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ABSTRACT The oxygen reduction reaction (ORR) is one of the key steps in clean and efficient energy

conversion techniques such as in fuel cells and metal—air batteries; however, several disadvantages of

current ORRs including the kinetically sluggish process and expensive catalysts hinder mass production of

these devices. Herein, we develop carbonized nanoparticles, which are derived from monodisperse

nanoscale metal organic frameworks (MIL-88B-NHs), as the high performance ORR catalysts. The onset

potential and the half-wave potential for the ORR at these carbonized nanoparticles is up to 1.03 and
0.92 V (vs RHE) in 0.1 M KOH solution, respectively, which represents the best ORR activity of all the non-

noble metal catalysts reported so far. Furthermore, when used as the cathode of the alkaline direct fuel

cell, the power density obtained with the carbonized nanoparticles reaches 22.7 mW/cm?, 1.7 times higher

than the commercial Pt/C catalysts.
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he catalytic oxygen reduction in basic
Tsolution is a crucial cathodic reaction

for numerous promising renewable-
energy technologies such as in alkaline fuel
cells and metal—air batteries.® Unfortu-
nately, the electrocatalysts currently in use
for the oxygen reduction reaction (ORR)
cannot meet the application requirements
of high catalytic activity, good durability,
and low cost,” "2 greatly limiting the prac-
tical use of such innovative technologies.
As an example, platinum (Pt)-based electro-
catalysts have been the best ORR electro-
catalysts in basic media, but their wide-
spread use has been severely limited by
the high cost and scarcity."*° Therefore,
tremendous efforts have been devoted to
synthesize high performance, inexpensive,
and earth-abundant materials-based ORR
electrocatalysts to replace Pt?'?° Among
different synthetic strategies, pyrolysis of the
hybrids of organic molecules/polymers and
transition metal ions has been demonstrated
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as a very effective approach for obtaining
non-noble-metal electrocatalysts due to sim-
ple operation, significant cost-saving, and
easy scale-up.® 3> However, the overall per-
formance for the majority of such electro-
catalysts still cannot compete with conven-
tional Pt-based electrocatalysts, mainly due to
their rather low catalytic activity.®>® A widely
accepted reason for the low catalytic activity
is the lack of accurate control over the size,
shape, and structure of the organic—inorganic
hybrid precursors, giving rise to nonuniform
and insufficient exposure of the active cataly-
tic sites of the pyrolytic products.?®~>'

In this work, we propose to use nanoscale
metal—organic frameworks (MOFs) with
controllable size and shape as the pyrolytic
precursors to achieve high performance
ORR catalysts. This idea is mainly based on
two considerations. First, MOFs represent a
new family of crystalline framework materi-
als (more than 6000 members) made by
linking metal ions (Zn, Fe, Co, etc.) and
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organic moieties (synthetic small molecule, amino
acid, peptides, etc.) through coordination interac-
tions.3®*” Thanks to their diverse composition, ultra-
high surface area, and ordered and controllable porous
structure, MOFs offer an opportunity to obtain high
performance non-noble-metal electrocatalysts if the
porosity and uniformity of the catalytic active sites can
be inherited after pyrolysis.*® Second, compared with
bulk materials, nanoscale materials have a much great-
er capability to resist drastic structural/morphological
damage caused by high temperature pyrolysis,3>383°
and the larger surface-to-volume ratio would also
benefit electrocatalytic reactions if the sizes of the
pyrolytic products could be kept in the nanometer
scale.**! It should be pointed out that to adopt
carbonized MOFs as ORR catalysts has been recently
reported by utilizing Zn-based MOFs as the self-
sacrificed precursors.*>”*> Removal of easily evapo-
rated Zn elements at a high calcination temperature
gives rise to the generation of porous carbon catalysts
for ORR. However, different from the well-defined pore
structure of original Zn-based MOFs precursors, the
pores of as-carbonized products caused by Zn eva-
poration generally have a wide size distribution, and
furthermore removal of Zn elements eliminates possi-
ble catalytically active sites from transition metals,>94¢
thus causing that their ORR catalytic activity is still
lower than the desirable value. Therefore, how to
prepare the carbonized products, which could pre-
serve unique characteristics of MOFs precursors includ-
ing well-defined pore structure and size, rich chemical
composition, and homogeneous distribution of the
composed elements, is becoming the key to achieve
the non-noble-metal catalysts with ORR activity better
than conventional Pt/C catalysts.

RESULTS AND DISCUSSION

An Fe-based MOFs nanoparticle (NP), MIL-88B-NH;
[FesO(H,N-BDC)3, H,N-BDC = 2-aminoterephtalic acid],
is chosen as an ideal precursor for high-performance
ORR electrocatalyst. Figure 1 illustrates our selection
criteria. The Fe-based MOFs with N, O-containing
organic ligands are preferred. These MOFs provide
the opportunity to produce the highly active species
for ORR such as Fe/Fe;C—C after pyrolyzing at 900 °C.>°
In addition, the Fe and N codoped carbon materials
have better conductivity than pure carbon, which would
benefit electrochemical reactions such as ORR303146~48
Lastly, the porosity could prompt diffusion of both
reactants (O,) and products (OH™) if it is maintained.

The spindle-like MIL-88B-NH3 NPs with uniform di-
ameters of ~50 nm and lengths of ~140 nm (Figure 2a
and Supporting Information Figure S1a) were first syn-
thesized according to the previously reported hydrother-
mal method with slight modification** Subsequently,
as-synthesized MIL-88B-NH3 NPs were converted into the
carbonized NPs (CNPs) by heat treatment at 900 °C in Ar
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Oxygen reduction reaction in alkaline solution

Figure 1. Principle of high performance electrocatalysts for
oxygen reduction reaction in alkaline solution.

for 6 h. Notably, the transmission electron miscopy (TEM)
and scanning electron microscopy (SEM) images show
that both shape and size of the CNPs remained intact
after the pyrolysis process (Figure 2b and Figure S1b).
This result is in a sharp contrast to the carbonized
products from large-sized MIL88B-NH; microparticles
(CMPs), and the microstructures are obviously collapsed
accompanied with appearance of many small particles
on the CMP surfaces (Figure S2). A noticeable difference
between CNPs and CMPs can be further revealed by
specific surface area analysis and pore measurement. As-
synthesized MIL-88B-NHs NPs have a rather low porosity
of 203 m%/g and broad pore distribution (Figure S3a and
Table S1), likely caused by partial blockage of the added
PluronicF127 surfactant that is used during synthesis
to control the growth of MOF NPs. Interestingly enough,
the synthesized CNPs possess an increased porosity
of 326 m?/g with uniform pore sizes of around 3.8 nm
(Figure 2d and Table S1) due to the removal of Pluro-
nicF127 surfactant, which could be confirmed by the result
of thermogravimetric (TGA) measurement (Figure S4).
On the contrary, as for the CMPs, their specific surface
area is significantly reduced from 405 m?/g to 92 m%/q,
while the pore distribution becomes much broader com-
pared with their microparticle precursors (Figure S3b,
Figure S3c and Table S1). These phenomena highlight
the importance of the materials in nanometer size
on prevention of destruction of the morphology, size,
and porous structure during pyrolysis, which is crucial for
improving the ORR performance.*’ We also notice that
the arrangement of the pores inside the CNPs is disor-
dered (Figure 2¢).

The composition of the formed CNPs is also ana-
lyzed by different characterization techniques includ-
ing X-ray photoelectron spectroscopy (XPS), energy
dispersive spectroscopy (EDS), X-ray diffraction (XRD)
survey and Raman spectroscopy. XPS (Supporting
Information, Figure S5a) and EDS (Figure S6) measure-
ments indicate that the resultant CNPs are composed
of C, N, O, and Fe, with average contents of ~85.7 wt %,
~44 wt %, ~6.6 wt % and ~3.3 wt %, respectively.
Compared with MIL-88B-NHs NP precursors (Figure S5b),
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Figure 2. (a and b) TEM images of nanoscale MIL-88B-NHs and CNPs; (c) HRTEM image of CNPs; (d) N, adsorption—desorption
isotherm of CNPs, and inset is the corresponding pore size distribution; (e) XRD pattern of CNPs; (f) Raman spectra of CNPs.

the C content in the CNPs is increased by ~37.3 wt %,
whereas the content of N, O, and Fe is decreased by
~0.7 wt %, ~23.5 wt %, and ~13.0 wt %, respectively.
Evidently, N, O, and Fe are partially lost after carboniza-
tion. The high-resolution C 1s XPS spectrum of CNPs
presents several characteristic peaks, where the peak at
284.5 eV corresponds to the sp*hybridized graphitic
carbon and the peaks at 285.9 and 288.3 eV are assig-
ned to carbon in C—0O and C—N bonds, respectively
(Figure S7a). With respect to MIL-88B-NH; NP precursors
(Figure S7b), the signal of sp® carbon of the CNPs
is considerably increased accompanied by weakened
signals of carbon in C—0O and C—N bonds, suggesting
partial loss of O- and N-based functional groups after
pyrolysis (Figure S7). Such XPS observation is consistent
with the element analysis results. Deconvolution of N 1s
XPS peaks discloses that the amino-type nitrogen of the
MIL-88B-NH3 NPs (Figure S8b) is completely changed
into pyridine-type nitrogen and quaternary-type nitro-
gen after conversion into the CNPs (Figure S8a), which
should be caused by cyclization reactions as evidenced
by the increased intensity of sp” carbon in C 1s XPS
spectrum (Figure $7)°>3 Such cyclization reactions
not only give rise to the enhancement of the conductivity
of CNPs, but also the formed nitrogen atoms in
five- or six-membered rings could obviously improve
the ORR catalytic activity compared with amino-type
nitrogen.>®>" The crystal structure of CNPs is further
explored by XRD survey (Figure 2e), and amorphous
carbon, crystalline Fe and FesC are recognized according
to the diffraction patterns of a-Fe (JCPDS No. 87-0722)
and FesC (JCPDS No. 89-2867). The amorphous carbon
matrix, as well as the embedded FesC, graphithe carbon,
and Fe particles, is also discerned by the high-resolution
TEM (HRTEM) images (Figure S9). One can note that
carbon species nearby the Fe particles are catalyzed into

ZHAO ET AL.

layered graphite (Figure S9c). Nevertheless, the content
of such layered graphite is relative low, and thus it cannot
be distinguished by the XRD pattern (Figure 2e). The
domination of the amorphous carbon in the CNPs can be
confirmed by comparing intensity of the D-band peak
at 1360 cm ™' and that of the G-band peak at 1590 cm ™"
in the Raman spectroscopy (Figure 2f). The high ratio of
Io/lg and the board peaks indicate that carbon inside the
CNPs is highly disordered and significant edge plane sites
are present.*’ Moreover, no Raman peak in the range of
200 to 600 cm ™" belonging to iron oxide can be found,
implying that Fe or FesC rather than iron oxide is formed
in the carbonized products. Altogether, the above char-
acterization results reveal that the original porous struc-
tures of the precursors are well preserved, the active
species including Fe- and N-based compounds are gen-
erated, and the conductivity is enhanced for the pyrolytic
products. All these features imply that the synthesized
CNPs should possess superior ORR catalytic activity.
The ORR electrocatalytic activity of CNPs is first
evaluated by cyclic voltammetry (CV) in O,- or Ny-
saturated 0.1 M KOH aqueous solution at room tem-
perature. As shown in Figure 3a, a well-defined O,
reduction peak centered at ca. 0.86 V (vs RHE) emerges
when the electrolyte solution is saturated with O,. As a
comparison, under the identical experimental condi-
tion, the O, reduction peaks are located at 0.85 and
0.58 V for commercial Pt/C catalysts (20 wt % Pt,
purchased from Johnson Matthey Corp.) and initial
MIL-88B-NH3 NPs, respectively, highlighting the super-
jor catalytic activity of the CNPs (Supporting Informa-
tion, Figure S10). Such an extraordinary electrocatalytic
activity of CNPs, which even surpasses that of the
commercial Pt/C, could be also confirmed by linear-
sweep voltammetry (LSV) measurements on rotational
disk electrode (RDE) (Figure 3b). It is clear that the ORR
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Figure 3. (a) CV curves of CNPs in N,-saturated and O,-saturated solution with 0.1 M KOH at a scan rate of 5 mV/s; (b) LSV
curves of MIL-88B-NH3; NPs, CNPs, and Pt/C at a rotation rate of 1600 rpm; (c) LSV curves of CNPs in O,-saturated 0.1 M KOH
with various rotation rates at a scan rate of 5 mV/s; (d) Koutecky—Levich plots of CNPs derived from LSV curves at different
electrode potentials; (e) Chronoamperometric responses at 0.84 V in O,-saturated 0.1 M KOH at CNP or Pt/C electrodes
(1600 rpm) for 40000 s; (f) Chronoamperometric responses at 0.84 V in O,-saturated 0.1 M KOH at CNP or Pt/C electrodes
(1600 rpm) before and after addition of 2 M methanol. Note that the catalyst loading used in all electrochemical
measurements is 0.39 mg/cm? for both CNPs and commercial Pt/C, which follows the reported literature.>

onset potential at CNPs (1.03 V) (defined as a poten-
tial required for reaching an ORR current density of
0.1 mA/cm?) is more positive than that of Pt/C (1.01 V).
Furthermore, the diffusion-limited current density
of CNPs, 8.31 mA/cm? at 0.30 V, is considerably larger
than that of commercial Pt/C, 7.08 mA/cm? at 0.30 V,
highlighting that the porous CNPs with rich active sites
are beneficial for both mass transport and catalytic
conversion during an ORR process.> It is also worth
mentioning that to our knowledge, the ORR activity
of CNPs in this work outperforms all the reported
non-noble metal catalysts (Supporting Information,
Table S2). To gain deep insight into ORR mechanism
involving the CNPs catalysts, LSV curves on RDE are
recorded at different rotation rates (w) from 400 to
3600 rpm (Figure 3c). Figure 3d presents the corre-
sponding Koutecky—Levich (K—L) plots (/=" vs w'?)
against potentials and the linear plots suggest the first
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order reaction kinetics toward oxygen.>> According
to the K—L equation, the transferred electron number
(n) per oxygen molecule for CNPs is calculated to
be approximately 3.97 over the potential range from
0.55 to 0.73 V. The rotating ring-disk electrode (RRDE)
measurement (Figure S11) further proves that there
is negligible ring current, and the n calculated from
the RRDE curves is about 3.98 over the potential range
from 0.16 t0 0.76 V. These experimental results demon-
strate that a four-electron process is the dominating
pathway for the oxygen reduction at the CNPs elec-
trode, which benefits the construction of fuel cells with
high efficiency.

Besides the activity, the stability is another key
parameter for high-performance ORR catalysts. The
ORR durability of both CNPs and commercial Pt/C is
examined via the chronoamperometric method at
0.84 V (vs RHE) in an O,-saturated 0.1 M KOH solution.
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Figure 4. (a) CV curve of CMPs in O,-saturated solution with 0.1 M KOH at a scan rate of 5 mV/s; (b) LSV curve of CMPs at a
rotation rate of 1600 rpm; (c) LSV curves of CNPs-700, CNPs-800, and CNPs-1000 at a rotation rate of 1600 rpm; (d) Comparison
of C and N species in samples pyrolyzed at different temperatures. Red bars represent the ratio between sp? carbon and sp
carbon, while black bars stand for the ratio between quaternary-type nitrogen and pyridine-type nitrogen. Note that the
catalyst loading is 0.39 mg/cm? for all the samples, which follows the reported literature.*

Impressively, the current density of the CNPs electrode
shows a much slower decay than that of the Pt/C
electrode (Figure 3e). About 21% loss of the current
density is occurred at the CNPs electrode after 40000 s,
whereas the corresponding current loss at the Pt/C
electrode under the same condition is as high as 47%.
This result exemplifies that the CNPs catalyst is more
stable than the commercial Pt/C catalyst. Since the ORR
catalysts must be robust in real application systems, it
is essential to test the tolerance of ORR catalysts toward
methanol fuel. As shown in Figure 3f, a dramatic
change is observed for the Pt/C catalyst in O,-saturated
0.1 M KOH solution with injecting 2 M methanol,
whereas no noticeable response for CNPs catalyst
is detected under the same testing conditions.
The big difference response to methanol is also found
by investigating the CV behaviors of CNPs and Pt/C in
the O,-saturated 0.1 M KOH solution containing 2 M
methanol (Supporting Information, Figure S12). As
shown in Figure S12, there is no considerable change
in the CV curve for CNPs after adding 2 M methanol
(Figure S12a); however, the cathodic peak corre-
sponding to the O, reduction disappears at the
commercial Pt/C electrode coupled with one pair
of peaks characteristic of methanol reduction/
oxidation after adding 2 M methanol (Figure S12b).
These results unambiguously disclose that the CNPs
catalyst has higher selectivity and better methanol
tolerance toward ORR than the commercial Pt/C
catalyst.”

ZHAO ET AL.

The important synthesis factors that influence the
ORR have been investigated in details. CV measure-
ment on the CMPs in O, saturated 0.1 M KOH aqueous
solution shows a much negative O, reduction potential
of 0.68 V (Figure 4a), while the corresponding LSV curve
displays a very low current density of 2.32 mA/cm?
at 030 V (Figure 4b). Compared with the CNPs
(Supporting Information, Figure S1b), damage of
the morphology and channel structure of the CMPs
(Figure S2b) results in retarding O, diffusion and de-
creasing the active sites for ORR. Besides the size of the
precursors, carbonization temperature is also crucial
forimprovement of ORR activity. Figure 4c presents the
LSV curves on RDE at 1600 rpm in 0.1 M KOH solution
when the products pyrolyzed at different temperatures
are used as the ORR catalysts (the samples pyrolyzed
at 700, 800, and 1000 °C are defined as CNPs-700,
CNPs-800, and CNPs-1000, respectively). Evidently,
all samples listed in Figure 4c show more negative
onset potentials and lower limiting current densities
when compared to the products pyrolyzed at 900 °C
(red curve in Figure 3b), suggesting that 900 °C is
the optimal pyrolysis temperature for obtaining highly
active ORR catalysts. The best ORR performance
of the CNPs pyrolyzed at 900 °C is also proved by com-
paring the transferred electron number (n) of the sam-
ples pyrolyzed at different temperatures (Figure S13).
To investigate the origin of different electrochemical
behaviors, XPS survey has been carried out (Figure 4d
and Table S3). Analysis results reveal that the sample
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Figure 5. (a) Photo of CNPs at gram level obtained by one
batch synthesis; (b) ADMFC single-cell performance con-
structed with CNPs and Pt/C catalysts at 60 °C under the same
condition. According to the reported literature,”*>* the load-
ing amount of both CNPs and Pt/C is set to 3 mg/cm?.

pyrolyzed at 900 °C possesses the maximum sp? carbon
and quaternary-type nitrogen (Figure 4d) among all the
samples, thus exhibiting the highest catalytic activity
toward ORR. This observation is consistent with the
reported theory that sp? carbon has better conductivity
with respect to sp® carbon, while quaternary-type nitro-
gen possesses higher ORR activity compared with
pyridine-type nitrogen.>*>5°7

It should be stressed that such pyrolysis of the nano-
scale MOFs is easily scaled up and the CNPs at gram
level (0.8 g) could be achieved by one batch synthesis
(Figure 5a), which would greatly facilitate their prac-
tical application. Alkaline direct methanol fuel cells
(ADMFCs) based on either CNPs or Pt/C are constructed
for comparative performance evaluation. Figure 5b
highlights the working performance of different

EXPERIMENTAL SECTION

Materials. 2-Aminoterephthalic acid (H,N-BDC, 99%), iron(lll)
chloride hexahydrate (98%), Nafion solution (5 wt %), and
potassium hydroxide (99.9%) were purchased from Alfa Aesar.
PluronicF127 was bought from Sigma-Aldrich. Carbon supported
Pt (Pt/C, 20 wt % Pt) was bought from Johnson Matthey Corp.
Acetic acid and methanol were obtained from Beijing Chemical
Reagent Factory. All chemicals were used directly without further
purification. Ultrapure water (18 M) was supplied by a Millipore
System (Millipore Q, USA).

Synthesis of Carbonized Nanocale Metal Organic Framework (CNPs). The
MIL-88B-NH; NPs were synthesized according to the prev-
iously reported hydrothermal method with slight modification.*
Briefly, 0.32 g of F127 was dissolved in 26.7 mL of deionized

ZHAO ET AL.

ADMFCs at 60 °C. Under the identical conditions,
the open circuit voltage for the ADMFC equipped with
the CNPs cathode (3 mg/cm? catalyst) is up to 0.81V,
which is higher than 0.74 V for the cell equipped with
the Pt/C cathode (3 mg/cm? catalyst), indicating better
methanol tolerance of the CNPs for ORR.>**#>° Further-
more, the peak power density and current density
reach 22.7 mW/cm? and 93.9 mA/cm? at the cathode
with the CNP catalyst, respectively, which are about
1.7 times and 1.4 times higher than that of the Pt/C
cathode (13.5 mW/cm? and 68.1 mA/cm?) suggesting
that CNPs are a promising candidate for replacing
conventional Pt in fuel cells. It should be stressed
that to the best of our knowledge, 22.7 mW/cm?
obtained from the CNP catalyst is the highest power
density among the reported ADMFCs using non-noble
catalysts (Supporting Information, Table S4). Such an
outstanding performance of the ADMFC could be
attributed to the excellent catalytic activity of the CNPs
in oxygen reduction reaction.

CONCLUSION

In summary, a novel non-noble metal catalyst has
been developed via pyrolysis of nanoscale MOFs
with well-defined composition, structure, shape, and
size. As-prepared CNPs are demonstrated to possess
the superior electrocatalytic activity, stability, and tol-
erance toward ORR in the alkaline system, significantly
beyond all the non-noble metal catalysts reported so
far as well as the commercial Pt/C catalysts. The CNP
catalysts at gram level are easily obtained and have
been successfully applied in real ADMFC, which ex-
hibits a record high output power density among the
non-noble metal catalysts, evenly 1.7 times higher than
that with commercial Pt/C catalysts. Detailed investi-
gation discloses that the MOF nature and nano-
scale tailoring determine the high performance of
the carbonized products when used as the catalysts
in ADMFC. This feasible strategy presents new oppor-
tunities for rational design of the codoped carbon
nanomaterials with desirable composition, structure
and morphology, which will have many applications in
catalysis, energy, and environment.

water, and 33 mL of 04 M FeCl;-6H,0 aqueous solution
(1.32 mmol) was added to the surfactant solution. The resulting
solution was stirred for 1.5 h before 0.6 mL of acetic acid was
injected. After the mixture was stirred for an additional 1.5 h,
120 mg (0.66 mmol) of H,N-BDC was added. The reaction mixture
was stirred for 2 h. Afterward, the reaction mixture was trans-
ferred into an autoclave and crystallized for 24 h at 110 °C.
The dark brown solid product was recovered and washed several
times with ethanol by centrifugation (at least five times) to
remove the surfactant and excessive reactants. A large quantity
of products could be obtained by increasing the amount of
reactants. The microsized MIL-88B-NH; was prepared under the
same synthetic conditions, except that both F127 and acetic acid
were not added.
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A porcelain cup with as-obtained MIL-88B-NH3 NPs was put
in the tube furnace under dynamic vacuum condition at 200 °C
for 24 h. Then, the temperature was elevated to 900 °C at a
speed of 1.5 °C/min and maintained for 6 h in argon gas. At last,
the temperature was decreased to 30 °C at a speed of 2 °C/min.
The CNPs-700, CNPs-800, and CNPs-1000 products were ob-
tained at 700, 800, and 1000 °C, respectively.

Instrumentations. TEM imaging was performed on a FEI Tec-
nai G2 F20 electron microscope operated at 200 kV with
the software package for automated electron tomography.
SEM images were observed using Hitachi $4800 field emission
scanning electron microscopy at 10 kV. XPS was recorded by
a Thermo Scientific ESCALAB 250 Xi XPS system, in which
the analysis chamber was 1.5 x 10~° mbar and the size of the
X-ray spot was 500 um. XRD patterns were obtained by using
a Panaltical X'Pert-pro MPD X-ray power diffractometer, with a
Cu Ko irradiation source (1 =1.54056 A), and a self-calibration
process was performed with a SiO, internal standard sample
prior to target measurement. Thermogravimetric analysis (TGA)
was carried out by diamond TG/DTA from room temperature to
900 °C with a heating rate of 5 °C min~" under an air flow.

Electrochemical Measurements. All the electrochemical data
were measured in electrochemical station of Pine Instruments
(model AFMSRCE). A conventional three-electrode system was
used for electrochemical measurements. A mixture of 0.30 mL
of deionized water, 0.30 mL of alcohol, 5 mg of CNPs or Pt/C
catalysts, and 0.05 mL of Nafion solution (5 wt %) was subjected
to ultrasonication for 12 h to obtain a homogeneous suspen-
sion. Next, 10 uL of the dispersion was uniformly dropped onto
the freshly polished glassy carbon electrode (diameter =
0.5 cm), which was used as the working electrode. A Pt wire
(@ = 0.5 mm) was utilized as a counter electrode, while an
Ag/AgCl electrode saturated with KCl was used as the reference
electrode. All the potentials reported in this work were ex-
pressed versus the reversible hydrogen electrode (RHE) based
on the standard calculation method:*® in 0.1 M KOH solution
(pH = 13), E(RHE) = E(Ag/AgCl) + 0.964. Before each experiment,
pure N, gas was bubbled through the solution for at least
25 min to remove the dissolved oxygen in the solution.
The electrode was subjected to electrochemical treatment by
potential cycling between 0.0 and 1.2 V at 50 mV/s in 0.1 M KOH
until stable voltammogram curves were obtained. The cyclic
voltammetry (CV) curves were obtained by cycling scan at room
temperature after purging N, or O, for 15 min.

RDE measurement was carried out in the oxygen-saturated
0.1 M KOH solution at rotating rates varying from 400 to 3600 rpm,
and with the scan rate of 5 mV/s. Linear-sweep voltammetry (LSV)
on RDE was performed at the RDE of 5 mm in diameter. Koutecky—
Levich plots (=" vs w~ ") in Figure 3d were analyzed at various
electrode potentials. The slopes of their best linear fit lines were
used to calculate the electron transfer number (n) on the basis of
the Koutecky—Levich equation:2¢'

1/ = 1/ +1/) = 1/Ba®® +1/k M

B = 0.64nFCoDY*n "%, J« = nFkCy @)

where J was the measured current density, Jx and J, were
the kinetic- and diffusion-limiting current densities, w was
the angular velocity, n was the transferred electron number,
F was the Faraday constant, C, was the bulk concentration of O,,
v was the kinematic viscosity of the electrolyte, and k was the
electron-transfer rate constant.

Another efficient method to estimate the electron transfer
number (n) was the RRDE technique, in which the peroxide species
produced at the disk electrode were detected by the ring
electrode, and n was calculated from the ratio of the ring current
(I) and the disk current (/4) following the equation given below:®!

lg
n=4———— 3
Id + Ir/N ®
where N was the collection efficiency (0.37) of the ring electrode.
Construction and Evaluation of Alkaline Direct Methanol Fuel Cell
(ADMFC). Cell performance tests were carried out with ADMFCs

using an electric load system (BT2000, Arbin Instrument, Inc.).
The electrodes were fabricated by a spraying method. The
ADMFC was composed of a membrane electrode assembly
(MEA) with an area of 2.3 cm x 2.3 cm, which was sandwiched
between two bipolar plates and fixed by two fixture plates. The
loading amount of PtRu/C (40 wt % PtRu, Johnson Matthey
Corp.) was set to be 3 mg/cm? at the anode, while either
the loading amount of CNPs at the cathode was kept to be
3 mg/cm2 or the loading amount of Pt/C (20 wt % Pt) at the
cathode was kept to be 3 mg/cm?. The single cell was then
constructed by sandwiching an anion-exchange membrane
(A201 Tokuyama Corporation) between the anode and the
cathode by hot pressing at 130 °C for 60 s. The ADMFC
was tested by an Arbin FCTs instrument at 60 °C. Briefly,
2 M methanol was pumped to the anode at a flux speed
of 4.0 mL/min, while dry pure oxygen at a flux speed
of 200 standard cubic centimeters per minute (sccm)
was fed to the cathode. The fuel cell working conditions
including the cell temperature, pressure, and reactant flux at
the anode and the cathode were kept constant during the
measurement.
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