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Owing to their high energy efficiency, reduced pollution, and minimal maintenance cost, fuel
cells have been regarded as one of the most promising energy conversion devices. The
commonly used effective electrocatal ysts are platinum-based materials. The devel opment of
fuel cell electrodeswith non-noble metal catalyststo lessen the use of Pt-based materialshas
been the focus of this study. The cathode catalysts were synthesized using the sodium
borohydride reduction method. Catalyst inkswere prepared and subjected to electrochemical
characterization that included linear sweep voltammetry (LSV) and cyclic voltammetry
(CV). Optimization of the metal loading and metal salt shows that the non-precious metal
catalyst, 20% cobalt porphyrin (2,3,7,8,12,13,17,18-Octaethyl-21H, 23H-porphine cobalt
(1)) supported on carbon black (CoP/C), gave the highest catal ytic activity having acurrent
density of 2.23 mA cm? compared to the commercialy available 20% Pt/C (Premetek,
USA) (1.46 mA cm?) in basic medium. The retained current for the CoP/C was 58.15%
while for the 20% Pt/C catalyst (Premetek (USA), it was 21.23%. The electrochemical
impedance spectroscopy (EIS) showed enhanced electron transfer kinetics for CoP/C than
the commercialy available 20% Pt/C (Premetek, USA). The morphological and surface
characterization were obtained using scanning electron microscopy (SEM) and energy
dispersive X-ray (EDX) analysisthat confirmed the ~20% metal |oading of the catalyst.

Keywords: cobalt porphyrin, cathode catalyst, fuel cell, oxygen reduction reaction

INTRODUCTION reduction reaction (ORR) infuel cellsputsahigh
premium on the development of efficient
catalyststo improve the overall performance of
fuel cells. The cathode reaction for oxygen
reduction proceeds through amultistep el ectron
transfer, leading to sluggish kineticsand ahigh
overpotential [2]. For fuel cells, effective
electrocatalysts, such as the commonly used
Pt-based materials, are needed to reduce the

overpotential and expedite the ORR, through a
*To whom correspondence should be addressed: direct four-electron transfer process. However
bvtongol @ust.edu.ph !

A fuel cell is an electrochemical device that
converts chemical energy to electrical energy
viachemical reaction [1]. Fuel cell technologies
have the potential to contribute to asustainable
and emission-free transport and energy system.
The ascendance of electrocatalysts for oxygen
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because of numerous disadvantages like the
high price, intolerance to fuel crossover, and
instability [3], Pt-based catalysts hindered the
broad commercialization.

Recent researches on aternative non-noble ORR
catalysts, including the use of cobalt
phthalocyanines and cobalt porphyrins, have
gained attention. Also, adsorbed Fe and Co
phthal ocyanines on different carbon nanotubes
have been extensively studied [4]. In a
metallophthal ocyanine, the central metal ion has
little to no effect on the ionization potential of
the molecule. Conversely, the central ion metal
in metalloporphyrins greatly affects the
ionization potential [5], making it possible to
enhance their activity with the use of the right
metal. For porphyrin systems, cobalt derivatives
were investigated to have higher ionization
potential and higher reactivity [6]. Unpyrolyzed
transition metal macrocycleswith cobalt asthe
central metal atom have shown to bemore stable
than the corresponding iron complexes, but
generate high peroxideyieldswith n (number of
electrons exchanged per oxygen molecule)
values of 2-2.5 compared to Fe-based of n =
3.1-3.4[7] Research efforts have been directed
towards preparation of transition metal
macrocycle materials with pyrolysis upon the
discovery of the enhancement of
electrochemical activity and stability [8].
However, Wieckowski’s group [9] pointed that
pyrolyzed porphyrinsare no longer porphyrins.
The structure of the active site generated during
pyrolysis has been the subject of some debate.

Carboniswidely used in the catalytic processes
due to its unique characteristics that makeit an
ideal material for use in fuel cells. Support
materials are classified as carbon black, carbon
nanotubes and fibers, mesoporous carbon,
multi-layer graphene (undoped and doped with
metal nanoparticles) and reduced graphene oxide
[10Q]. Of the carbon materials, carbon blacksare
the cheapest and most sustainable, and can

have important implications for the
commercialization of fuel cellsinthefuture[11].

In this study, the catalytic activity of a
synthesized non-pyrolyzed cobalt-porphyrin
(CoP) cathode catalyst on carbon support was
investigated for ORR in basic medium and
compared with PtCo/C catalyst [12]. Pt-Co alloy
nanoparticles are one of the most intensively
studied fuel cell electrocatalysts for acidic
polymer electrolyte membrane fuel cell
(PEMFCs) due to the enhanced initial ORR
activity. In contrast, thereare only few research
works on Pt-Co in akaline fuel cells [12]. To
preservethe macrocyclic structure, no pyrolysis
and post synthetic treatment was done on the
CoP catalyst [8]. The catalyst was evaluated in
basic medium [13] for possible application in
akalinedirect ethanol fuel cell (DEFC) [14].

EXPERIMENTAL

Materialsand chemicals. All reagents were of
analytical grade and were used asreceived. CoP,
H,PtCl,e6H,0 (237.5%), N,N-Dimethyl-
formamide (99.8%), and NaBH,, were purchased
from SigmaAldrich Co. (Singapore). The carbon
black (Cabot, USA), NaOH (RCI Labscan,
Thailand), and 5% by weight Nafion® D521 (Ion
Power Inc., USA) were also used as received.
Theultrapurewater (Resistivity =18.2 MQ cm)
was obtained from aMilliporewater purification
system (Millipore Co., USA).

Synthesis of cathode catalysts. The catalysts
were synthesized by a chemical method using
NaBH, as the reducing agent. All of the
glasswareswere acid washed with concentrated
sulfuric acid before use. The carbon black
support wasdispersed in 32 mL ultrapure water
with ultrasonic agitation. The amount of CoP
salt added was adjusted so that the metal-on-
carbon loading was 20 wt %. Thiswas added to
the mixture and stirred for an hour at 80°C. Its
pH was adjusted to ~11 using 0.5 M NaOH
solution and the addition of excess NaBH,
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facilitated the reduction. The mixturewasstirred
for another hour and its powder was recovered
by filtration, washed with ultrapure water, and
dried. The same procedure wasfollowed for the
synthesis of PtCo/C by using hexachloroplatinic
acid and cobalt(Il) chloride solutions adjusted
to different metal ratio with metal-on-carbon
loading of 20 wt %.

Surface characterization. The SEM (JEOL JSM
5310) and EDX (OXFORD) wereused to evaluate
the surface morphology of the synthesized CoP/
C catalyst. Both characterizations were done
with an accel erating voltage of 15 kV.

Electrode preparation and electrochemical
measurements. The electrocatalytic activity of
the synthesized cathode catal yststowards ORR
was measured using cylic voltammetry (CV) and
linear sweep voltammetry (LSV). The stability
was studied using chronoamperometry (CA)
while the ORR kinetics was examined using
electrochemical impedance spectroscopy (EIS).
A three-electrode cell system composed of the
modified glassy carbon el ectrode astheworking
electrode, Ag|AgCI as the reference electrode,
and the Pt wire as the counter electrode. The
working electrode was prepared by dropcasting
20 uL of the catalyst ink on the surface of the
glassy carbon electrode. The catalyst ink was
prepared by dispersing 1 mg of the catalyst
powder in 980 uL N,N-dimethylformamide
(DMF) and 20 uL Nafion® with ultrasonic
agitation.

The CV measurements were performed with a
scan rate of 50 mV/swith apotential rangefrom
—0.90t00.40 V for 20 cycleswhilethe potential
range for LSV was from —0.70 to —0.05 V. The
0.5 M NaOH electrolytein the cell was bubbled
with oxygen gas for 15 min. The effects of
varying the metal ratio and the metal loading on
the ORR activity were studied for PtCo/C
catalyst. The optimized parameters were then
used to study the ORR activity of CoP/C catalyst.

The same three-electrode system set-up and
potentiostat (EDAQ) were used for CA withthe
potential held at =100 mV for 3000 s. The EIS
(Biologic VSP-300) was performed with a
frequency rangefrom 700 MHz to 100,000 mHz
and an AC amplitude of 100 mV.

RESULTS AND DISCUSSION

Effect of varying the metal ratio of PtCo/C. In
0.5M NaOH, the CV profile (Fig. 1) for PtCo/C
showed the hydrogen desorption-adsorption
region at ~—0.9 to -0.7 V (vs. Ag/AgCl),
indicative of Pt atoms on the catalyst surface
[212]. Inthe case of PtCo alloys, the presence of
aredox pair located at around —0.2/-0.5 V (vs.
Ag/AgCl) can be observed and can be assigned
to aredox processinvolving Co(OH),/Co(OH),
speciesin close contact to surface Pt atoms[15].
The broad anodic peak at around 0.0-0.10 V
could beattributed to metal oxideformationwhile
the cathodic peak at around 0.2 V corresponds
to the Pt and Co site of ORR.

Based on the CV profilein Fig. 1, 50:50 PtCo
catalyst gave the highest cathodic current
densities among the three catalysts prepared
with varying metal ratios. The ~50:50 PtCo
catalyst exhibits the largest kinetic current
density because it exhibited the better mass-
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Figure 1. Cyclic voltammogram (20 cycle) of PtCo/
C catalysts with varying metal ratio (Pt:Co) in
0.5 M NaOH electrolyte with a potential range
from —0.90 to 0.40 V (vs. Ag/AQCIl) at a scan
rate of 50 mV/s.
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specific activity [15]. This suggests that the
alloying effect between Pt and Co atoms has a
substantial impact on the ORR kinetics[16]. The
volcano-type relationship between the alloy
compositions and their corresponding ORR
activity are generally accepted in binary aloy
systems and usually attributed to the changes
in surface structures including geometric
structure (ensemble effect) and electronic
structure of Pt (electronic effect), which affect
the ORR kinetics[16].

Effect of varying the metal loading of PtCo/C.
The effect of metal loading was studied by
maintaining a constant optimized ratio of
50:50 PtCo. Figure 2A shows the CV profile
depicting the effect of varying the metal loading
of the different catalysts. The peak assignments
and mechanismsgoverningthe CV profilein Fig.
2 are similar with Fig. 1. However, the only
differencein this CV profileisthat the specific
current density is plotted against the potential.
Thiswas done to properly evaluate the activity
of the catalysts taking into consideration their
different loadings because the highest metal
loading automatically givesthe highest current
peak.

Shown in Fig. 2B isthe LSV profile depicting
the effect of metal loading, i.e. aplot of specific
current density against the potential. The
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highest current peak among the three various
catalysts is observed with the 20% metal
loading. Only at lower metal loadings will the
catalytic activity be the most effective because
at higher metal loadings, a possible spillover of
hydrogen on the carbon support could be
obtained [17]. Therefore, the trend coincides
with what was shown in the linear sweep
voltammogram. The 20% 50:50 PtCo/C is the
optimized metal loading of thebimetallic catalyst.
These optimized parameters were used to
prepare the 20% CoP/C catalyst.

LSV Studies of the cathode catalysts. The
observable peak for CoP/C occurs at apotential
of ~0.20V (Fig. 3) which could be assigned to
cobalt center redox reaction of surface adsorbed
CoP [18]. The reaction sequence of the oxygen
and subsequent hydrogen peroxide
electroreduction [19] catalyzed by CoP (or P-
Co) in akaline solution could be suggested as
follows:

P-Co' + OH- + O, = P-Co'-0, + OH- (1)
P-C0'-0, + H,0 + 2 = P-C0'-OH- + HO,  (2)
P-C0'-OH- + HO,” = P-C0'-HO,~ + OH- (3)

P-Co'-HO, + H,0 + 2e = P-C0'-OH- + 20H- (4)

Quantitatively assessing these peaks in Table
1, the 20% CoP/C catalyst obtained the highest
current density of 2.23 mA cm?, followed by
20% PY/C (Premetek, USA) with acurrent density
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Figure 2. (A) CV and (B) LSV studies of PtCo/C catalysts with varying metal loading in 0.5 M NaOH electrolyte
with a potential range from —0.90 to 0.40 V (vs. Ag/AgCl) at a scan rate of 50 mV/s for 20 cycles for (A)
and a potential range from —0.70 to —-0.05 V and a scan rate of 50 mV/s for (B)
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Figure 3. Linear sweep voltammogram of PtCo/C
and CoP/C catalysts in 0.5 M NaOH electrolyte
with a potential range from —0.70 to —0.05 V
(vs. Ag/AgCl) at a scan rate of 50 mV/s.
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Figure 4. Comparison of the synthesized catalysts in
terms of current density.

of 1. mA cm?, then, 20% PtCo/C bimetallic
catalyst with acurrent density of 1.35 mA cm=.

Thispronounced high catalytic activity of CoP/
Cisdueto the fact that the porphyrinisan N,-
macrocycle which is found to be active in
catalyzing reduction of oxygen [18] due to the
interaction between oxygen and the central metal
ion, Co, based on the model of molecular orbital
theory. The carbon support and N ,-macrocycle
of the porphyrininteract mainly by non-covalent
interactions such as the axial coordination and
the m—m interaction [8]. The nature of carbon
support affected the performance of catalysts
infuel cells[9]. Furthermore, theN,-complex of

Table 1. Electrochemical characteristics

of the cathode catalysts
Current Current
Cathode Catalysts (MA) Density
(mA cm™)
20% 50:50 PtCo/C 0.09530 1.35
20% CoP/C 0.15760 2.23
20% Pt/C (Pemetek, USA) 0.10340 1.46

Table 2. Repeatablity study for the synthesized
CoP/C catalyst (n = 3).

Trial Current Current Deﬂsity
(mA) (mA cm™)
1 0.1576 2.23
2 0.1482 2.10
3 0.1543 2.18
SD = 0.05508
Mean =2.17 % RSD = 2 54

the porphyrin has a conjugated m-electron
system, unlike uncomplexed bimetallic PtCo/C
and 20% Pt/C (Premetek, USA), which seemsto
be a prerequisite for activation of the oxygen
molecule; thus, the observable increase in the
current density of the CoP/C. For visual
purposes, the comparison of these catalysts is
presented in Fig. 4.

After comparing the catalytic activity of the CoP/
C with other cathode catalysts, its repeatability
was tested through the evaluation of the three
trials conducted in the experiment. Table 2 gives
the tabulated data of the results of thetrialsand
the obtained mean is 2.17 mA cm=. Having a
low value of SD (0.05508) and %RSD (2.54), it
can beinferred that the trials are repeatabl e.

Stability study. In order to further study the
electrochemical stability of carbon-supported
CoP, CA was performed. The chronoamper-
ometric responses of Pt/C- (Premetek, USA) and
CoP/C-modified glassy carbon electrodes
in 0.5 M NaOH electrolytewith apotential held
at —100 mV for 3000 sareshownin Fig. 5. The
current densities were negative because these
are reduction reactions. The current densities
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for both 20% Pt/C catalyst (Premetek, USA) and
20% CoP/C started to stabilize at 500 s. The
current retention is higher for CoP/C (58.15%)
than the 20% Pt/C (Premetek, USA) (21.23%).

ElSstudy. Electrochemical impedanceisusualy
measured by applying an AC potential to an
electrochemical cell and then measuring the
current through the cell [20]. Like resistance,
impedanceisameasure of the ability of acircuit
to resist the flow of electrical current. The EIS
analysisof 20% Pt/C (Premetek, USA) and 20%
CoP/CisshowninFig. 6. Thesemicircleandthe
linear region of the EIS spectra corresponding
to the charge transfer and mass transfer
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Figure 5. Chronoamperometry profiles of (A) 20%
Pt/C (Premetek, USA) and (B) 20% CoP/C
in 0.5 M NaOH electrolyte with a potential held
at —100 mV for 3000 s.
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processes are quitevisible at the high frequency
and low frequency range, respectively [21]. It
was found that the diameter of the semi-circle
for 20% CoP/C is smaller than 20% Pt/C
(Premetek, USA), indicating enhanced electron
transfer in CoP/C than Pt/C in basic medium.

Surface characterization of CoP/C. The use of
SEM and EDX determines its surface
morphology and elemental composition,
respectively. Figure 7 shows a rough surface
morphology with bright particles which could
be attributed to Co particles in CoP/C. The
surface formed aggregates, indicating that these
metallic particlesmay comefrom the mixed CoP/
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Figure 6. EIS analysis of 20% Pt/C (Premetek, USA)
and 20% CoP/C.
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Figure 7. SEM images of the 20% CoP/C at (A) x1000 and (B) x7500 magnifications.
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Figure 8. EDX analysis of the 20% CoP/C

C composite. A similar surface morphology was
obtained by Sun and co-workers [22] for Co
porphyrin before heat treatment at 1000°C. The
EDX analysisin Fig. 8 confirmed the presence
of Co metal at ~15% metal loading.

CONCLUSION

In this study, a carbon-supported PtCo and Co
porphyrin catalysts were prepared through the
sodium borohydride reduction method. The
effects of meta ratio and metal loading on the
ORR activity were studied for PtCo/C catalyst
which gave optimum val ues of 50:50 Pt:Co metal
ratio and 20% metal |oading. The metal loading
of 20% was used for CoP/C catalyst anditsORR
activity was compared with the synthesized 20%
50:50 PtCo/C and thecommercially available Pt/
C (Premetek, USA). CV and LSV studies showed
that 20% CoP/C (2.23 mA cm) gave higher
electrocatalytic activity towards ORR compared
tocommercially available 20% Pt/C (1.46 mA cmr?)
in basic medium. Chronoamperometry revealed
a more stable CoP/C catalyst with a higher
current retention of 58.15% compared to 21.23%
for 20% Pt/C (Premetek, USA) catalyst. EIS
analysis showed that the diameter of the semi-
circlefor 20% CoP/C issmaller than 20% Pt/C
(Premetek, USA), indicating enhanced electron
transfer in CoP/C than Pt/C in basic medium.
The SEM of CoP/C revealed a rough surface
morphology with bright protrusions. EDX

analyses confirmed the presence of Co metal
with ~15% metal loading in the catalyst.
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