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High catalytic activity of Pt-Co/G (15 wt% Pt) alloy particles are synthesized on reduced graphene
oxide (RGO) and reduced by simple ethylene glycol (EG). The results of X-ray diffraction and
transmission electron microscopy analysis show that the average size of metal particles is ca. 4.1 nm,
and the metal particals are highly dispersed on the graphene. The cyclic voltammogram was used for
evaluating the electrocatalytic activity of the catalyst. In addition, the performance of this catalyst
was investigated in microbial fuel cells (MFCs). It produced a maximum power density of 1378
mW/m?, which was quite close to that with a Pt/C (20 wt% Pt) cathode (1406 mW/m?); the Coulombic
efficiency reaches 71.6%, which was better than that of the Pt/C (52.0 %). And the total cost of Pt-
Co/G catalyst were lower than that of Pt/C catalyst. Thus, the Pt-Co/G probably provides a new
solution for finding effective cathode materials for MFC.

Keywords: Graphene; Pt-Co alloy nanoparticles; Microbial full cell; Oxygen reduction reaction;
Catalyst.

1. INTRODUCTION

Microbial fuel cells (MFCs) have emerged in recent years as a promising yet challenging
technology, known as the environmentally friendly and sustainable power sources, have gained a lot of
attention as a mode of converting organic waste including low-strength wastewaters and
lignocellulosic biomass into electricity [1]. The Pt-based catalyst is currently one of the key
components in fuel cells, which accounts for about 30% of the cost of fuel cell manufacturing [2]. A
key challenge to the ultimate commercialization of fuel cells is the development of active, steady, and
low-cost catalysts for an oxygen reduction reaction (ORR) [3, 4]. Although considerable progress was
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achieved for performance improvement in the last decade [5, 6], the high cost of Pt catalyst and low
cathodic oxygen electroreduction activity have still remained as obstacles to overcome. So there has
been increasing interest in developing Pt-alloy or alternative catalysts which are low-cost, active, and
stable [7, 8]. Considering the activity and stability, platinum-based catalysts are still possess many
superiorities for MFCs especially for ORR occurring at the cathode. And recent work on the cathode
electrocatalysts has focused on Pt-based bimetallic catalysts such as Pt-Fe, Pt-Ni, Pt-Cr, Pt-Cu, Pt-Au,
and Pt-Co, etc.

Carbon black-supported Pt is widely used as an oxygen reduction electrocatalyst for energy
conversion device applications. But the vulnerability toward oxidation of carbon black support hinders
its use for electrode applications [9]. It is consequently of increasing interest to develop new support
materials that avoid the drawbacks linked to carbon black supports. Graphene (G), the first two-
dimensional material to be isolated, has become the focus of intense fundamental research due to its
extraordinary properties, such as good electronic conductivity, large surface area, high mechanical
and/or thermal stability and durability, makes it as a promising catalyst support material for fuel cell
applications [10-12]. One encouraging aspect of graphene is to replace carbon black in various
applications because the naturally abundant and cheap graphite flakes are used to produce graphene.
Since chemical oxidation method has been regarded as the most promising way to produce graphene
sheets from both scale and cost perspectives [13]. Thus, intensive effort has focused on using reduced
graphene oxide (RGO) as a catalyst support for the ORR, and some exciting results have been
reported [14-16]. In comparison with carbon black or carbon nanotubes (CNTSs), graphene not only
possesses similar physical properties but also larger surface areas. Additionally, production cost of
graphene sheets in large quantities is much lower than that of CNTs [12, 17]. It’s that believed G close
contact with metals play an important role in activity enhancement of the G supported catalyst. This
has been demonstrated in the Pt (or Pd)-based nanoparticle catalysts grown on G for electrocatalytic
reactions [18-20] and in the activation of Co30,4 and MoS; NPs by G for oxygen reduction reaction in
alkaline media [21] and for hydrogen evolution in H,SO, solution [22]. And also exhibit the
advantages of both single-layer graphene and highly graphitic carbon, as a durable alternative support
material for Pt nanoparticles for oxygen reduction in fuel cells.

For the purpose of development of low-cost, stable and more active electrocatalysts to replace
Pt. In this study we have used RGO as support materials and used EG as reducing agent to fabricate Pt-
Co alloy nanoparticles, although these Pt-Co/G (atomic ratio, Pt: Co = 1:1, 15 wt% Pt) alloy catalysts
contain reduced content of Pt, they exhibit about the same catalytic activity towards oxygen reduction
compared to pure platinum catalyst. Cyclic voltammetry (CV) measurement was used to find out the
electrochemical surface area (ECSA) and their electrocatalytic activity for the ORR. X-ray diffraction
(XRD) and transmission electron microscopy (TEM) measurements were employed to observe the
catalyst structure and size distribution. We also investigated its performance in an air cathode single
chamber MFC. For comparison, a commercially available oxygen reduction electrocatalyst of 20 wt%
Pt/C was also experimented.
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2. EXPERIMENTAL

2.1 Preparation of graphite oxide (GO)

The graphite oxide was synthesized from natural graphite powder (99.99%, 325 mesh)
according to the literature [23, 24]. After removal of residual salts and acid, the resultant dispersion of
graphite oxide was subjected to ultrasonic treatment to obtain the exfoliated GO.

2.2 Preparation of Pt-Co/G alloy catalysts

Pt-Co/G alloy nanoparticles are synthesized by ethylene glycol (Aladdin) reduction method
following ref’s [25]. In a typical synthesis, stoichiometric amounts of metal precursors H,PtClg-6H,0O
(Aladdin) as Pt precursor, and Co(NO3),-6H,0 (Aladdin) as Co precursor dispersed in 40 ml ethylene
glycol solution and 80 mg GO dispersed in 40 ml ethylene glycol solution (ultrasonic treated for an
hour in advance) are mixed together with ultrasonic and stirring treatment, 1.0 M NaOH (in EG) was
added to adjust the pH of the solution to >13, then the solution was taken in a 250 ml round-bottom
flask equipped with a N, in/outlet. The resulting suspension is refluxed with vigorously power-driven
stirring at 403 K for 7 h. Then it is filtered, washed copiously with ultrapure DI water until CI"™ was not
detected and then dried at 333 K in a vacuum oven. The nominal metal content on the graphene is 20
wt.%.

2.3 Electrode preparation

Carbon cloths (3x5 cm) (non-wet proofed, type A, E-TEK) were used as anodes. All the
carbon cloths were first cleaned by soaking them in pure acetone (Aladdin) overnight, then acid treated
by soaking the cloths in a solution of ammonium peroxydisulfate (200 g/L) and concentrated sulfuric
acid (100 mL/L) for 15 min. After that, carbon cloths were heat-treated in a muffle furnace at 450 °C
for 30 min. Following treatments, all cloths were washed three times with distilled water before being
used in MFCs. Cathodes were also made of carbon cloth with a projected surface area of 4.5 cm?; the
water proof layer was made as described by previous report [26, 27]: Coated with one layer of a
mixture of Vulcan XC-72 (2.5 mg/cm?) and poly tetrafluoroethylene (PTFE, 60%), and three layers of
PTFE (30%) on the air-facing side. The catalytic layer was then prepared as follows: Appropriate
amount of Pt-Co/G catalyst (with a Pt loading of 0.375 mg/cm?), 200 pL of 5 wt% Nafion solution and
100 uL pure iso-propanol were blended in a plastic sample vial, the suspension was coated onto the
surface of a carbon cloth. For comparison, cathodes with Pt/C (20 wt%, with a Pt loading of 0.5
mg/cm?) were prepared using the same method. All electrodes were dried at room temperature for at
least 24 h before use.

2.4 MFC construction and operation

Air-cathode single chamber cylindrical MFCs (length 6 cm, diameter 2.4 cm, volume 27 mL)
were constructed, and wired to an external resistor (1000 Q). The cathode was placed on one side of
MFC with the oxygen catalyst coating layer facing to the anode, with the PTFE layer exposed directly
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to air. The anode was positioned (perpendicularly to the cathode) in the other side of chamber, with a
distance of 1.0 cm from the cathode and no membrane between the two electrodes. MFC reactors were
inoculated using pre-domesticated bacteria from another double chamber MFC. MFCs were inoculated
using solution containing glucose (1 g/L) and a phosphate buffered nutrient medium (PBM) containing
NH,4CI (0.31 g/L), NaH,PO4-H,0 (4.97 g/L), Na;HPO,4-H,0 (2.75 g/L), KCI (0.13 g/L), and a metal
(12.5 mL) and vitamin (12.5 mL) solution. The solution was replaced at the end of each fed-batch
cycle, defined as a voltage less than 50 mV. All tests were conducted in a 35 °C temperature, and were
carried out in two parallel samples.

2.5 Analysis and calculation

X-ray diffraction (XRD; D-MAX 2200VPC, RIGAKU) was performed to characterize the
catalyst by using Cu Ka radiation. Data acquisition was carried out in the scanning angle range of 10-
90°. Diffraction patterns were collected with a scanning rate of 5°per minute and with a step of 0.02°.
In order to estimate the particle size from XRD, Scherrer equation was used [28]. For this purpose, the
(2 2 0) peak of the Pt around 2-thea=68° was selected. All X-ray diffraction patterns were analyzed
using Jade 6.0 software. TEM measurements were carried out on a JEOL-2010; the acceleration
voltage was 200 kV. The TEM data were analyzed by Digital Micrograph Demo.

In order to investigate the ORR characterization of the two catalysts, cyclic voltammogram
(CV) were performed using an electrochemical work station (CHI 760) with the conventional three-
electrode system. A saturated calomel electrode (SCE) and a Pt wire were used as the reference and
counter electrode, respectively. The catalysts coated glassy carbon (GC, 3.0 mm diameter) electrodes
were used as working electrodes. Homogeneous catalyst ink is prepared by dispersing 5 mg catalyst in
0.125 mL 5 wt.% Nafion solution, 0.125 mL isopropanol and 0.5 mL ultrapure water by sonicating for
30 min, and 3.0 pl of the slurry was deposited on the glassy carbon electrode (area 0.07065 cm?), then
dried at room temperature. After fabrication, the electrodes are immersed in N-saturated 0.5 M H,SO4
and voltammograms are recorded. All the potential values are given with respect to SCE in the report.
The electrochemical surface area (ECSA) of the catalyst was determined by calculating the hydrogen
adsorption area. The charge for monolayer adsorption of hydrogen on Pt was assumed to be 210
;,LC-crn'Z.

The polarization curves and the power density curves were obtained by varying the external
resistance (R) from 20000 to 20 Q, when the voltage output was in steady-state after keep 20000 Q for
an hour, and the voltage (V) changing with the external resistance in the MFC was recorded by a data
acquisition system connected to a computer every 10 min. At each resistance (R), MFCs were operated
for two batches to ensure repeatable voltage output. The power density (P, mW/m?) was calculated by
the equation 1.

\Z 2II
ce 1
RBXA ( )
and the current density was calculated by equation 2.
P= Vcell (2)

R, A

ex
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in which A is the project area of the cathode. Internal resistance (R;) was calculated by linear
regression of voltage vs. current and open circuit voltage (OCV) was the voltage obtained at zero
current. The Coulombic efficiency (CE) was calculated from the total current production (Qe) and the
total initial added COD of glucose (equation 3). The chemistry oxygen demand of glucose is 1.063
g/L.

Qu
COD, 50 XV X F xb+M

in which V is liquid volume (0.02 L), F is Faraday’s constant (96485 C/mol of ¢") and b is mol
of e produced per mol of O, (4 mol/mol), M is the mole mass of O, (32 g/mol).

CE=

3)

3. RESULTS AND DISCUSSION

Fig. 1 shows the X-ray diffraction patterns for the Pt-Co/G nanoparticles, a commercial Pt/C
catalyst and GO. From the previous report [25, 29], the graphite and RGO both exhibited characteristic
(0 0 2) diffraction peak at ca. 26.7 °. In this study, upon oxidation/exfoliation of graphite with strong
acids, a smaller broader peak at 10.8 ° appeared for GO. It indicates the ordering of the graphene layers
in graphite was disrupted and the complete oxidation of graphite. For Pt-Co/G, the appearance of the
diffraction peak at 23.8 ° (due to the 002 reflection) suggests that the GO was reduced by EG [30], thus
restoring the crystal structure to that of graphene. It also indicates the Pt-Co alloy was loaded on the
graphene. The XRD pattern for Pt-Co/G catalyst is very similar to that for Pt/C, without any obvious
additional peaks, four peaks are characteristics of the face-centered-cubic (fcc) crystalline Pt,
corresponding to the planes (11 1), (2 0 0), (22 0) and (3 1 1), respectively. The reflection peaks of
the Pt-Co/G samples are shifted to higher angles compared to those of Pt/C, revealing decreased lattice
parameters and a high level of alloying [31]. And it indicates the contraction of lattice by the
incorporation of Co in the fcc structure of Pt due to alloy formation [32]. The compressed Pt—Pt bond
length has been shown to lower the valence band center relative to the Fermi level [33], reduce the
binding strength and/or coverage of oxygenated adsorbates, and enhance ORR activity. The Pt/C and
Pt-Co/G catalyst particle sizes, calculated from XRD data (2 2 0) peak of the Pt use the Scherrer
equation by Jade software, is 3.6 and 4.0 nm, respectively.
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Figure 1. X-ray diffraction patterns for the GO, commercial Pt/C 20% catalyst and Pt-Co/G
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Fig. 2 presents a typical TEM image of graphene-supported Pt—Co alloy catalyst with a Pt/Co
atomic ratio of 1:1 and its corresponding particle size distribution histogram. As can be observed from
the TEM micrograph, the Pt-Co particles appears as small particles, which were well and
homogeneously dispersed on the graphene. Good dispersion of metallic nanoparticals could be due to
the EG as the reduction agent and stabilizer. The mean particle size was ca. 4.2 nm, which was

calculated according to equation 4.
ini

(4)

where n; is the frequency of occurrence of particles with size d;. The average particle size of Pt-
Co catalyst calculated from the TEM image is in good agreement with this measured by the Scherrer
equation in the XRD peak.
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Figure 2. TEM images and histogram of the Pt- Co/G catalysts

The electrochemical performance of catalyst materials is very sensitive to their surface
composition and structures. Therefore electrocatalytic activity towards ORR of the as-prepared Pt-
Co/G nanoparticles was evaluated by cyclic voltammetry (CV). The measurements were performed in
a 0.5 M H,SO, aqueous electrolyte. Fig. 3 shows the cyclic voltammograms of Pt-Co/G catalysts with
the scan rate100 mV/s between -0.25V to 1.2V (vs SCE). From the CVs shown in Fig. 3, the hydrogen
adsorption/desorption peaks and preoxidation/reduction peaks of the Pt surface on Pt are clearly seen
indicating the presence of polycrystalline Pt for the two kinds of catalyst. The current of the hydrogen
region decreases for the Pt-Co/G catalyst, indicative the electrochemical active surface area of Pt-Co/G
catalyst is lower than the commercial Pt/C. The real surface area of the Pt was determined from the
hydrogen adsorption peaks shown in fig 4. The commonly accepted value is 210 pC-cm'z for
platinum. The obtained electrochemical active surface area for the Pt/C and Pt—Co bimetallic catalyst
is 39.5m?/g and 34.6 m?/g, respectively. Meanwhile, The water activation and Pt-OH formation peaks
are now clearly discernible in Fig. 3 for the two catalysts. Form Pt-Co/G catalysts the onset of the
water activation and Pt—OH formation on alloy surfaces is shifted to higher potentials than it from Pt/C
catalyst. A previously suggested kinetic model for the ORR [34] links the delayed formation of Pt—-OH
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surface layers to a larger number of available surface sites for adsorption of molecular oxygen. A shift
in Ept_on has therefore been suspected to correlate with increases in the ORR activity [35].
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Figure 3. CVs of the Pt—Co/G and Pt/C catalysts in 0.5 M H,SO, at the scan rate of 100 mV/s.
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Figure 4. Hydrogen adsorption region of the two catalysts.

In order to evaluate the catalytic active and long-term stability of the catalyst, the cell voltage
over a whole operation period were examined in single-chamber MFCs. Electricity generation with
1g/L glucose for Pt/C and Pt-Co/G alloy catalysts was compared in the MFCs (Fig 5A). The maximal
output voltage of MFC with the Pt-Co/G ally catalyst is higher than with Pt/C catalysts in the first
circle, this indicate the Pt-Co/G ally catalyst has a rather high ORR catalytic active compare with the
Pt/C, but in the following circles, the maximal output voltage of MFC with Pt-Co/G is lower and lower
than it with Pt/C, it shows that the long-term stability of the catalyst prepared in this study is not good
as the commercial Pt/C. In addition, the Coulombic efficiency of the MFC with Pt-Co/G ally catalyst
(71.3%) was higher than with Pt/C catalyst (52.0%), which was calculated from the first circle (Fig
5B). Thereby we could conclude that the performance of the Pt-Co/G ally catalyst in the MFC is
comparable with the Pt/C catalyst.
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Figure 5. Comparison voltage generations for Pt/C and Pt-Co/G alloy catalysts across a 1000Q
external resistance in air cathode single-chamber MFCs over the long-term operation (A) ,

the concentration for each substrate was 1 g/L glucose. The arrows indicate the substrate
addition. Voltage generations for the first circle (B).

The performances of MFCs with Pt-Co/G and Pt/C cathodes were monitored through gradually
decreased external circuit resistances (from 20000 to 20 Q) to determine power densities and
polarization curves for each of the catalyst. The obtained power densities and polarization curves are
shown in Fig. 6. The maximum power density of the MFC with a Pt-Co/G cathode was 1378 mW/m?,
which was a little lower than that with a Pt/C cathode (1406 m\W/m?). Internal resistance was estimated
from the slope of the plot of voltage versus current, and it was observed to be 178 Q and 228 Q in Pt-
Co/G cathode and Pt/C cathode MFCs, respectively. The electrochemical reaction rates could be
evaluated by the open circuit potential (OCP). A higher OCP value was related to a higher reaction rate
[36]. The OCP of the MFC with a Pt-Co/G cathode was 0.71V, which was similar to that with a Pt/C

cathode (0.77 £0.01 V), indicating the ORR rate of the Pt-Co/G catalyst was comparable with the Pt/C
catalyst.
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Figure 6. Power density curve and polarization curve for Pt-Co/G ally catalyst (Pt: Co atomic ratio of
1:1; 0.375 mg Pt/cm?), and Pt/C (0.5 mg Pt/cm?).
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4. CONCLUSIONS

The Pt-Co/G alloy nanoparticles were investigated as replacement for commercial Pt/C as the
cathode catalyst in MFCs in this study. Studies with XRD and TEM reveal that Pt-Co/G nanoparticles
are approximately 4.1 nm. The electrochemical results demonstrate that the catalytic of the Pt-Co/G
possess highly ORR catalyze activity and comparatively stable. The power density of the MFC with a
Pt-Co/G cathode was a litter lower than that with a Pt/C cathode, while, the price of a Pt-Co/G catalyst
was approximately three-quarter of Pt/C catalyst. The Pt-Co/G catalyst prepared in this study exhibits
almost the same catalytic performance to that of Pt/C supporting the established alloying effect. And it
clearly suggests that graphene can be an excellent carbon support for high performance ORR catalysts
in MFC cathodes. In terms of easy fabrication, lower cost and high power production, Pt-Co/G showed
a great potential to be used as a cost-effective catalyst in air cathode of MFCs.
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