal nitrides with metal-nitrogen bonding on the surface
is expected to be favorable for ORR activity due to the dis-
ordered lattice that can promote the donation of electrons
to oxygen molecules 21. The catalysts of FeN, NbN and
TiN have been reported to exhibit positive onset potentials
for the ORR close to those of Pt based materials 22-25.

Considering the superior electronic conductivity and
strong toughness of carbon materials include graphene,
carbon nanotubes and mesoporous carbons, developing
the composites with these carbon materials is one of the
most common strategies to improve the electrocatalytic
performance 26-28. For instance, the VN/C nanocom-
posites exhibit a considerable ORR activity with an ap-
proximate onset potential at about 0.87 V vs. RHE and an
obviously superior methanol-tolerant performance com-
paring to the Pt/C catalysts 29. Recently, Fe-N-doped
mesoporous carbon microspheres are synthesized using a
facile in situ replication and polymerization strategy and
exhibit high activity, superior durability, and good tol-
erance to methanol in comparison to commercial Pt/C
catalysts 30.
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In this work, the novel AIN@C nanocomposites of AIN
nanoparticles enclosed by graphite carbon are successfully
synthesized via a one-step solid-state method employing
melamine and Al,O3 as raw materials under N, atmo-
sphere. The unique structure with graphite carbon outer
coating ensures the enhanced current density, onset and
half-wave potentials, long-time durability and methanol-
tolerance of the AIN@C nanocomposites toward ORR.
The results indicate that AIN@C nanocomposites can
be a promising methanol-tolerant catalyst for ORR in
DMFCs.

II. Experimental

Allthe raw materials are of analytical pure grade and pur-
chased from commercial source without further purifica-
tion. In the typical synthesis of the AIN@C nanocom-
posites, 5 mmol Al,O; powder and 40 mmol melamine
(C3N3(INH,);) were mixed together, followed by being
milled to homogeneity in an agate mortar. Then, a cer-
tain amount of the obtained mixture should be transport-
ed to the steel mold and was pressed into tablets. These
tablets were heated at 1500°C for 12 h with a heating
rate of 5 K/min in the high temperature tubular furnace
(GXL-1700X). After cooling to room temperature, the
black AIN@C powders were collected. To isolate the air,
asteady flow of N, at 50 sccm was conducted in the whole
heating and cooling processes.

The X-ray diffraction (XRD) pattern was collected on
the Panalytical X’pert diffractometer from 10° to 90° with
Cu Ka radiation. Micro morphology and structure were
characterized by the field-emission scanning (FESEM,
Hitachi, S-4800) and transmission electron microscope
(TEM,JEM-ARM200F) equipped with energy-dispersive
X-ray spectroscopy (EDX). Raman spectra was record-
ed on LabRAM Aeamis microscopic confocal Raman
spectrometer (Horiba Jobin Yivon) to analyze the carbon
outer coating with excitation wavelength of 325 nm.

All of the electrocatalytic characterizations for ORR
were performed on Autolab PGSTAT204 electrochemical
workstation in 0.1 M KOH solution. A three-electrode
system consisted of glassy carbon working electrode with
adiameter of 5 mm, Ptfoil counter electrode and Ag/AgCl
reference electrode was employed. To prepare the work-
ing electrode, 5 mg of AIN@C nanocomposites should be
dispersed in the mixture of 1400 pL of isopropanol, 600 pL
of ultrapure water and 30 pL of Nafion solution (5.0 wt%)
by ultrasonic processing for 30 min to form the catalyst
ink. Then, 20 pL of ink was pipetted onto the surface of
glassy carbon electrode with a catalyst loading of ~0.25
mg cm2. Cyclic voltammetry (CV) measurements were
carried outatascanrate of 50 mVs-! from-0.8t0 0.2 V ver-
sus Ag/AgClin N, or O,-saturated 0.1 M KOH solution.
The rotating disk electrode (RDE) measurements were
conducted at a scan rate of 10 mV s-! with the rotation
rate of 400, 800, 1200, 1600 and 2000 rpm. Chronoam-
perometry I-t curve was recorded with the rotation rate
of 1600 rpm in O,-saturated electrolyte on -0.4 V versus
Ag/AgCl, and 3 M methanol could be added at 500 s for
the test of methanol-tolerance. Before the experiments, all
electrodes should be activated by potential cycling from

-0.8t0 0.2 V ata scan rate of 500 mV s-1. As a comparison,
the working electrodes modified by commercial AIN and
Pt/C catalysts were prepared and tested in the same way.

III. Results and Discussion

The structural characterizations of the carbon support-
ed AIN nanocomposites are firstly verified by XRD pat-
tern. Asshownin Fig. 1, the typical diffraction peakslocat-
ed at 2-theta = 33.2, 36.0, 37.9, 49.8, 59.3, 66.1, 69.7, 71.4,
72.6 and 81.1° corresponding well to the hexagonal AIN
phase (ICDD-PDF No. 25-1133). The sharp and strong
peaks indicate the high crystallization of AIN. Meanwhile,
a relative soft and weak peak around 26.0° is obvious,
which can be indexed as graphite carbon (ICDD-PDF No.
41-1487). All XRD characterizations suggest that the as-
prepared sample is consisted of AIN and graphite carbon.
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Fig. 1: XRD pattern of AIN@C nanocomposites.

To investigate the micro- structure and morphology of
the composites, scanning electron microscopy (SEM) im-
age exhibited the AIN nanoparticles and graphite carbon
outer layer in Fig. 2a. For more detailed characteriza-
tions, TEM and HRTEM images at different magnifica-
tions are shown in Fig. 2b-d. It can be observed that mas-
sive graphite carbon encloses the AIN nanoparticles with
an average size of ~25 nm, and the nanocomposites are
stacked disorderly. The average particle size is in agree-
ment with the calculated resultaccording to Scherrer equa-
tion from the main diffraction peaks (24.6 nm), and the lat-
tice spacing of 0.246 nm corresponds to the (002) crystal
planes of AIN. Furthermore, the elemental mapping im-
ages in Fig. 3 show uniform spatial distribution of C, Al
and N, and the atomic ratio of Al and N can be evaluated
to be ~1 according to the EDX spectrum in Fig. 4.

In order to characterize the graphite carbon outer coat-
ing, Raman spectra of the nanocomposites is shown in
Fig. 5. The curve conforms to typical Raman spectra of
graphite carbon with high graphitization level. The Ra-
man peaks at 1586 cm™! corresponds to G band that is at-
tributed to sp2 hybridization of carbon atoms, and another
broad peak at 1410 cm™! can be assigned to D band of the
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Fig.2: SEM image (a), TEM images (b, c) at different magnifications and HRTEM image (d) of AIN@C nanocomposites.

local defects and disorders. It should be pointed out that
the obvious shifts of D band can be attributed to the disor-
ders of N- substituted and the adsorption towards metal
nitrides 3132, Thus, the AIN@C nanocomposites can be
accurately identified as the AIN nanoparticles enclosed by
graphite carbon.

50 nm 50 nm

Fig.3: HR-TEM image (a) and element mapping spectra C (b), Al
(c) and N (d) of AIN@C nanocomposites.

As previously reported, NH; and some chemically reac-
tive hydrogen- carbon-, and nitrogen-containing atomic
species such as CN,2+, C,N,*, C3N,+and C3N3+ can be
released during the pyrolysis of melamine at appropriate
temperature. These chemically reactive atomic species re-
duce aluminium oxide to aluminum elements and the N
atoms can be incorporation into the metal lattice at high
temperature with the high purity nitrogen shielded. Mean-
while, the graphite carbon outer layers are produced with
the synergistic effect of AIN nanoparticles 33.
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Fig. 4: EDX measurements of AIN@C nanocomposites.

The electrocatalytic activities of AIN@C nanocompos-
ites for the ORR are firstly characterized by CV tests
as shown in Fig. 6. Comparing with the featureless CV
curve obtained in Nj-saturated electrolyte, both AIN@C
nanocomposites and commercial AIN exhibit typical re-
ductions current peak in O,-saturated condition, which
suggests the intrinsic electrochemical property of AIN as
an ORR catalyst. Obviously, AIN@C nanocomposites
present higher current density than commercial AIN, in-
dicating the better ORR catalytic activity for synergistic
effect of the graphite carbon outer coating. In addition, the
ORR kinetics of AIN@C nanocomposites and commercial
AIN are further investigated by linear sweep voltammetry
(LSV) tests with increasing electrode rotation rates from
400 to 2000 rpm, and the Koutecky-Levich (K-L) plots at
different potentials are also presented in Fig. 7. Itis easy to
find that the current density is enhanced with the rotation
rate of both samples, while the limited diffusion current
density of AIN@C nanocomposites is apparently higher
than that of commercial AIN at the same rotation rate. As
the key parameter to estimate ORR kinetics, the number
of transferred electron (n) of AIN@C nanocomposites is
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calculated to be 2.23 to 2.43 according to the slops of K-
L plots, indicating the mixed process of 2- and 4- elec-
trons transfer during the oxygen reduction. However, the
number of transferred electron of AIN is limited at 1.47 to
1.77, which is identified as a sluggish 2-electron peroxide
pathway. The favorable promotionin transferred electrons
number and pathway can be attributed to the introduction
of graphite carbon outer coating, which possesses good
electrical conductivity and electrochemical capability 34.
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Fig.5: Raman spectrum of AIN@C nanocomposites from Raman
shift of 1200 to 2000 cm-1.
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Fig. 6: CV curves of AIN@C nanocomposites (a) and commercial

AIN (b) modified glassy carbon RDE in N,- and O,- saturated 0.1
M KOH at a scan rate of 50 mV s-1.
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Fig.7: LSV curves of AIN@C nanocomposites (a) and commercial
AIN (b) modified glassy carbon RDE in O,-saturated 0.1M aque-
ous KOH electrolyte at a scan rate of 5 mVs-! from 400 to 2000 rpm,
and the insets showed linear fitting of the Koutecky-Levich model
at different potentials.

Moreover, the ORR polarizations curves of different
catalysts at the rotation rate of 1600 rpm exhibits a vi-
sualized comparison for their electrocatalytic ability. As
shown in Fig. 8, the ORR onset potentials of AIN@C
nanocomposites and commercial AIN are 0.82 and 0.76
V, and half-wave potential are 0.66 and 0.57 V vs. RHE,
respectively. Although there is a certain gap between the
best ORR catalyst of Pt/C and AIN@C nanocompos-
ites, the virtual improvement for the composites with
graphite carbon outer coating is of great significance. The
novel graphite carbon supported AIN@C nanocompos-
ites provide an unprecedented application to promote the
cathodic oxygen reduction for the kind of traditional ce-
ramic material. Besides that, the crossover of methanol is
a serious constraint for the practical application in DM-
FCs. Fig. 9a shows the methanol-tolerant ability in term
of chronoamperometric curves by adding 3 M methanol
at 500 s. It is clear that a remarkable change in the current
density can be observed for Pt/C catalyst as the addition
of methanol, while no noticeable change can be found for
the catalysts of commercial AIN and AIN@C nanocom-
posites. These results demonstrate that AIN is much less
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active towards methanol oxidation reaction, which con-
tributes to the tolerance performance of methanol in the
ORR process. In order to investigate internal factors for
the notable methanol-tolerance, CV tests with and with-
out methanol are recorded (Fig. 9b). Compared with the
typical CV curves obtained in O,-saturated electrolyte
without methanol, no oxidation or reduction current
peak can be observed. However, the commercial AIN suf-
fers a severe decrease in ORR current density and onset
potential. Thus, we determine that the intrinsic stabil-
ity cooperating with the outer coating of graphite car-
bon results in the enhanced methanol-tolerant ability of
AIN@C nanocomposites.
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Fig. 8: ORR polarization curves of Pt/C, AIN@C nanocomposites
and commercial AIN modified glassy carbon RDE at1600 rpm in
O,-saturated 0.1 M KOH electrolyte.

In addition, the chronoamperometric curves are also
used to test the long-time durability of the catalysts. As
shown in Fig. 10, the current densities of Pt/C, commer-
cial AIN and AIN@C nanocomposites electrodes remain
87.3, 70.4 and 91.4 percentage of their initial values after
10000 s. The commercial AIN without graphite carbon
outer coating displays a poor durability, and that is caused
by the possible catalyst dissolution on surface of elec-
trode. Therefore, the remarkable enhanced durability of
as-prepared AIN@C nanocomposites can be attributed
to the protector of graphite carbon, which is chemically
stable in alkaline condition and can effectively insulate the
corrosion from KOH electrolyte 3.

In terms of the above analyses of ORR electrocatalyt-
ic performance, the AIN@C nanocomposites consisted
of AIN nanoparticles and graphite carbon outer coating
display the higher current density, more positive onset
and half-wave potentials, fine methanol tolerance, and en-
hanced long-time durability than commercial AIN. We de-
duce that the graphite carbon outer coating acts as the elec-
trical conduction layer to enhance the charge transporta-
tion in the ORR process and the protector to prevent the
catalysts poisoning.
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Fig.9: (a) Chronoamperometric response of Pt/C, AIN@C
nanocomposites and commercial AIN modified glassy carbon RDE
at 0.4 V in O,-saturated 0.1 M KOH with 1600 rpm, 3 M methanol
was injected after 500 s; (b) CV curves of AIN@C nanocomposites
(downside) and commercial AIN (upside) modified glassy carbon
RDE in Oj-saturated 0.1 M KOH at a scan rate of 50 mV s-! with
or without 3 M methanol.
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Fig. 10: Chronoamperometric curves of Pt/C, AIN@C nanocom-
posites and commercial AIN modified glassy carbon RDE at 0.4 V
in O,-saturated 0.1 M KOH electrolyte with 1600 rpm.
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IV. Conclusions

In summary, the novel AIN@C nanocomposites of AIN
nanoparticles enclosed by graphite carbon outer coating
were synthesized via a one-step solid-state method. Their
electrochemical performance towards catalyzing ORR,
which with little attention in the previous reports, has been
investigated in this work. AIN@C nanocomposites exhib-
it positive onset potential, half-wave potential and high-
er current density than commercial AIN, which can at-
tribute to the unique features of graphite carbon outer
coating. Although the ORR activity cannot match that of
Pt/C catalyst, the AIN@C nanocomposites exhibit supe-
rior methanol-tolerant ability and good durability. All of
these performances make the AIN@C nanocomposites a
promising methanol-tolerant catalyst for alkaline DMFCs
and other applications.
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