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ABSTRACT: A nanocomposite of a dichloro-amido-macrocyclic cobalt- ‘
(III) complex (1) and graphene was developed and characterized using o
various microscopic and spectroscopic techniques such as X-ray ’

photoelectron spectroscopy, transmission electron microscopy, scanning
electron microscopy and Raman spectroscopy. The nanocomposite was
evaluated for electrocatalytic activity toward oxygen reduction reaction
(ORR) in fuel cell applications. This complex (1) showed efficiency in a
wide range of pH (acidic and basic) conditions for successful ORR. Apart
from pH studies, the ratio of electrocatalyst 1 to graphene was varied for
developing the optimal ORR catalyst. The use of graphene as a carbon
support along with 1 in ORR studies not only resulted in increased
current density but also a positive shift of the reduction potential by 140
mV (with respect to the Ag/AgCl reference electrode). Investigation of
the catalytic mechanism using rotating disk electrode and rotating ring-disk electrode studies revealed its mechanism in acidic and
basic conditions. The ORR was found to be a four-electron process in both pH conditions. The rate constant of ORR activity was
found to be 3.85 X 10° mol~'s™" at pH 2.0. The efficiency of the nanocomposite in ORR indicates the advantage of using both 1
and graphene for fuel cell applications.

Electrocatalyst:
A cobalt complex
(1)

KEYWORDS: Cobalt complex, electrocatalyst, graphene, oxygen reduction reaction, fuel cell

B INTRODUCTION using macrocyclic rings with nitrogen pockets with either cobalt
or iron, have attracted considerable interest as active catalysts
for oxygen reduction. The macrocyclic ligand ring reported in
this study has a similar framework attached to an aromatic ring.
It is possible for us to change the pendent group present in the

The electrochemical reduction of oxygen using hydrogen as a
fuel is one of the most important electrochemical reactions
today largely due to its encouraging potential as an energy
solution.'™® Theoretically, these energy devices, also known as
fuel cells, can serve as a more efficient way of producing energy
as opposed to the present conventional energy-generating
devices using fossil fuels.”® This electrochemical reaction
combines hydrogen with oxygen in a fuel cell to produce
energy””'* with water being the reaction product. Hence, this is
an environmentally clean, carbon-neutral process because it

aromatic ring and, hence, affect the electronic structure and
properties of the nitrogen pockets and the metal complex as a
whole. Further alteration in the macrocyclic ring structure is
also possible, which can contribute to further fine-tuning of the
electronics of the active ORR catalyst. The complexation of
these nitrogen-containing macrocyclic rings with nonprecious

uses renewable resources to produce hydrogen.!! metals, such as iron, cobalt, etc,, has provided us with a new
At the present, fuel cells depend on platinum (Pt), which is class of catalysts with electrocatalytic activity. However, one

the most widely used metal as an electrochemical catalyst for parameter limiting the use of these complexes is their poor

oxygen reduction reaction (ORR) applications. However, the electroconductivity. Therefore, it would be ideal to include a

scarcity of Pt and its high cost have compelled scientists to conductive support to promote charge transfer, while at the

either reduce the amount of Pt used or to look into the use of same time increasing oxygen (O,) diffusion and hydrogen (H,)

nonprecious metals as fuel cell catalysts. Cobalt and iron are uptake'* on the active site.

two such non-noble metals that have been reported to be

effective components in ORR catalysis. The use of these metals Received: September 11, 2014

along with N-like sites has been proposed as an active catalyst Revised: ~ November 23, 2014

for ORR. As a result, transition metal complexes, especially Published: November 26, 2014
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Figure 1. Cobalt(IIl) —amido-macrocyclic metal complex (1) (right) and the schematic representation of graphene composite of 1 used in this study

for ORR.

Carbon nanotubes'® and mesophorous carbon'* have gained
attention in ORR studies for their application as a carbon-based
durable catalyst support. In addition to these carbon materials,
several metal oxides, such as TiO,,"> $n0O,,'® and NbO_,'” have
also been used as catalyst supports. However, the cost of these
carbon materials, along with the undesirable low conductivity
and low surface area of the metal oxides, make these options
less attractive.'® Graphene nanomaterials, on the other hand,
due to their low cost and their great mechanical strength,
conductivity, and high surface area, have attracted both
scientific and technological interest,"’ leading to their wide-
spread application in various fields related to energy generation,
conservation, and storage.

Graphene, as mentioned earlier, has excellent conductivity
and high surface area, which makes it ideal for exploration as a
support material to improve the electrolytic reduction of
oxygen using new metal catalysts. In this research, we
synthesized a new cobalt(II) amido-macrocyclic (MN,)
complex (1, Figure 1) with two electron withdrawing chlorine
atoms as a pendent group on the aromatic ring attached to the
two chelating N atom. This dichloro version of the macrocyclic
cobalt(III) complex along with graphene showed a direct four-
electron ORR process in a wide range of pH: 2.0 to 9.0 (Figure
1). We have reported the application of similar cobalt(III)
complexes as fuel cell catalysts supported on multiwalled
carbon nanotubes. However, this is the first report of the use of
the dichloro version of these complexes particularly using
highly efficient graphene as the support. The ORR activity of
the new complex and the effect of graphene as support were
studied based on our previous experience” and procedures
described in the literature.”'™>* Interestingly, the use of
graphene as carbon support increased the efficiency of the
metal complex significantly. The peak potential at ORR
occurred at a more positive potential when compared to
previous nonprecious metal catalyst supported on gra-
phene.>>*

B EXPERIMENTAL SECTION

Reagents of analytical grade were bought from Aldrich Chemical Co.,
USA, or Fisher Scientific Company, USA and used without further
modification unless otherwise noted. Graphene was purchased from
Angstron Materials (N002-PDR Graphene Powder, 97% purity) and
used as received. Transmission electron microscopy (TEM) and
energy-dispersive X-ray spectroscopy (EDS) analysis were carried out
using a JEOL TEM (JEM 2100F) instrument equipped with an EDAX
Genesis EDS system. A Thermo Scientific Ko X-ray photoelectron
spectroscopy (XPS) system was utilized to obtain the XPS spectra.
Scanning electron microscopy (SEM) was carried out by using a JEOL
SEM (JSM 7000F) instrument. Raman spectra were recorded using a

98

Raman spectrometer (Horiba Jobin Yvon LabRam HR800, Edison,
New Jersey) occupied by a He—Ne laser (17 mW) with wavelength of
784 nm and three Olympus BX-51 lenses with 100X micro-objectives
magnitude connected to a Peltier-cooled CCD camera. The spectra
were collected using 600 line/mm grating with the same acquisition
time. In all measurements, the Raman spectrometer was calibrated
using the Si—Si Raman signal, which is located at a 521 cm™ Raman
shift, and conducted at room temperature.

Ligand and Metal Complex Synthesis. The ligand was
synthesized as previously described.”” Synthesis of the cobalt(III)
complex (1, Figure 1) was performed by reacting cobalt(II) chloride
with the amido-macrocyclic ligand via deprotonation using n-
butyllithium in THF (anhydrous). Overnight stirring produced an
insoluble cobalt(II) complex, which was further exposed to the
atmosphere to allowed oxidation to generate the purple cobalt(III)
complex (1).

Electrochemical Studies. General. Cyclic voltammetry (CV) and
rotating ring-disk voltammetry were conducted using a Pine
Instruments (Raleigh, NC) bipotentiostat. A glassy carbon electrode
was used as the working electrode during CV (Bioanalytical Systems,
Lafayette, IN) and a graphite disk—platinum ring electrode and MSR
speed control rotor were used during RRDE studies (Pine Instru-
ments, Raleigh, NC). The reference electrode, Ag/AgCl, and counter
electrode, platinum wire, were purchased from Pine Instruments and
Bioanalytical Systems, respectively. A 100 mL glass vial equipped with
a three-holed stopper was used as the electrochemical cell.
Concentrated sulfuric acid was diluted to yield a 0.50 M H,SO,
solution with a calculated pH of 0.0. Buffer solutions of different pH
(2.0, 4.0, 7.0, and 9.0) were prepared using a published procedure®®
and further diluted with deionized water. Unless otherwise noted, all
buffer solutions used during the electrochemical ORR studies were
saturated with oxygen. Furthermore, the buffer solutions were
deoxygenated with high-purity nitrogen (Airgas) to check the
electrochemical activity of complex 1.° All experiments were
conducted at room temperature (22 °C).

Preparation of Electrocatalyst. A homogeneous 1 mg/mL solution
of Co composite was prepared by dissolving 5.0 mg of the catalyst in
5.0 mL of THF.?® Various ratio mixtures (2:1, 1:1, 1:2) of catalyst to
graphene were prepared and sonicated to yield a homogeneous
suspension. This was followed by the addition of Nafion (S wt %) and
further sonication for 30 min. For CV and RRDE studies, a 10 uL
aliquot of the mixture was drop casted on the glassy carbon electrode
and dried under vacaum. When the composite was drop casted on the
RRDE, care was taken to deposit the mixture on the disk portion (not
the Pt ring) of the electrode. RDE polarization curves were recorded at
various rotations (100, 400, 900, and 1600 rpm). The disk electrode
recorded oxygen reduction while the ring electrode monitored any
production of hydrogen peroxide (H,0,) by holding the potential at
1.0V.

B RESULTS AND DISCUSSION

XPS was performed to evaluate the binding energies of the
atoms present in 1. Several atoms are highlighted in Figure 2a.
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Figure 2. XPS spectra (a) survey scan of 1 supported on graphene and (b) Co 2p narrow scan peaks of 1.

A narrow scan of the N atoms showed two peaks at 398.8 and
400.5 eV. The lower binding energy is due to the amide N30
while the higher binding energy is most likely from the
interaction between the N atom and the carbons present in the
graphene layers.>’ The oxygen atoms showed a peak at 532.7
eV, which can be attributed to the carbonyl oxygens within the
complex.>* A narrow scan of the carbon atoms showed three
peaks between the range 284.8 and 289.1, which are attributed
to the various carbon functional groups present within the
complex and the graphene material.”®> A narrow scan of Co 2p
(Figure 2b) showed four Co 2p,,, peaks at 780.9, 783.3, 786.8,
and 790.8 eV. There were four sets of satellite peaks observed,
which could be accredited to possible ghotoreduction of 1 by

-rays to Co(II) during XPS analysis.”* The peak separation
between the two parental peaks at 780.9 and 796.1 eV matches
well with a cobalt(IlI) complex.>® The morphology of the
composite was detected using TEM. From Figure 3, there

present within graphene.”> The D band is related to the
breathing vibration modes of the defective six atom ring and the
G band is related to Raman active modes (EZg)' In the presence
of the electrocatalyst 1, a new broad vibrational band at around
420 cm™" was observed and it is indicative of the Co—N bonds
that present in 1.%°

The ORR studies of the MN, type cobalt(III) complex (1)
were performed to evaluate its ability to electrochemically
reduce oxygen. The dichloro version of the macrocyclic
complex was synthesized and used for the first time for its
ORR activity (Figure 1). This complex was made water
insoluble by exchanging the Li* counterion with PPh,". The
insoluble form along with Nafion was drop cast on the
electrode for further ORR studies.

The complex 1 showed a small redox peak of the catalyst in
nitrogen (N,) saturated pH 2.0 buffer solution at 100 mV/s
scan rate (Figure 4). Likewise, higher scan rates up to 1000

Figure 3. TEM images of 1 supported on graphene shown at (a)
300kx and (b) S00kX magnification.

appears to be leopard pattern-like decorations on the metallic
nanoparticles attached to the graphene, which could be cobalt-
complex/Nafion clusters (dark spots) with less than 2 nm
diameter.

SEM images of the material (Supporting Information, Figure
S1) are also presented and show the graphene nanomaterial
throughout the composite. The graphene material shows
crinkled pattern-like sheets and does not appear to restack on
one another. Raman spectroscopy (Supporting Information,
Figure S2) was further used to characterize electrocatalyst 1—
graphene nanocomposite (Supporting Information, Figure S2a)
and compared with the pristine graphene material (Supporting
Information, Figure S2b). The two bands at 1300 and 1600
cm™' are characteristic of the D and G bands, respectively,
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Figure 4. Cyclic voltammograms of the electrocatalyst 1 by itself in
nitrogen and oxygen saturated pH 2.0 buffer, and the electrocatalyst 1
supported on graphene (2:1 ratio) in oxygen saturated pH 2.0 buffer.

mV/s showed low current density (Supporting Information,
Figure S3). However, in O, saturated pH 2.0 buffer solution,
complex 1 showed excellent reduction with a higher current
and reduction peak at —0.15 V. On the other hand, graphene by
itself showed no significant ORR activity (Supporting
Information, Figure S4). Its response in saturated O, was
only marginally increased, as compared to that in deaerated (N,
saturated) solution. Interestingly, the use of electrocatalyst 1,
along with small amounts of graphene as conductive carbon
support (2:1 ratio of 1:graphene) (Figure 1b), not only more
than doubled the current density but also showed an O,
reduction peak at a more positive (less overvoltage) potential
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as compared to the electrocatalyst 1, alone (Figure 4). The O,
reduction was observed at —0.04 V at pH 2.0, which was a shift
of +110 mV over 1 at the same buffer solution. A similar shift of
+140 mV was also observed when the experiments were
conducted at pH 4.0 (Supporting Information, Figure S5). Our
earlier report™ using multiwalled nanotubes with a similar MN,
type Co complex revealed a much smaller shift of +40 mV. This
higher efficiency could be attributed to the chemical nature of
the electrocatalyst. Because the complex is planar and possesses
a benzene ring, a source for s-electrons, and also contains four
electron-rich nitrogen atoms, which have lone pair electrons, we
speculate that the complex can easily attach to graphene surface
via 7—m stacking interactions. These interactions scaffold the
catalyst onto the graphene and give a more efficient material for
ORR. The O, reduction of 1 supported on graphene occurred
at a more positive potential than previously observed in a
cobalt—porphyrin catalyst® (+26 mV shift) and an iron—
polyphthalocyanine catalyst®® (+40 mV shift), both supported
on graphene (with respect to Ag/AgCl reference electrode).
Interestingly, in both of these studies the use of graphene had
also showed a positive shift in the ORR potential of about +136
and +106 mV, which demonstrates the enhancing property of
graphene for ORR applications.

The effect of graphene as a conductive support for ORR was
further evaluated by varying the ratio of 1 to graphene.
Doubling the amount of graphene with respect to complex 1
(2:1 ratio of 1 to graphene) resulted in an increase in the ORR
current density. Further increasing in the graphene concen-
tration to 1:2 ratio of 1 to graphene led to an additional
increase in current density (Figure S5). However, a small
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Figure 5. Cyclic voltammograms of complex 1 and graphene
nanocomposite using different ratios of complex to graphene
concentration in pH 2.0 buffer.

negative shift in the reduction potential was observed as the
ratio of 1:graphene was increased. Increasing the thickness of 1
+ graphene/Nafion layer coatings using a sequential drop-
casting technique showed a gradual increase in the current
density (Supporting Information, Figure S6). However, no
marked shift in the peak potential was observed as observed in
our earlier work.*®

The activity of 1 in different pH was also monitored for any
changes in oxygen reduction potential. 1 showed activity in a
wide range of pH: 2.0 to 9.0 (Figure 6). As the pH was
decreased, a positive shift in the O, reduction peak was
observed due to the increased availability of H*. The current
density nevertheless remained fairly constant.

For a better understanding of the mechanism of 1 in different
pH as well as the 1 + graphene electrocatalyst system, the
catalyst activity was studied using rotating disk electrode

100
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Figure 6. Cyclic voltammograms of complex 1 (mixed with Nafion) in
oxygen saturated solutions of different pH at 25 °C.

(RDE), as well as the rotating ring disk electrode (RRDE)
techniques. Figure 7a shows the rotating disk electrode
reduction curves of 2:1 (1:graphene) at pH 2.0 at different
rotation rates. No hydrogen peroxide (H,0,) was observed
while studying the ring current and disk current at 100 rpm
(Figure 7b), which was in accordance to our earlier work.?’

From the RDE data, the observed limiting currents were used
to construct the Koutecky—Levich equation in order to
determine the number of electrons used in the ORR
mechanism (Figure 8). This equation can be used to calculate
the Levich (J,.,) and the kinetic currents (J,):

l/Jlim = 1/]Lev + 1/]k

where J;,, = 0.620nFCD*3w"*»™"¢ (n = number of electrons
transferred, F = Faraday constant, C = molar concentration of
analyte, D = diffusion coefficient at 25 °C, @ = angular rotation
rate of the electrode, and v = kinematic viscosity of the solution
at 25 °C); and J; = rate of kinetically limited reaction.”’

The slope of 1/0.620nFCD*3»™"/¢ was obtained by plotting
the graph between 1/Jj,, and @™V2%° From the experimental,
obtained from the Koutecky—Levich equation, and the
theoretical plots (assuming n = 2 and n = 4), the number of
electrons that were used in the experimental ORR process, was
evaluated. This number was also calculated by RRDE data
(Figure 7b) using the following equation:*’

n = 4L/ (Lige + Ling/N)

Figure 8 shows the Koutecky—Levich plot of ORR at pH 2.0
using 1 + graphene (2:1), which gave an experimental value of
4.04 electrons. It was also noticed that the slopes from the
experimental and theoretical value of n = 4 were closely
matched. Additionally, RRDE showed no H,O, evolution from
the ring current, further coinciding with these results. Hence,
oxygen reduction proves to be a four-electron process.
Similarly, the Koutecky—Levich plot of ORR at higher pH of
9.0 (Supporting Information, Figure S7) was also found to
show the ORR was also a four-electron process. The intercept
of the experimental can be used to calculate the rate constant, k.
The intercept represents the inverse of Ji, which equates to
10*nFkCT where I is the molar concentration of the catalyst on
the electrode (mol/cm?). From the intercept, the calculated
ORR rate constant was found to be 3.85 X 10° mol's™" at pH
2.0. This is a higher rate constant than that observed for carbon
nanotubes, *° which further indicates the utility of graphene in
designing efficient ORR catalysts.
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Figure 7. (a) RDE curves for the 1 + graphene (2:1) complex at pH 2.0 and 25 °C with increasing rpm speeds and (b) RRDE curves at 100 rpm
holding ring potential at 1.0 V in oxygen saturated buffer solution (pH 2.0).
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Figure 8. Koutecky—Levich plot of RDE of oxygen reduction using 1+
graphene (2:1) at pH 2.0.

B CONCLUSION

A dichloro version of an amido—cobalt(III) complex was
synthesized and mixed with graphene at different ratios to
develop a nanocomposite, which was used as a cathode catalyst
for fuel cell applications. Various analytical techniques, such as
XPS, were performed to characterize the nanocomposite. TEM
and SEM analyses revealed the morphology of the nano-
composite material and showed a leopard-like pattern of 1 on
the surface of graphene. Raman spectroscopy showed the
presence of a new vibrational band, when compared to the
graphene material, which was identified as the cobalt—nitrogen
bond found within 1. The catalytic activity of the nano-
composite of 1 and graphene was studied electrochemically for
oxygen reduction. It was observed that increasing ratio of
catalyst to graphene from 1:1 to 1:2 gave higher overall current
density. Additionally, increased current density was observed as
the layers of the nanocomposite of 1 and graphene increased on
the electrode surface. The nanocomposite of 1 and graphene
not only increased the current density but also shifted the ORR
peak potential by +140 mV when compared to 1 in the absence
of graphene. Alone, graphene showed almost no activity toward
ORR. However, when mixed with 1, the nanocomposite of 1
and graphene becomes a more effective material for ORR. The
electrocatalytic activity and mechanism for ORR were also
studied in several pH conditions and found to be a four-
electron reduction process. The rate constant for oxygen
reduction was determined to be 3.85 X 10° mol™'s™" at pH 2.0.
The catalyst system also showed higher ORR catalytic activity
and current density compared to our previous reports with
multiwalled carbon nanotubes. Graphene increased the
efficiency of the metal complex significantly, proving it to be
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superior to other carbonaceous nanomaterials such as carbon
nanotubes, while the metal complex proved superior in ORR
activity in comparison other similar nonprecious MN, metal
catalysts.

B ASSOCIATED CONTENT

© Supporting Information

SEM images, Raman spectra, additional cyclic voltammetry,
RDE, and RRDE for the electrocatalyst. This material is
available free of charge via the Internet at http://pubs.acs.org.
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