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The limited natural abundance and high cost of Pt has been a major barrier in its applications for

hydrogen or methanol fuel cells. In this work, based on the pyrolyzed corrin structure of vitamin B12
(py-B12/C), it is reported to produce superior catalytic activity in the oxygen reduction reaction (ORR)
with an electron transfer number of 3.90, which is very close to the ideal case of 4. The H,—O, fuel cell
using py-B12/C provides a maximum power density of 370 mW cm~? and a current density of 0.720 A
cm~2at 0.5V at 70 °C. Calculations based on density functional theory suggests that the corrin complex
with a low-symmetric structure offers a much preferable path for the ORR, which is not applicable to
the porphyrin with a high-symmetric structure. The long-term stability and high ORR activity of

py-B12/C make it a viable candidate as a Pt-substitute in the ORR.

Introduction

The oxygen reduction reaction (ORR) is one of the essential
reactions pertinent to the majority of living beings, which is slow
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in nature and requires enzymes and/or catalysts assistance. For
example, the rate limiting reaction in a polymer electrolyte fuel cell
(PEFC)is the ORR at the cathode.! A large amount of Pt catalysts
of nanometres in diameter have been utilized to overcome the slow
reaction of the ORR, adding to the cost and making worse the
agglomeration problem of the catalyst during operation.
Searching for efficient, durable and most importantly, inexpensive
non-precious metal catalysts has become the Holy Grail in
catalysis owing to its importance in hydrogen energy applications.

Since Jasinski investigated cobalt phthalocyanine as an ORR
catalyst for fuel cells in 1964,> various studies using transition
metal macrocyclic compounds, such as porphyrin,*’ phthalo-
cyanine,®® and tetraazannulene,'® have been reported.

Among them, iron- and cobalt-based macrocyclic compounds
have been demonstrated to exhibit the highest catalytic activity for
the ORR."" Okada er al concluded that the cobalt-based
macrocyclic compounds as cathode catalysts were affected by the

Broader context

A polymer electrolyte fuel cell (PEFC) is an electrochemical device that converts chemical energy to electrical energy by the redox
reaction of hydrogen and air (oxygen), which are fed into the anode and the cathode, respectively. The oxygen reduction reaction
(ORR) in the cathode is much slower than the hydrogen oxidation reaction in the anode, and therefore, to accelerate the ORR,
a high loading of Pt/C is used in the cathode, making the PEFC expensive. Non-precious metal catalysts of the oxygen reduction
reaction are extremely important for a PEFC owing to their relatively low cost. This study investigates non-precious metal catalysts
with low cost and high ORR activity using pyrolyzed vitamin B12 supported by carbon black (py-B12/C). Py-B12/C has a promising
performance and high stability for use in the cathode of PEFC. From density functional theory simulation, Py-B12/C with a low
symmetry of the Co—corrin centre has a preferable ORR pathway, providing four-electron transfer (direct pathway).
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number of ligands surrounding the central cobalt, the closed- or
opened-ring structure, the bonding strength between the central
cobalt and ligand, the bonding strength between the carbon black
and the macrocyclic compound, and the facial orientation of the
macrocyclic compounds.’ Bashyam er al. used a cobalt—poly-
pyrrole composite for the cathode in an H,-O, PEFC and
demonstrated a maximum power density of 150 mW cm~2at 80 °C,
with no significant degradation for over 100 h.'* Lefevre et al.
reported microporous carbon supported iron-based catalysts with
active sites coordinated by pyridinic nitrogen functionalities that
exhibited performances comparable to that of precious metals.'
Wang et al. presented alternative non-metal ORR catalysts using
ordered mesoporous carbons by NH; heat treatment, showing
high activity and good stability.'” Chung et al. used cyanamide as
the nitrogen source for a metal-nitrogen—carbon type catalyst at
a pyrolysis temperature of 1050 °C, showing good performance.’®
Recently, Wu et al. utilized polyaniline as a precursor to a carbon—
nitrogen template in the high-temperature synthesis of catalysts
that incorporated iron and cobalt that exhibited high activity and
remarkable stability.” Wu ez al. used multi-step pyrolysis of iron
phthalocyanine and phenolic resin to prepare highly active and
highly stable ORR catalysts.?* Other materials, such as TiO,, TiN,.
and RuSe,, were employed in the ORR to improve the catalyst
stability.?* However, all these alternatives are still inadequate for
the ORR in terms of their activity and stability.*** Recently, some
papers reviewed the classification, mechanism, activity and
performance of Pt-free catalysts.>2® Jaouen e al reviewed the
metal/nitrogen/carbon (Me/N/C) catalysts obtained through the
pyrolysis of iron and/or cobalt precursors, nitrogen- and carbon-
precursors for the ORR.*?® Additionally, they reported a highly
active Me/N/C catalyst using the new synthesis methods, which
used a metal salt, phenanthroline or NH3 gas or cyanamide, and
a microporous carbon black as the metal-, nitrogen-, and carbon-
precursors in the pyrolysis. Chen ez al. reviewed several kinds of
non-precious metal catalysts over the past 40 years, and they
considered that the most promising catalysts were pyrolyzed
transition metal nitrogen-containing complexes supported on
carbon materials (pyrolyzed M-N,/C).>* From their review, the
activity and stability of the pyrolyzed M-N,/C are affected by
several factors, including transition metal type and loading, carbon
support surface properties and nitrogen content, and heat treat-
ment conditions and duration.

Zagal et al. investigated the electrochemical behaviours of
cyanocobalamin (vitamin B12) adsorbed on a graphite electrode,
in which the cyanocobalamin catalyzed the ORR via both the
two-electron and the four-electron transfer routes, with the four-
electron transfer occurring at a low pH value and at a more
negative potential.?*3! Therefore, this finding manifests that
cyanocobalamin may be suitable for cathode catalysts in PEFC.
We extended this idea and investigate the use of pyrolyzed
cyanocobalamin (vitamin B12) supported by carbon black
(py-B12/C) for the ORR in PEFC.

Experimental section
Preparation of pyrolyzed B12/C (py-B12/C)

A 0.1g mass of cyanocobalamin (99%, Aldrich), one kind of
vitamin B12 with a molecular structure as depicted in Fig. la,

was dissolved in 10 mL of de-ionized water with constant
stirring for 30 min at room temperature. Then, 0.4 g of carbon
black (Vulcan XC-72R) was added to the cyanocobalamin
solution, again with constant stirring for 30 min at room
temperature. The solution was heated using steam to 80 °C for
60 min to eliminate water. After this step, the suspension was
totally dry. Subsequently, it was dried at room temperature
under vacuum for 12 h to obtain the slurry. For the pyrolysis,
the slurry was loaded into a fused aluminium oxide boat,
which was introduced into a quartz tube furnace. The
temperature of the furnace was raised to 700 °C at a rate of
20 °C per minute, and then the slurry was pyrolyzed in
a nitrogen atmosphere at 700 °C for 2 h. Following the
pyrolysis, the furnace was cooled to room temperature by
natural convection. The mass of the as-prepared py-B12/C was
0.455 g, representing a total weight loss of around 9.0%
throughout the process.

To obtain X-ray diffraction, Raman spectroscopy, Fourier
transform infrared (FTIR) spectroscopy and X-ray absorption
spectroscopy (XAS) of py-B12 without the background associ-
ated with carbon black, the cyanocobalamin solution without
additional carbon black was loaded into a silica boat for the
pyrolysis, yielding py-B12.

Preparation of pyrolyzed CoTMPP/C and Co/C

Pyrolyzed CoTMPP/C (py-CoTMPP/C) and Co/C were
prepared to compare their electrochemical activity and PEFC
performance with those of py-B12/C. Py-CoTMPP/C was
prepared as follows: 0.1 g of cobalt(l) tetramethoxy-
phenylporphyrin (CoTMPP, 99%, Aldrich) and 0.4 g of
carbon black (Vulcan XC-72R) were dispersed in N,N-dime-
thylmethanamide (DMF, 99.7%, Alfa Aesar) solution. The
mixed solution was ultrasonically stirred for 30 min to yield
a homogeneous solution, which was filtered to remove the
solvent, leaving a mixed catalyst precipitate on the filter paper.
The catalyst mixture was then dried using a vacuum heater at
60 °C for 24 h. After the residual solvent had been removed,
a fused aluminium oxide boat that contained the catalyst
mixture was introduced into a quartz tube, which was placed
in a tubular furnace. The catalyst mixture was pyrolyzed in
a nitrogen atmosphere at 600 °C for 2 h. Following the
pyrolysis, the furnace was cooled to room temperature by
natural convection. The mass of the as-prepared pyrolyzed py-
CoTMPP/C was 0.425 g, representing a total weight loss of
around 15.0% throughout the process.

The Co/C was prepared as follows: 0.22 g of dried CoCl, and
0.4 g of carbon black (Vulcan XC-72R) were dispersed in de-
ionized water. The mixed solution was ultrasonically stirred for
30 min to yield a homogeneous solution. The solution was steam
heated to 80 °C for 60 min to eliminate water followed by drying
in a vacuum heater at 60 °C for 24 h. After the residual solvent
had been removed, a fused aluminium oxide boat that contained
the catalyst mixture was introduced into a quartz tube, which
was placed in a tubular furnace. The catalyst mixture was
reduced in a 5% hydrogen atmosphere at 200 °C for 2 h.
Following the reduced reaction, the furnace was cooled to room
temperature by natural convection.
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Fig.1 (a) The molecular structure of B12; (b) ORR curves for py-B12/C, py-CoTMPP/C and Co/C obtained by the RRDE method in oxygen-saturated
0.1 M HCIOy solution at rotation rates of 1600 rpm and scan rates of 10 mV s7'; (c) the electron-transfer number of the catalysts dependence on disk
potentials (d) the k,/k, ratios of py-B12/C, FeTMPP-CI/BP,** CoTMPP/acetylene black,** and Co-PPy/C* as a function of applied potential.

Characterization

High-energy X-ray diffraction (XRD) spectra were obtained
using the beam line 01C1 (at the National Synchrotron Radia-
tion Research Center, Hsinchu, Taiwan) with Mo K, radiation
(A =0.70930 /D%) and an energy of 25 KeV in a limited range of
angles at room temperature. The 26 scans were performed at
a scan rate of 10° per minute, with steps of 0.05° from 5° to 45°.
All XRD spectra throughout this work were referenced to Cu
K, radiation (2 = 1.54056 A). Raman spectroscopy (with exci-
tation using a He—Ne laser of 632.8 nm wavelength, Jobin-Yvon

LabRAM HRS800-Confocal micro-Raman spectroscope) and
FTIR spectroscopy (Thermo Nicolet Nexus 6700) were carried
out to elucidate the changes in catalysts caused by the pyrolysis.

X-ray absorption near-edge structure (XANES) and extended
X-ray absorption fine structure (EXAFS) at the Co K-edge were
recorded using the beam line 17C1 (at the National Synchrotron
Radiation Research Center, Hsinchu, Taiwan), which is based on
a multi-pole wiggler source with a critical energy of 2.7 KeV. The
electron storage ring is operated at an energy of 1.5 GeV with
a beam current of 120-200 mA. The beamline employs a double
Si(1 1 1)-crystal monochromator for energy selection with

This journal is © The Royal Society of Chemistry 2012
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a resolution (AE/E) better than 2 x 10~* in the energy range of
5-15 keV. All spectra were recorded at room temperature in
a transmission mode in which the intensities of incident and
transmitted X-ray beams were measured by gas-filled ionization
chambers. The catalyst powder was pressed into a slot of the
stainless-steel holder and then placed in an in situ cell for treat-
ment under desired conditions. A standard compound, Co foil,
was measured simultaneously by using the third ionization
chamber so that energy calibration could be performed scan by
scan in real time. The XANES and EXAFS data, including
background subtraction, normalization with respect to the edge
jump, Fourier transformation, and curve fitting, were processed
by the computer programs which were implemented in the soft-
ware package of IFEFFIT. In addition, the phase shifts and
backscattering amplitudes for specific atom pairs were theoreti-
cally calculated by using the FEFF7 code.?? It is difficult to carry
out precise simulations for fitting the EXAFS data for the
macrocyclic compound due to its mixed phase structure. There-
fore, for pristine B12 and py-B12, only the cobalt-containing
corrin ring is fitted in this study.

Electrochemical measurement

Electrochemical measurements were made in a three-electrode
cell, which were conducted by a potentiostat/galvanostat
instrument (Biologic Bi-stat). The working electrode was
a rotating-ring disk electrode (RRDE, PINE AFE7R9GCPT)
with a glassy carbon (GC) disk (diameter = 5.61 mm) and a ring
made of platinum (outer diameter = 7.92 mm and inner
diameter = 6.25 mm). The counter electrode and reference
electrode were a Pt foil and a saturated calomel electrode
(0.242 V vs. NHE), respectively. All potentials in this work are
referenced to the reversible hydrogen electrode (RHE). The
electrolyte in the ORR test was oxygen-saturated 0.1 M HCIO,
solution.

Catalyst ink was made by mixing 160 mg of catalyst with
20 mL deionized water. 40 pL of the ink and 5 pL of 0.1 wt%
Nafion® solution were dropped onto the GC disk, which was
then left to dry in air at room temperature. Before the catalyst ink
was deposited onto the GC disk, the GC disk had been polished
to a mirror-like finish using 1.0 and then 0.05 pm alumina slurry.
Linear scan voltammetry (LSV) was applied to the catalysts at
the specified scan rates. The ORR curves at the GC were
obtained at a low scan rate of 10 mV s™' to reduce the substantial
non-Faradic current that would otherwise have been produced
by the catalysts. To determine the yield of hydrogen peroxide in
the ORR that was catalyzed by the catalysts on the GC disk,
1.35 V was applied to the ring to produce a current that oxidized
the hydrogen peroxide.

Accelerated durability test

The accelerated durability test (ADT) of py-B12/C follows the
method demonstrated by Colén-Mercado et al.*® The ADT cell
consists of a three-electrode system, including a reference elec-
trode (Hg/HgSOy, 0.65 V vs. NHE), a counter electrode of Pt foil
and a working electrode of py-B12/C coated on carbon cloth
(catalyst loading: 6 mg cm~2). During the ADT, the electrode was
immersed in a 0.3 M H,SO, solution at a fixed potential of 0.68 V

(vs. RHE), and the solution was extracted periodically for
examination. The concentration of dissolved Co was measured
by inductively coupled plasma-optical emission spectroscopy
(ICP-OES, PerkinElmer ICP-OES Optima 3000).

Fuel cell test

A membrane-electrode-assembly (MEA) with an area of 5 cm?
was prepared by hot-pressing two electrodes on both sides of
a Nafion® 212 (H*, DuPont) membrane at 135 °C and 130 kg
cm~? for 2 min. For the preparation of specific cathodes,
as-prepared catalysts (i.e. py-B12/C and py-CoTMPP/C) were
dispersed in a 5 wt% Nafion® solution as a cathode catalyst ink,
with a catalysts : Nafion® solution weight ratio of 1 : 10. Thus,
the weight ratio of catalysts to dry Nafion® is 2 : 1. The cathode
catalyst ink was hand-painted on carbon cloth, with a catalyst
loading of 6 mg cm 2, and then the cathode was dried at room
temperature in a vacuum for 6 h. The commercial electrode
(E-TEK), Pt/C with a metal loading of 0.25 mg cm™?2 was
employed as the anode of the MEA. A polarization experiment
on PEFC was performed at 70 °C, using hydrogen and oxygen
through the anode and the cathode, respectively, at flow rates of
0.1 and 0.15 slpm. Hydrogen and oxygen were passed through
humidifiers at 70 °C before they entered an MEA. The back
pressure gauges of the anode and the cathode sides were set to 1
atm. The PEFC performance was measured using a fuel cell test
station (Asia Pacific Fuel Cell Technologies, Ltd.) by recording
the cell voltage and current after they had reached steady values.
The cell resistance is the sum of the proton-conduction resis-
tances and the various electronic resistances. The measurements
of electrochemical impedance spectroscopy (EIS) at 20 kHz
determined the cell resistances as a function of current densities,
which yielded the typical cell resistance of about 0.25 Q cm?. The
100-hour durability tests of PEFC using py-B12/C as the cathode
catalyst was performed at H,-air feeding to the anode and the
cathode, respectively, at flow rates of 0.1 and 0.75 slpm. The cell
voltage was held at 0.4 V for 100 h and current recorded by the
fuel cell test station. The back pressure gauges of the anode and
the cathode sides were set to 1 atm.

Results and discussion

Instead of directly absorbing the material on a graphite support
as reported by Zagal et al.,*® the vitamin B12 in this study was
loaded on a carbon support, here after denoted as py-B12/C for
brevity, and pyrolyzed at 500-900 °C in nitrogen ambient prior
to electrochemical measurements. Fig. S1{ demonstrates the
ORR curves of py-B12/C with pyrolysis temperatures of 300,
500, 700 and 900 °C, which shows the optimal ORR activity at
a pyrolysis temperature of 700 °C. Thus, py-B12/C pyrolyzed at
700 °C is employed in this work. Fig. S2} presents the cyclic
voltammetry (CV) curves of py-B12/C, py-B12 and pyrolyzed
carbon blacks in N,-purged 0.1 M HCIO, solution with scan
rates of 50 mV s~!. The slight redox peak at 0.5 V could be
attributed to the poly-aromatic carbon-based materials. Zagal
et al. used ordinary pyrolytic graphite electrodes with pre-
adsorbed B12, which yielded the redox peak of Co(1)/Co(im) at
0.55 V with respect to normal hydrogen electrode in a medium
purged with N, at pH = 1.%° Since only ~1% Co exists in the
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py-B12/C, the redox peak of Co(i1)/Co(111) may be overwhelmed
by the carbon-like capacitance.

The ORR pathway is mainly composed of the following
reactions.

Reaction 1: O, + 4H' + 4e~ —» 2H,0 E° = 1.229 V.

Reaction 2: O, + 2H* + 2e~ — H,0, E° = 0.695 V.

Reaction 3: H,O, + 2H" + 2¢~ — 2H,0 E° = 1.763 V.

Reaction 1 is a direct ORR pathway that involves transfer of
four electrons, while Reaction 2 follows an H,0, pathway with
two-electron transfer. Since a direct ORR pathway yields
a higher thermodynamically reversible potential than an H,O,
pathway, Reaction 1 is preferable over Reaction 2 for the ORR
in PEFC. Fig. 1b shows the ORR behaviors of py-B12/C, py-
CoTMPP/C and Co/C, determined using the rotating-ring disc
electrode (RRDE) method. The lower and upper parts of Fig. 1b
display the disk current (Z4) and the ring current (1), respectively,
as a function of applied potential. The typical ORR curve
obtained in acid media reveals three dominant potential regions —
viz. the kinetic range (>0.8 V), the mixed range (0.8-0.6 V), and
the mass-transfer range (<0.6 V). The I curve for py-B12/C is
clearly above those of py-CoTMPP/C and Co/C in all potential
regions, indicating that py-B12/C has a much higher ORR
activity. The nominal Co wt% in py-B12/C, py-CoTMPP/C and
Co/C are 0.95, 1.74 and 20%, respectively. The fact that py-B12/
C has the lowest Co loading, and yet exhibits the highest ORR
activity, attests to its superb catalytic activity. Fig. 1c and the
inset in Fig. 1b plot the electron-transfer number (n value) and
hydrogen peroxide yield (%H,0,) during the ORR, respectively,
as a function of the potential of the glassy carbon (GC) disk. (See
ESI+ for the calculations of the n value and %H,0,.) At a large
overpotential of 0.3 V, the n values for py-CoTMPP/C and Co/C
are reduced to 3.22 and 3.15, respectively. For py-B12/C, on the
other hand, the n values and %H,0, remain at around 3.90 and
5.0%, respectively, over a wide range of overpotentials up to
0.7 V, which may suggest that the ORR of py-B12/C proceeds
preferentially along the four-electron direct ORR pathway, as
implied by the plot of k/k, ratio in Fig. 1d, where k; and k, are
the forward rate constants of Reactions 1 and 2, respectively.
(See ESI¥ for the calculation of ki/k, ratio.) The k /k, ratio for
py-B12/C ranges between 12 to 14.5, which is the highest among
the reported values, such as those of Pearls carbon-
supported FeTMPP-Cl (FeTMPP-CI/BP),*® acetylene black-
supported CoTMPP (CoTMPP/acetylene black),** and carbon-
supported cobalt polypyrrole (Co-PPy/C).** Alternatively,
a sequential two-electron reduction or a two-electron reduction
with subsequent H,O, decomposition cannot be excluded by the
RRDE technique, especially at high catalyst loading. New
technique development is underway to further differentiate these
processes.

In order to investigate the structure of the product after the
pyrolysis, X-ray diffraction (XRD) patterns of py-B12, pristine

B12 and the reference patterns of vitamin B12 (JCPDS, PDF#
050029), B-Co (JCPDS, PDF# 150806) and a-Co (JCPDS,
PDF# 050727) were depicted in Fig. S3.1 Pristine B12 exhibits
the same characteristic peaks as those in the vitamin B12 refer-
ence pattern. However, py-B12 does not display any diffraction
peak, suggesting that py-B12 is likely transformed into an
amorphous structure and very little metallic cobalt is formed
during the pyrolysis under the sensitivity of XRD. This finding
drastically differs from that of transition metal macrocyclic
compounds (M-N,4, M: Co and Fe) for the ORR, in which the
M-N4 moiety was partially or completely decomposed during
the pyrolysis, yielding metallic particles (Co and Fe).'*3-38 These
Co- and Fe-metallic particles can be easily corroded in an acidic
medium under a high potential. In contrast, py-B12/C with less
metallic Co formation is significantly more durable as a catalyst
for the ORR.

Fig. 2 shows the ADT of py-B12/C for 100 h. The current
initially increases. Colon-Mercado et al. suggested that the initial
increase was caused by the initial wetting and saturation of the
thin Nafion layer covering the catalyst particles.?® After 15 h, the
current reaches steady-state. After 100 h, the concentration of
dissolved cobalt is 0.03 ppm, which means only 1.30% of Co loss.

To verify the performance of py-B12/C as the cathode catalyst
in a fuel cell, a PEFC was constructed, comprising of the
abovementioned cathode and a commercial Pt/C anode (E-TEK,
30 wt% 0.25 mg cm™?). This cell was operated at 70 °C, at H, and
O, back pressure of 1 atm, and Nafion 212 as the electrolyte. The
polarization curve of py-B12/C, presented in Fig. 3, shows an
open-cell-potential of 0.843 V and the highest power density of
370 mW cm 2, and yields 0.720 A cm 2 at 0.5 V. For comparison,
another PEFC comprised of the py-CoTMPP/C cathode catalyst
was operated under the same conditions, and the results are also
plotted in Fig. 3.

It is evident from Fig. 3 that the performance of the py-B12/C
cell is far better than that of the py-CoTMPP/C cell. The Py-B12
cell is significantly higher than the reported values using Co-
based catalysts in the literature. For example, Olson et al. used 4
mg cm—> CoTMPP/C with a 1 : 1 mass ratio of Nafion to catalyst
loaded in the cathode, which generated about 0.17 A cm™2 at
0.5 V.** Pylypenko et al. studied CoTPP supported by amor-
phous fumed silica with the catalyst loading of 4.0 mg cm~? as the
cathode catalyst for the H,—O, PEFCs at 80 °C, which generated
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Fig. 2 The ADT test of py-B12/C at 0.68 V (vs. RHE) for 100 h.
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Fig.3 Polarization curves of the H,—O, PEFCs using py-B12/C and py-
CoTMPP/C as cathodes. Operation temperature: 70 °C; back pressure of
H, and O,: 1 atm; anode catalysts: 30 wt% Pt/C with the metal loading of
0.25 mg cm 2 (E-TEK); electrolyte: Nafion® 212 (H*, DuPont).

about 0.28 A cm~2at 0.5 V.3 Ma et al. investigated the influences
of the pre-treatments of BP2000 carbon supports by 6 M HNO3
and 30 wt% H,O, on the catalytic activity.*® They used
CoTMPP/BP (without pre-treatment), CoTMPP/BP(6 M
HNO3) and CoTMPP/BP(30 wt% H,0,) with the catalyst
loading of 10.0-12.0 mg cm™? as the cathode catalysts for
H,-O, PEFC at 50 °C, which generated about 0.21, 0.19 and
0.15 A cm™2, respectively. Bashyam er al. reported a Co—poly-
pyrrole composite for H,~O, PEFC at 80 °C, which generated
about 0.28 A cm 2 at 0.5 V.»

Compared to Fe-based and Fe-Co-based catalysts, the py-B12
cell is higher in output current density than most of the reported
values in the literature. Wu et al. used polyaniline—Fe—C with the
catalyst loading of 2.0 mg cm~? as the cathode catalyst for H,~O,
PEFC at 80 °C, which generated about 0.40 A cm~? at 0.5 V.*°
Chung et al. used a cyanamide-derived Fe-based catalyst with the
catalyst loading of 4.0 mg cm 2 as the cathode catalyst for Hy-O,
PEFC at 80 °C, which generated about 0.60 A cm~2 at 0.5 V.'8
Choi et al. investigated a Fe/Co—N, composite on nano-porous
carbon black with ethylenediamine as a nitrogen precursor with
the catalyst loading of 4.0 mg cm~? as the cathode catalyst for
H,-O, PEFC at 80 °C, which generated about 0.68 A cm™? at
0.5 V.* Wu et al. used a multi-step pyrolysis of iron phthalocy-
anine and phenolic resin to prepare Fe-based catalysts as the
cathode catalysts for H,~O, PEFC at 80 °C, which gave the best
catalytic performance at about 0.95 A cm 2 at 0.5 V.?° Liu et al.
reported Fe supported by N-doped ordered porous carbon as the
cathode catalyst for H,-O, PEFC at 75 °C, which generated
about 0.60 A cm—2 at 0.5 V.** To compare with the performance
of Fe-based catalysts reported by Lefevre et al.,'® the perfor-
mance of the py-B12/C cell is corrected by the iR compensation,
which yields 1.10 A cm™? at 0.5 Vg e (See ESIt for the
calculation of iR compensation.) It is significantly higher than
the 0.75 A cm~2 at 0.5 V;g_gre Obtained by Lefevre er al. Nalla-
thambi et al. studied Co-Fe-N chelate complexes of FeN,,
CoN,, Co Fe;N,, CoszFe N, and Co;Fe;N, with the catalyst
loading of 6.0 mg cm~2 as the cathode catalyst for H-O, PEFC
at 80 °C, which generated about 0.65, 0.50, 0.30, 0.26 and 0.25 A
cm~2 at 0.5 V, respectively.*

Among the non-precious metal catalysts, py-B12/C outper-
forms even the Pd-based catalysts such as Pd-Co—Au alloy (0.2 A
cm~2at 0.5V, 60 °C, O, back pressure of 1.36 atm),** Pd-Co-Mo
(0.2 Acm2at 0.5V, 60 °C, O, back pressure 1.36 atm) and Pd—
Ti (0.1 A cm~2at 0.5V, 60 °C, O, back pressure of 1.36 atm).*

In order to study the evolution of electronic and bonding
structures of py-B12/C catalyst in pristine, pyrolyzed, and related
samples, Raman and FTIR measurements were applied. The
Raman spectra of pristine B12 and py-B12, presented in Fig. 4,
show an absence of the Co—CN stretching (481 cm ') mode in py-
B12, indicating that cleavage of the —CN species changes the Co
oxidation state. In Fig. 4, the two strong peaks at 1330 and 1580
cm' are attributed to D- and G-peaks, respectively, of the
carbon-like materials, suggesting that py-B12 forms a network
structure of poly-aromatic hydrocarbons.* Similar comparison
of the FTIR spectra in Fig. 5 shows four characteristic peaks
(A to D) for pristine B12, which are attributed to the cyanide
stretching frequency at 2130 cm™' (band A), acetamide and
propionamide side chains between 1620 and 1690 cm~' (band B),
and breathing modes of the corrin ring at 1575 and 1545 cm™!
(bands C and D).*” After the pyrolysis, peaks A and B disappear
while peaks C and D remain. Meanwhile, new peaks can be
seen to appear between 1620 and 1650 cm™!, corresponding to
C=C conjugated with C=C, conjugated CH,=CH, and vinyl
group -CH=CH,.*® The disappearance of peak A is associated
with the cleavage of —CN during pyrolysis, which is also
confirmed in the Raman study.

For a transition metal macrocyclic compound, the ORR
activity is dominated by the oxidation state of the central tran-
sition metal, the redox potential of M(11)/M(11) and the effect of
the ligand.**~*° The oxidation state of the central cobalt in pristine
vitamin B12 has been reported to be Co(i).5"52 X-ray absorption
near edge spectroscopy (XANES) is employed to compare Co
oxidation states in CoTMPP, pristine B12, py-B12/C and CoO
powder, the results of which are shown in Fig. 6a. After detailed
analysis and fitting of the spectra, the energy value, E,, was
derived as shown in Table S1f and it was concluded that the
oxidation states for pristine CoTMPP, pristine B12, py-B12/C
and CoO powder are 2+, 3+, 2+ and 2+, respectively. This
clearly shows that the pyrolysis changes the oxidation state of
vitamin B12 from Co(1i) to Co(1n).

One important issue is the coordination number of the central
cobalt in py-B12. Pristine B12 is a six-fold coordinated octahe-
dral species, while py-B12 with Co(i1) may be a five-coordinated

Py-B12

Intensity (a.u.)

Pristine B12
)

|
300 600 900 1200 15'001 1800 2100
Raman shift / cm

Fig. 4 Raman spectra of py-B12 and pristine B12.
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Fig. 5 FTIR spectra of pristine COTMPP, py-B12 and pristine B12.

species, with one vacant axial position (B site), or a four-coor-
dinated species, with both axial positions vacant (o and B sites).
(See ESIF for the definitions of o and B.) Since a five-coordinated
species is highly sensitive to oxygen,> the high stability of py-B12
as reported here indicates that it is unlikely to be a five-coordi-
nated octahedral species. Instead, it is conjectured that the
central Co in py-B12 is a four-coordinated species, which will
further be supported by the following observations. In the pre-
edge region in XANES spectra between 7700 to 7720 eV, shown
in the inset of Fig. 6a, the characteristic peak at around 7710 eV
is strong for CoO powder as well as for pristine B12, both of
which possess six-coordinated octahedral species. However, this
signal at around 7710 eV is very weak for py-B12, and is
completely absent for pristine CoTMPP. In contrast, another

—~~
QO
~

= Pristine COTMPP
c = Pristine B12
o —— Py-B12 -
E' e COO powder 3
0 2
Q2 = | =
<5 =
° 4 g
o <
L i £
£ i
s §
[« 2
2 00 0 20

Enorgy [ oV
7700 7720 7740 7760 7780 7800

Energy / eV

characteristic peak at around 7714 eV is strong for pristine
CoTMPP, somewhat lower but still appreciable for py-B12 and
pristine B12, and absent for CoO powder. Note that pristine
CoTMPP consists of a four-coordinated square-planar structure.
It has been reported by Scheuring et al. that the six- and five-
coordinated B12 species yielded strong XANES peaks at
7710 eV, but the four-coordinated B12 species yielded a strong
peak at 7714 eV.>* Thus, the central Co in py-B12 is most likely to
be a four-coordinated structure since the XANES signal at
7714 eV is more pronounced than its counterpart at 7710 eV.

To resolve the Co coordination number issue, further analysis
using extended X-ray absorption fine structure (EXAFS) was
performed on the Co K-edge spectra, which yields precise metal—
ligand distances and the coordination number of the central Co
in py-B12. As shown in Fig. 6b, Fourier transformation of k*-
weighted Co K-edge EXAFS data for pristine BI12 and py-B12
show clear differences. The structural parameters obtained from
curve fitting®>3¢ to these spectra are listed in Table S2, which
clearly suggests that Co in pristine B12 has a coordination
number of 6 while that in py-B12 has a coordination number of 4.
Therefore, based on the XANES and EXAFS results, the core in
the py-B12 catalyst is a four-coordinated species.

The present findings corresponding to the evolution of vitamin
B12 during pyrolysis are also supported by other reports in the
literature. Yang et al. performed voltammetric studies of B12 and
concluded that Co(ir) was directly reduced to Co(i1) by the
transfer of a single electron associated with —CN cleavage.>”®
Okada et al. studied four-, five- and six-coordinated Co(ir)- or Co
(m)-based compounds, and identified the four-coordinated Co
(11)-based compounds with a coplanar chelate structure to be the
best catalyst for the ORR.™ Moreover, the four-coordinated Co
(1) species has been identified in several enzyme active sites in the
literature.®*** All the aforementioned reports support the exis-
tence of a stable four-coordinated Co(i1) compound as proposed
in this work.

The 100-hour durability test of py-B12/C as the cathode
catalyst in the fuel cell by flowing H; and air fed into the anode
and the cathode, respectively, is demonstrated in Fig. 7. The fuel
cells using Fe-N4/C and Co-PPy/C, demonstrated by Lefevre
et al. and Bashyam and Zelenay,'>!¢ are also plotted in the figure

(b)

o Py-B12
——— Fitting curve

(arb. units)

© Pristine B12
Fitting curve

Fig. 6 (a) XANES spectra of pristine COTMPP, pristine B12, py-B12 and CoO powder; (b) Fourier transforms of k*-weighted EXAFS data at the Co

K-edge for pristine B12 and py-B12.
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under the same conditions of Hy—air. Lefevre et al. used Fe-N,/C
as the cathode catalyst with the catalyst loading of 5.6 mg cm 2
and Nafion 117 as the membrane in the PEFC, which was
operated at a cell temperature 80 °C and a back pressure 30 psi.'®
Bashyam and Zelenay used Co-PPy-C as the cathode catalyst
with the Co loading of 0.06 mg cm~2 and Nafion 117 as the
membrane in the PEFC, which was operated at a cell tempera-
ture 80 °C and a back pressure 2 atm.'® The initial current density
of the fuel cell using py-B12/C is much higher than the others and
maintains after the 100-hour period, with the final current
density of 0.573 A cm~2, compared to the 0.360 and 0.140 A cm 2
of Fe-N4/C and Co-PPy/C, respectively. Relative to the 43%
decay of Fe-N,/C and stable performance of Co—PPy/C, py-B12/
C has about a 15% decay, which is mainly caused by water
flooding. The continued research focuses on improving the mass-
transport property of the catalyst layer using py-B12/C, such as
additional PTFE. It is emphasized that the metal-loadings of
each non-precious metal catalyst are 79 pg cm—>-Co (py-B12/C),
95 ng cm2-Fe (Fe-N4/C) and 60 pg cm *Co (Co-PPy/C),
indicating that py-B12/C has the higher mass activity than
the others.

To understand the mechanism of the ORR under the catalytic
activity of the central Co—corrin structure of py-B12, the geom-
etries and the energies of the reactants, products, intermediates,
and transition states on the potential energy surface of the corrin
+ O, system are calculated by DFT at the B3LYP level®*** with
the LANL2DZ basis set.%>%7 All the stationary points are iden-
tified for local minima and transition state by vibrational
analysis. Final energies with zero-point-energy (ZPE) corrections
were calculated at the same level. All electronic structure calcu-
lations are performed with the Gaussian 09 program.®®

The potential energy surface of the ORR is shown in Fig.8.
First, Oy can undergo adsorption on corrin forming OO-Co(a)
with an exothermicity of 21.5 kcal mol~!. The decomposition of
00-Co(a) giving O—Co0,0-C(a) has to overcome a high energy
barrier at TS1, 73.1 kcal mol™!, with an endothermicity of
43.1 kcal mol~'. Significantly, compared to the neutral reaction

~ 10
' m Py-B12/C
4 NPMC, Fe-N/C
0.84 s Co-PPy/C

e
o

o
'

o
%)

Current density / A cm

g
=

20 40 60 80 100
Time / hr

Fig. 7 The 100-hour durability tests of Hy—air PEFC using py-B12/C,
Fe-N4/C,'* and Co-PPy/C' as the cathode at 0.40 V. The operation
conditions of py-B12/C PEFC: operation temperature: 70 °C; back
pressure of H, and air: 1 atm; anode catalysts: 30 wt% Pt/C with the
metal loading of 0.25 mg cm™? (E-TEK); electrolyte: Nafion® 212
(H+, DuPont).

o

(black line), the decomposition of a negatively charged
O,-intermediate, O0-Co (a), as depicted by the red line, can
occur spontaneously. In principle, the singly negatively charged
intermediate can be formed by the adsorption of O, on corrin,
capturing an electron by the neutral intermediate OO-Co(a) or
the adsorption of a neutral O, on corrin~, which is expected to
exist in abundance in the cathode under the ORR conditions.
The second possibility is equally likely; however, the formation
of O, in the gas phase prior to adsorption is expected to be less
likely. The O, adsorption energy on corrin- is 28.8 kcal mol™!,
which is 7.3 kcal mol~! larger than the neutral case. The OO-
Co(a) decomposition barrier at TS2 is 53.9 kcal mol~' lower
than that in the neutral case, TS1. Hence OO-Co~(a) is not only
more stable, it also decomposes more readily to give O—Co,0—
C~(a). We have also considered the two-electron charged case,
but the formation of doubly charged species is energetically
unfavorable. (See the ESI, T Fig. S5). In summary, the formation
and decomposition of the singly negatively charged O,-corrin
intermediate producing O-Co,0-C (a) can take place sponta-
neously. The reaction of such a dissociated product with H atoms
on the cathode can readily give two adsorbed hydroxyl radicals,
HO-Co,HO-C(a), which can further decompose to give H,O
and/or H,O,, whose relative yield depends on their transition
state structures and energies. Similarly, reactions of both neutral
and charged O,-adsorbates with H atoms could lead to the
formation of H,O and H,O,.

From a Mulliken charge analysis, Co losses 0.262¢ in corrin.
We also calculate another popular ORR material, porphyrin,
with B3SLYP||LANL2DZ. In porphyrin, the Co atom has a loss
of 0.631e. Thus in the corrin system, the electron density of Co is
greater and should interact more strongly with O,. The O,
adsorption energy on corrin is larger than that on porphyrin
(21.5 and 39.7 kcal mol™! vs. 3.7 and 12.7 kcal mol~! for the
neutral and the singly negatively charged case, respectively).
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b e A
N L ]
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\;
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Fig. 8 The potential energy profiles of oxygen decomposition reactions
are shown with ZPE correction. The red, black, green, blue, and light blue
atoms represent the oxygen, cobalt, nitrogen, carbon, and hydrogen
atoms, respectively. (Unit: kcal mol™).
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Conclusions

Py-B12/C is shown to exhibit a high activity for the ORR, high
durability after 100 h, and favourable performance for fuel cell
application. The PEFC composed of a py-B12/C cathode
demonstrates a preferential four-electron direct ORR pathway,
and yields a high current density and high power density.
Calculations based on the DFT at the B3LYP level conclude that
the O,—Co—corrin complex with one additional electron goes
through a much preferable path for the ORR, which isn’t
applicable to the case of porphyrin with higher symmetry.
Py-B12 with a low symmetry of Co—corrin structure has a pref-
erable pathway of the ORR, which is viable for Pt-substitute in
the cathode of PEFC.
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