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This work discusses a low-cost and high performaatalyst of the oxygen reduction reaction (ORR)
in microbial fuel cells (MFCs). The catalyst wasrfeed by Pt—Ni (15 wt% Pt) nanoparticles dispersed
on carboxyl multi-wall carbon nanotubes (Pt-Ni/MWNTThe catalyst particle presents a nano-
crystalline structure and has an average diamdtead@.1 nm based on the X-ray diffraction and
transmission electron microscopy measurement. Téetrecatalytic stability and activity of the
catalyst was evaluated by cyclic voltammogram ahtmopotentiometry. The MFC with a Pt-
Ni/MWNT cathode produced a maximum power densitg @ W/nf, which was close to that with a
Pt/C (20 wt% Pt) cathode (1.40 Wimthe Coulombic efficiency reaches 31.6%, whichsvitter
than that of the Pt/C (29.3%). The total cost #td&Ni/MWNT catalyst was much lower than that of a
Pt/C catalyst. Thus, the Pt-Ni/MWNT probably praagda new solution for finding effective cathode
materials for MFC.
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1. INTRODUCTION

The microbial fuel cell technology has drawn insiag attention in using wastewater as the
anodic “fuel” to generate electricity and accomipligollutant treatment simultaneously [1-4]. It
provides an alternative method for simultaneoug@n@roduction and wastewater treatment. In a
MFC, consumption of organic compounds by microoigjas at the anode is accompanied by electron
transfer to the anode and proton release. The pgdlow through the electrolyte and the electrons
flow through the external circuit to reach the catd, where they are used along with electrons to
accomplish oxygen reduction to water [5, 6]. The @1technology is promising; however, several
limiting factors may weigh heavily against the migghe of power yield before it obtains a significan
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share of the energy market. Owing to slow kinetitsathode ORR in pH-neutral aqueous electrolyte,
power density generated from a MFC is commonly radled by the cathode performance [7-10]. The
biggest technical challenge in MFC is the poor kageof the cathodic reaction and the high costs of
Pt-based electrocatalysEseven on the most active Pt surface, the over-patenf ORR is
considerable [8].

Pt is the most active oxygen reduction electrogatalbut the high cost and sensitivity to
poisoning of Pt electrocatalysts brings about seviochallenges for MFC technology
commercialization [12-14]. So far, most efforts @dvcused on the development of low-cost, stable
and more active electrocatalysts to replace Ptadety of chemical catalysts have been studied for
ORR, mainly including platinum-based alloy Pt—-M (@, Fe, Cu, Pd and Ni etc.) [12-20], metal-N4
macrocycles like porphyrines, phthalocyanines, M[®2-26], and carbon powders [27]. Although
recent technological improvements have reducedatheunt of Pt required, neither the fabrication
process of catalyst is rigorous nor the marketeplimitations for mass production have not yet been
satisfiedlt's especially compelling for synthesize out hiagtive, stable and low-cost electrocatalysts
for ORR.

High surface area electrocatalyst support mateaats essential to disperse electrocatalyst
nanoparticles uniformly to reduce the electrocatalipading and aid in improving the MFC
performance [28]. In this regard, carboxyl multiwearbon nanotubes (MWNTS) appear to be an
ideal candidate as an electrocatalyst support rahtire to their large surface area, good thermdl a
chemical stability, as well as high electrical coatvity [29-30]. Most of previous studies are use
carbon black as support material, the report alibat synthesis of carboxyl multi-wall carbon
nanotubes-supported Pt/Ni catalyst for MFC is scéB the primary objective of this study was to
prepare highly stable and active ORR catalystdMBC by supporting Pt-Ni catalysts on MWNTSs (be
referred to as Pt-Ni/MWNT) through a comparativeljyd method.

In this work we have used NaBHas reducing agent and Oidns as stabilizing agent to
deposit Pt-Ni nanoparticles on MWNTSs, although éh&$-Ni/MWNT (atomic ratio, Pt: Ni = 1:1,15
wt% Pt) alloy catalysts contain half reduced contérPt, they exhibit about the same catalytic\aisti
towards oxygen reduction compared to pure platicatalyst. Cyclic voltammetry (CV) measurement
was used to study the electrocatalytic stabilityray diffraction (XRD) and transmission electron
microscopy (TEM) measurements were employed torgbsthe catalyst characterization. We also
investigated its performance in an air cathodelsisgamber MFC. For comparison, a commercially
available oxygen reduction electrocatalyst of 2@\at/C was also tested.

2. EXPERIMENTAL

2.1 Electrocatalyst preparation

Pt-Ni/MWNT catalyst (15 wt% Pt) was reduced by dlvweaown ultrasonic synthesis method,
using NaBH (Aladdin) as reducing agent. The typical preparatprocedure was as follow: The
appropriate amounts of COOH-CNT (Timesnano) wessalved in deionized water with vigorous
ultrasonically stirring for 20 min. A mixture of iNNOs)>-:6HO (Aladdin) and HPtCk-6H,O
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(Aladdin) was dissolved in deionized water with e Ni (atomic ratio) =1:1, and then this mixture
was dropwise added to the above ink with vigordasteomagnetic stirring. After stirring for 24 et
pH of the entire solution was adjusted to 12 byirglaOH, the reducing agent solution NaB¥ére
slowly added to the above solution and keep sgrfan 8 h, followed by filtering, washing, and dng

at 60 °C.

2.2 Electrode preparation

Carbon cloths (3x5 cm) (non-wet proofed, type ATEK) were used as anodes. All the carbon
cloths were first cleaned by soaking them in puwet@ne (Aladdin) overnight, then acid treated by
soaking the cloths in a solution of ammonium pedistyifate (200 g/L) and concentrated sulfuric acid
(100 mL/L) for 15 min. After that, carbon cloths neeneat-treated in a muffle furnace at 450 °C fr 3
min. Following treatments, all cloths were washaebé times with distilled water before being used i
MFCs [31]. Cathodes were also made of carbon aidth a projected surface area of 4.5%cnhe
water proof layer was made as described by previepert [22, 33]:Coated with one layer of a
mixture of Vulcan XC-72 (2.5 mg/cthand poly tetra uoroethylene (PTFE, 60%), and ¢hkayers of
PTFE (30%) on the air-facing side. The catalytigelawas then prepared as follows: 30 mg Pt-
Ni/MWNT catalyst (with a Pt loading of 0.375 mg/&m200 pL of 5 wt% Nafion solution and 100 pL
pure iso-propanol were blended in a plastic samiale the suspension was coated onto the surface of
a carbon cloth. For comparison, cathodes with P2@Cwt%, with a Pt loading of 0.5 mg/érwere
prepared using the same method. All electrodes dreed at room temperature for at least 24 h before
use.

2.3 MFC construction and operation

Air-cathode single chamber cylindrical MFCs (len@tltm, diameter 2.4 cm, volume 27 mL)
were constructed, and wired to an external res{@000 ). The cathode was placed on one side of
MFC with the oxygen catalyst coating layer facinghe anode, with the PTFE layer exposed directly
to air. The anode was positioned (perpendicularithe cathode) in the other side of chamber, with a
distance of 1.0 cm from the cathode and no membvatween the two electrodes. MFC reactors were
inoculated using pre-domesticated bacteria frontremadouble chamber MFC. MFCs were inoculated
using solution containing glucose (1 g/L) and agpimate buffered nutrient medium (PBM) containing
NH4CI (0.31 g/L), NaHPOs-H,O (4.97 g/L), NaHPOs-H.O (2.75 g/L), KCI (0.13 g/L), and a metal
(12.5 mL) and vitamin (12.5 mL) solution [21, 33he solution was replaced at the end of each fed-
batch cycle, defined as a voltage less than 50 Atl\fests were conducted in a 30 °C temperaturd, an
were carried out in two parallel samples.

2.4 Analysis and calculation

X-ray diffraction (XRD; D-MAX 2200VPC, RIGAKU) wagerformed to characterize the
catalyst by using Cu Ka radiation. Data acquisitiaas carried out in the scanning angle range of 20-
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90°. In order to estimate the particle size fromD{(RScherrer equation was used [34]. For this
purpose, the (2 2 0) peak of the Pt around 2-th@aw@s selected. All X-ray diffraction patterns wer
analyzed using Jade 6.0 software. TEM measuremeats carried out on a JEOL-2010; the
acceleration voltage was 200 kV. The TEM data vesayzed by Digital Micrograph Demo.

In order to investigate the ORR characterizationvaafious catalysts, cyclic voltammogram
(CV) were performed using an electrochemical wagtien (CHI 760) with the conventional three-
electrode system. A saturated calomel electrod&)3@d a Pt wire were used as the reference and
counter electrode, respectively. The catalystsezbgtassy carbon (GC, 3.0 mm diameter) electrodes
were used as working electrodes. Homogeneous shtialyis prepared by dispersing 10 mg catalyst
in 0.25 mL 5 wt.% Na on solution and 1.25 mL ultae water by sonicating for 30 min, and 3|®f
the slurry was deposited on the glassy carbonreléet(area 0.07065 én then dried at room
temperature. After fabrication, the electrodes mmenersed in @saturated 0.5 M 50O, and
voltammograms are recorded. All the potential valaee given with respect to SCE in the report.

Cathode potentials were measured in PBM in the rmleseof microorganisms by
chronopotentiometry using an electrochemical wawtien (CHI 760), using a three-chambered
electrochemical cell containing a working electrgdathode electrode with 0.64 tprojected surface
area), a counter electrode (platinum plate withajegted surface area of 2 tnand a SCE reference
electrode. The catalyst-coated side of the cathveae placed facing the solution, with the uncoated
side exposed directly to air. The potential forreaarrent was obtained by applying a constant atirre
for 60 min. A curve of the cathode potentials agaiourrent densities was used to evaluate the
performance of cathodes. For fixed current dengity,higher the potential the better the perforreanc
of the cathode material.

The polarization curves and the power density cuimwere obtained by varying the external
resistance (R) from 20000 to 2Q when the voltage output was in steady-state &éiep 20000 for
an hour, and the voltage (V) changing with the ekresistance in the MFC was recorded by a data
acquisition system connected to a computer evempihO At each resistance (R), MFCs were operated
for two batcheso ensure repeatable voltage output. The poweritygi’s mWi/nf) was calculated by
the equation 1.

V2

— cell

R exA Q)

and the current density was calculated by equ&tion

| —_ V cell

R_A
ex (2)
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in which A is the project area of the cathode. rimi resistance ({Rwas calculated by linear
regression of voltages. current and open circuit voltageotl, was the voltage obtained at zero
current. The Coulombic efficiency (CE) was calcedafrom the total current productiondfland the
total initial added COD of glucose (equation 3)eTdhemistry oxygen demand of glucose is 1.063
g/L.

CE= Qe
coD,...V F b M

glucose

@)

in which V is liquid volume (0.02 L), F is Faradayonstant (96485 C/mol of)yend b is mol
of € produced per mol of 44 mol/mol), M is the mole mass ot (32 g/mol).

3. RESULTS AND DISCUSSION

Fig. 1 shows the X-ray diffraction patterns for tReNi/MWNT nanoparticles, a commercial
Pt/C catalyst and unmodified Vulcan XC-72 carbowger. The broad peak at 2-thea approximately
25° is characteristic of the carbon. The XRD pattier catalysts is very similar to that for Pt/C,
without any obvious additional peaks, indicatingttlthe electrocatalysts present the face centered
cubic (fcc) structure of platinum. According to pisus reports [35-37] the lack of extra peaks
indicates that the Pt-Ni/MWNT alloys have disordestructures with Ni atoms distributed randomly
at the Pt positions. The reflection peaks of thaNFAMWNT samples are shifted to higher angles
compared to those of Pt/C, indicating a contractibthe unit cell lattice arising from substitutitige
larger Pt atoms for the smaller Ni and alloy forimatbetween metallic phases. The Pt/C and Pt-
Ni/MWNT catalyst particle sizes, calculated from BRlata (2 2 0) peak of the Pt use the Scherrer
equation by Jade software, are 3.8 and 6.8 nmecésply.
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Figure 1. X-ray diffraction patterns for the Pt-Ni/MWNT, conemtial Pt/C 20% catalyst and
unmodified Vulcan XC-72 carbon powder
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Fig. 2 presents TEM images and histograms of tidiftfWNT catalysts. As can be observed
from the TEM micrograph, the Pt-Ni particles apgeas small particles, which were well and
homogeneously dispersed on the multi-wall carbomnides. The mean particle size was 7.4 nm,
which was calculated according to equation 4.

d= nd

N,
(4)

where nis the frequency of occurrence of particles wide si. Average particle size of 7.4 nm
was obtained for Pt-Ni/MWNT catalysts. The averpgdicle size of Pt-Ni/MWNT catalyst calculated

from the TEM image is in good agreement with thisasured by the Scherrer equation in the XRD
peak.
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Figure 2. TEM images and histogram of the Pt-Ni/MWNT cattdys

The electrochemical performance of catalyst mdgeria very sensitive to their surface
composition and structures. Therefore electrocttabctivity towards ORR of the as-prepared Pt-
Ni/MWNT nanoparticles was evaluated by cyclic voitaetry (CV). The measurements were
performed in a 0.5 M 60Oy aqueous electrolyte. Fig. 3 shows the cyclic vofteograms of Pt-
Ni/MWNT catalysts with different scan rates (fror@ & 180 mV/s). A linearity of the cathodic or
anodic peak currents with scan rates demonstrasgdite redox reaction of Pt-Ni was a diffusionless
surface-controlled process, confirming that the wobitized Pt-Ni/MWNT was rather stable. The

hydrogen adsorption/desorption peak and the pragridreduction peak for the electrocatalysts was
clearly obtained at -0.19 V.
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Figure 3. CVs of Pt-Ni/MWNT catalysts with different scaneat(A) and the peak currents as a linear
function of scan rates (B). The peak 1-2 was imatance with the marks in graph A.

The performance of a Pt-Ni/MWNT cathode was comparePt/C catalyst cathode using
chronopotentiometry as shown in Fig 4. The potekreased rapidly at current densities less than
0.4 mA/cnf. The open circuit potential (OCP) of the Pt-Ni/MWNind Pt/C catalyst cathode is 280
mV and 300 mV (vs SCE) respectively. Though thesBlimMWNT alloy catalysts contain quarter
content of Pt less than Pt/C, the potentials preduby the commercially available Pt/C catalyst
cathode were only a little higher (20-28.5 mV) titanse obtained using the Pt-Ni/MWNT catalyst

cathode.
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Figure 4. Comparison of cathode potential measured in thetrelehemical cell for the cathodes with
Pt/C and Pt-Ni/MWNT catalysts
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In order to evaluate the catalytic active and lterga stability of the catalyst, the cell voltage
over a whole operation period were examined inleiesgamber MFCs. Electricity generation with
1g/L glucose for Pt/C and Pt-Ni/MWNT alloy catalysvas compared in the MFCs (Fig 5A). The
maximal output voltage of MFC with the Pt-Ni/MWNTyacatalyst is comparable with Pt/C catalysts,
only 10-20 mV lower than the MFC with Pt/C catalyshd the maximum voltage of each cycle was
stable at around 0.57 V and 0.585 V respectively.isAshown in the Fig 5A, all circles of the MFC
with Pt-Ni/MWNT ally catalyst can reach maximum tage within 6 hours, but Pt/C catalyst need 10
hours at least, and the former’s electricity getienacircle (80-100 hours) is shorter than theelast
(105-130 hours). In addition, the Coulombic effieig was higher with Pt-Ni/MWNT ally catalyst
(31.6%) than Pt/C catalyst (29.3%), which was dated from the first circle (Fig 5B). Thereby we
could conclude that the performance of Pt-Ni/MWNIy aatalyst in the MFC is about the same than
Pt/C catalyst.
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Figure 5. Comparison voltage generations for Pt/C and Pt-MINT alloy catalysts across a 1000
external resistance in air cathode single-chambEC#/over the long-term operatiéu A,
the concentration for each substrate was 1 g/Logeic The arrows indicate the substrate
addition. Voltage generations for the first cir(h).

To evaluate the efficiency of different catalyste performances of MFCs with Pt-Ni/MWNT
and Pt/C cathodes were monitored. The obtained pderesities and polarization curves are shown in
Fig. 6. The maximum power density of the MFC witRtaNi/MWNT cathode was 1.22 +0.016 Wim
which was a little lower than that with a Pt/C eath (1.405 + 0.014 W/H Polarization was
conducted by changing the external circuit loadseostabilized performance of MFC was observed.
There was a sudden drop of cell voltage at relgtikgher current and lower external resistance-(20
100 ) in all polarization tests. Internal resistancesweatimated from the slope of the plot of voltage
versus current, and it was observed to be 781d 71 in Pt-Ni/MWNT cathode and Pt/C cathode
MFCs, respectively. The electrochemical reactidas@ould be evaluated by the open circuit potentia
(OCP). A higher OCP value was related to a higkaction rate [6]. The OCP of the MFC with a Pt-
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Ni/MWNT cathode was 0.74 +0.01 V, which was similarthat with a Pt/C cathode (0.76 £0.01 V),
indicating the ORR rate of the Pt-Ni/MWNT catalgsimpare with the Pt/C catalyst.
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Figure 6. Power density curve and polarization curve for PMWNT ally catalyst (Pt: Ni atomic
ratio of 1:1; 0.375 mg Pt/cf)) and Pt/C (0.5 mg Pt/cin

4. CONCLUSIONS

The Pt-Ni/MWNT alloy nanoparticles were investightes replacement for commercial Pt/C as
the cathode catalyst in MFCs in this study. Studwth TEM and XRD reveal that Pt-Ni/MWNT
nanoparticles are approximately 7.4 nm. The elebgmical results demonstrate that the catalytic of
the Pt-Ni/MWNT was stable and possess highly ORRIyze active. The power output of the MFC
with a Pt-Ni/MWNT cathode was much close to thathwa Pt/C cathode, while, the price of a Pt-
Ni/MWNT catalyst was approximately three-quarter RffC catalyst. In terms of easy fabrication,
lower cost and high power production, Pt-Ni/MWNTogled a great potential to be used as a cost-
effective catalyst in air cathode MFCs.
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