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ABSTRACT

The different weight ratios of Pd to Pt, i.e., 16:4, 10:10, 4:16 in Pd-Pt/C and Pd (20 wt. %) /C electrocatalysts with low

metal loading were synthesized for glycerol electrooxidation in an air breathing microfluidic fuel cell (MFC). The cell per-

formance on Pd-Pt (16:4)/C anode electrocatalyst was found best among all the electrocatalysts tested. The single cell when

tested at a temperature of 35oC using Pd-Pt (16:4)/C, showed maximum open circuit voltage (OCV) of 0.70 V and max-

imum power density of 2.77 mW/cm2 at a current density of 7.71 mA/cm2. The power density increased 1.45 times when

cell temperature was raised from 35oC to 75oC. The maximum OCV of 0.78 V and the maximum power density of

4.03 mW/cm2 at a current density of 10.47 mA/cm2 were observed at the temperature of 75oC. The results of CV sub-

stantiate the single cell performance for various operating parameters.
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1. Introduction

Owing to limited resources of fossil fuels with high
demand is the major cause for researchers to develop
environment-friendly power generating devices [1].
The fuel cell device produces energy without any
toxic emissions to the environment and it has a wide
variety of applications such as a power source for
mobile applications and stationary devices [2,3].
Microfluidic fuel cells (MFCs) are one of the most
recently developed and investigated micro fuel cell
device which has created interest among the
researchers these days for further studies due to its
possible potential uses in portable electronic devices.
In MFC, the electrodes are fixed in a microchannel
with a distance of less than 1 mm without any mem-
brane electrolyte [4,5]. The interface between fuel
and oxidant stream act as a membrane electrolyte

similar to the conventional proton exchange mem-
brane (PEM) for ion exchange. Thus, the crossover
of fuel, ohmic drop, anode dry out and cathode flood-
ing issues related with the membrane could have
been eliminated in MFC which also reduces the cost
of the MFC compared to PEM based fuel cell, mak-
ing the MFC technology economically more viable
[6,7]. MFCs can also be used for those devices which
consume less power like camcorder, cell phone, lap-
top, glucose sensor, and pacemaker etc. [8]. 

There are many aliphatic alcohols like methanol
[9], ethanol [10], ethylene glycol [11] and glycerol
[12] etc. so far tested in MFC. Among all aliphatic
alcohols methanol is low molecular weight com-
pound, simplest alcohol without having any C-C
bond in its molecular structure and thus, easy to
breakdown using the present Pt based electrocatalyst
resulting in very high current and power density in
comparison to any other alcohols. However, metha-
nol is not primarily alcohol and it is produced via
complex route of Fischer-Tropsch reaction [13].
Moreover, it is neuro-toxic and low boiling point
alcohol [14]. On the other side, glycerol has drawn
much attention at the present time due to its several
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advantages over methanol like glycerol is non-vola-
tile, non-toxic as well as non-flammable, which
makes it favorable to use as eco-friendly fuel in MFC
device [15-17]. Glycerol also shows comparable
energy density (5.0 kwh kg-1) to that of methanol
(6.1 kwh kg-1) [18] and it is a byproduct of biodiesel
manufacturing via transesterification of valuable oils
[19]. Thus, glycerol was selected as most promising
fuel for the present study in a specially design MFC. 

It is well known that electrocatalyst plays an
important role in the electrochemical dissociation of
any anode fuels. Most of the electrooxidation of alco-
hols have been focused on platinum or palladium
based electrocatalysts, probably due to their excellent
electrocatalytic behavior [20]. Thorough literature
survey shows that palladium is the most active metal
electrocatalyst for glycerol electrooxidation over any
other noble metal electrocatalyst [21,22]. The elec-
trooxidation of alcohols reactions are carried out
either in acidic or alkaline medium [23]. However,
palladium-based electrocatalysts are most active for
electrooxidation of alcohols in alkaline medium [24].
It should be noted that glycerol molecule has more
than two C-C bond in the molecular structure which
is quiet difficult breakdown using present Pt based
electrocatalysts. Although, Pd is suitable and electro-
chemically active electrocatalyst, Pd based electro-
catalysts are not available commercially in the open
market. Thus, there is a necessity to synthesis bime-
tallic Pd-M (where M is Pt, Au, Ni etc.) electrocata-
lysts to improve the electrooxidation kinetics and
activity via a suitable reaction pathway which allows
to split the C-C bond of glycerol at low activation

energy [25]. 
As per the available literature, electrooxidation of

glycerol on Pd/C, Pt/C and Au/C proceeds through a
complex series of reactions as shown in Fig. 1 [21].
In the following reaction scheme it shows that many
intermediate species are formed during the electroo-
xidation glycerol such as glyceraldehyde, tartronate
ion, glycerate ion, hydroxypyruvate ion, and mesoxa-
late ion etc (Fig. 1). The partial electrooxidation of
glycerol gives 10 electrons and forms mesoxalate,
whereas complete electrooxidation gives 14 electrons
and forms carbonate (Eqs. (1) and (2)). 

So far many research work have been carried out
and reported on glycerol electrooxidation using Pd/C
[12,26,27], Pd/MWCNT [12], Pt/C [28] ,PtRu/C
[29], Au/C [30], PdAu/C [31], PdNi/C [32], CuPd/C
[33] and CuPt/C [34] electrocatalyst either in half cell
or in single cell configuration. Mostly, the electrocat-
alysts were synthesized to study the performance of
glycerol electrooxidation, except a few researchers
who have reported the use of commercial electrocata-
lyst in their study [12,33]. Thus, synthesis of most
active and suitable electrocatalysts is essential for
glycerol electrooxidation in the single MFC and stack
as well. It should also be noted that very scanty litera-
ture is available on MFC using glycerol as a fuel.

Dector et al. [12] used synthesized Pd/C and Pd/
MWCNT as anode electrocatalyst and commercial
Pt/C as cathode electrocatalyst for electrooxidation of
glycerol in a Y-shaped MFC. The length of the MFC
channel was 45 mm and 1 mm depth with an active
electrode area of 0.45 cm2. The electrocatalyst ink was
deposited on the wall of the channel by spray tech-

Fig. 1. Scheme of proposed reaction using Pd/C, Pt/C and Au/C electrocatalysts for glycerol electrooxidation in alkaline

media. 
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nique. The maximum power density of 0.70 mW/cm2

and 0.51 mW/cm2 was obtained using Pd/MWCNT
and Pd/C electrocatalysts, respectively. Maya et al.
[33] synthesized CuPt/C and CuPd/C anode electro-
catalyst for electrooxidation of crude and analytical
glycerol in air breathing nanofluidic fuel cell. The
electrocatalyst CuPd/C and Pt/C of 1 mg was impreg-
nated in carbon nanofoam (Marketech International,
Inc) as substrate for each anode and cathode, respec-
tively. The dimension of the electrode in the cell was
20 mm, 3 mm width and 0.1 mm height with active
area of 0.02 cm2. The maximum power density using
CuPd/C was 17.6 mW/cm2 and 17.4 mW/cm2 for
crude and analytical glycerol, respectively. Similarly,
CuPt/C produced maximum power density of
21.8 mW/cm2 and 23 mW/cm2 for crude and analyti-
cal glycerol at 25oC, respectively. Yi Jie et al. [35]
worked on glycerol based membraneless fuel Cell
using gold plated surface as anode and MnO2 as cath-
ode. The OCV of 0.704 V and maximum power den-
sity of 1.27 mW/cm2 (at 0.2 V) was achieved using
1.4 M glycerol and 8.0 M KOH. Gomes et al. [36]
studied glycerol electrooxidation in cyclic voltamme-
try using Au and Pt nanoparticles supported with
glassy carbon in alkaline medium. They observed
that glassy carbon as support material enhances the
activity of glycerol electrooxidation due to the forma-
tion of active oxygenated species on the glassy car-
bon which oxidizes the glycerol  residue on
electrocatalytic surface. Simões et al. [21] synthe-
sized carbon supported Pt, Pd and Au electrocatalyst
and bimetallic PdAu and PdNi with different compo-
sitions for oxidation of glycerol in alkaline medium.
The onset potential of all PdxMe1-x/C (M= metal)
electrocatalysts shows lower than Au/C and Pd/C,
but greater than Pt/C. For bimetallic electrocatalysts,
the order of activity at low potentials is: Pd0.3Au0.7/
C>Pd0.5Au0.5/C>Pd0.5Ni0.5/C. There are several
advantages of using air breathing cathode in MFC
e.g., cathode electrocatalysts sites get exposed to the
higher concentration of oxygen via air breathing
cathode in comparison to that of oxygen dissolved in
aqueous solution due to low solubility of oxygen. It
also improves the mass transfer performance as the
diffusivity of oxygen from atmospheric air is 10,000
times higher diffusivity than oxygen in the dissolved
solution [33].

The literature review shows that no detailed study
on T- shape air breathing microfluidic fuel cell using

glycerol as fuel on synthesized Pd-Pt/C has been
reported till date. In this context, present work is
focused on the synthesis of Pd/C and Pd-Pt/C bime-
tallic anode electrocatalyst for glycerol electrooxida-
tion in an air-breathing microfluidic fuel cell. The
low cost anode electrocatalyst, Pd(20 wt. %) /C and
Pd-Pt/C in different weight ratios of Pd to Pt i.e.,
16:4, 10:10, 4:16 were synthesized and characterized
for the electrooxidation of glycerol. The important
cell parameters like type of electrocatalyst, glycerol
concentration, electrolyte concentration, electrocata-
lyst loading and cell temperature were studied to
obtain maximum cell performance in terms of current
density and power density. The influencing dimen-
sionless numbers such as Reynolds number, Peclet
number and Schmidt number are also calculated to
confirm the laminar flow behaviour of the anolyte
and catholyte streams in the T-shape MFC device.
The cyclic voltammetry (CV) experiments were also
carried out to check the electrochemical activity of
the synthesized electrocatalyst for glycerol electroo-
xidation and validate with single MFC results. 

2. Experimental

2.1 Materials 

The metal precursors for palladium and platinum
were PdCl2 (Alfa Aesar, USA) and H2PtCl6.6H2O
(Alfa Aesar, USA), respectively. Acetylene black
carbon (SBET  = 75 m2/g, Alfa Aesar, USA) was used
as support material for the synthesis of electrocata-
lyst. The commercial Pt (40 wt. %) /CHSA (Alfa
Aesar, USA) was used to prepare the cathode elec-
trode in MFC. Nafion® D-520 (5 wt. %, Alfa Aesar,
USA) solution and polytetrafluoroethylene (PTFE)
dispersion (60 wt. %, Sigma Aldrich, USA) were
used as ionomer and binder, respectively. Isopropanol
(Fisher Scientific, India) was used as a solvent. A gas
diffusion layer (GDL), TGP-H-60, was procured
from (Alfa Aesar, USA) to prepare electrodes for
half-cell and MFC studies. A thin layer of Nickel
mesh was used as a current collector. Glycerol
(Fisher Scientific, India) was used as fuel and KOH
as the electrolyte. The ambient oxygen diffuses
through the air breathing cathode act as an oxidant.

2.2 Method 

2.2.1 Electrocatalyst synthesis
Carbon supported Pd (20% by wt.) and bi-metallic



Deoashish Panjiara et al. / J. Electrochem. Sci. Technol., 2021, 12(1), 38-57 41

Pd-Pt with varying Pd to Pt weight ratio of 16:4,
10:10, 4:16 electrocatalysts with low metal loading
of 20 wt. % on 80 wt. % acetylene black support
material were prepared by the impregnation reduc-
tion method as reported by Tayal et al. (2011) [37].
The calculated amount of metal precursors PdCl2 and
H2PtCl6 .6H2O were dissolved in isopropanol sepa-
rately by ultrasonic treatment for 30 min. After soni-
cation, acetylene black carbon support material
preheated at 110oC was poured into the warm precur-
sor solution and continuously stirred till smooth and
thick slurry was formed. Then it was kept overnight
for drying at room temperature. Further, the slurry
was dried at 110oC and ground into powder by an
agate mortar. The ground electrocatalyst powder was
reduced in a continuous hydrogen supply tube fur-
nace at 120oC for 2 hours and further it was cooled to
room temperature to get the final form of the synthe-
sized electrocatalyst Pd(20 wt.%)/C, Pd-Pt (16 wt. %:
4 wt. %) /C, Pd-Pt (10 wt. %: 10 wt. %) /C and Pd-Pt
(4 wt. %: 16 wt. %) /C, respectively. The synthesized
Pd (20 wt.%)/C, Pd-Pt (16 wt. %: 4 wt. %) /C, Pd-Pt
(10 wt. %: 10 wt. %) /C and Pd-Pt (4 wt. %: 16 wt.
%) /C were designated as Pd/C, Pd-Pt(16:4)/C, Pd-Pt
(10:10)/C and Pd-Pt (4:16)/C, respectively. 

2.2.2 Physical characterization of electrocatalyst
The analysis of surface morphology and surface

concentration of synthesized electrocatalysts were
done using SEM-EDX (Nova Nano SEM 450, FEI
Company of USA (S.E.A.) PTE, LTD). The crystal-
lographic analysis was done using X-ray diffraction
(XRD, Rigaku Ultima IV diffractometer) within the
range of 20o-90o diffraction angle and scan rate 10o

min-1 with Cu-Kα irradiation. The particle size of
electrocatalyst was analyzed by TEM (Tecnai G2 20
TWIN, FEI Company of USA (S.E.A.) PTE, LTD). 

2.2.3 Electrode preparation
The synthesized electrocatalysts were used for

anode preparation, and the commercial Pt (40 wt. %)
/CHSA was used as the cathode electrocatalyst. The
electrocatalyst slurry was made by taking the desired
amount of electrocatalyst, acetylene black carbon
with a few drops of Nafion® and PTFE dispersion in
isopropanol as a solvent followed by ultrasonication
for 30 min. Hydrophilic Nafion® ionomer used in
electrocatalyst slurry enhances the ionic conductivity
and PTFE dispersion restricts the flooding on the

electrode surface. The anode and cathode electrocata-
lyst ink composition were similar, except the electro-
catalyst used at anode and cathode as mentioned
above. It should be noted that anode was made of
three layers and cathode of four layers composite,
respectively. To make three layers anode, the GDL
and Ni- mesh was hot pressed at a temperature of
70oC and 10 kg/cm2 of pressure for 1 min followed
by anode electrocatalyst ink painting using a paint
brush uniformly over the GDL. The electrocatalyst
layer was dried in an oven for 1 h at a temperature of
80oC. The dried three layer anode was sintered at a
temperature of 280oC for 3 h. The four layer cathode
was made by hot pressing using same condition as
used for anode keeping the Ni-mesh in between GDL
and an air diffusion PTFE layer. The cathode electro-
catalyst ink was painted over the GDL followed by
drying and sintering the four layers composite at
same conditions of anode manufacturing.

2.3 Experimental setup

2.3.1 Half-cell studies
Half-cell study of the synthesized electrocatalysts

was performed for glycerol electrooxidation using
cyclic voltammetry (PGSTAT 204, Autolab Nether-
land) in a three electrode cell assembly as described
in our previous study elsewhere [38]. The GDL strip
was used as a working electrode applying electrocat-
alyst slurry at one end of the GDL and the other end
was attached to PGSTAT circuit, Pt wire was used as
counter electrode and Ag/AgCl as reference elec-
trode. The anode electrocatalyst used were synthe-
sized Pd/C and Pd-Pt/C of varying ratios i.e., 16:4,
10:10, 4:16 of 1 mg/cm2 of each electrocatalysts. The
fuel used was 1 M glycerol mixed with 1 M KOH
solution.

2.3.2 Single-cell studies
Single cell test was performed in a T-shape air

breathing MFC setup as shown in Fig. 2a. As reported
in literature, the orientation is one of the problem in
Y- shaped MFC which can operate only in the hori-
zontal direction. The change in orientation can alter
the interface between two streams that can be elimi-
nated by changing the MFC design from Y-shape to
T-shape MFC. Moreover, installation of air breathing
cathode is easier in T-shape design than in Y-shape
design. Leakage problem in Y-shape air breathing
MFC is also more due to installation of air breathing
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cathode at the side of horizontal microchannel. On
the other side, air breathing cathode is fixed to the
window made of perspex sheet as shown in Fig. 2b.
Thus, the T-shape air breathing MFC was fabricated
in the laboratory (IIT-BHU), India. The PMMA/per-
spex (poly methyl methacrylate) sheets purchased
from Varanasi (India) was used to fabricate the T-
shaped air breathing MFC. The grooves and micro-
channel was made using CNC mill production with
simulator (EMCO Concept MILL 260, EMCO
Maier) machine at IIT (BHU). The T- shaped MFC
device was made by the assembly of perspex sheet
layers/windows as shown in Fig. 2b. The upper and
lower layer is for anode and cathode electrodes and
the middle one is the flow channel. The upper and
lower perspex sheets of 45 mm × 30 mm × 3 mm
(length × width× height) dimension was taken for the
fabrication of anode and cathode electrode holder. At
first, a 32 mm × 5 mm channel was dissect in the
middle of the perspex sheet of above mentioned
dimension, then a groove of 1 mm × 1 mm was fabri-
cated inside the 32 mm × 5 mm channel for the

proper fitting of electrode and current collector (Ni
mesh) for the upper perspex sheet. Two holes of
1 mm diameter were drilled in the both width side of
32 mm × 5 mm channel for inlet and one hole at the
other end for outlet stream, respectively. The two
inlet tubes vertical to channel was attached; one inlet
arm for anolyte and other one for catholyte stream.
The outlet tube was attached at the end of the main
channel for the discharge of reaction products. The
middle PMMA sheets/spacer of 45 mm × 30 mm ×
0.9 mm (length × width× height) dimension was
taken for the flow channel fabrication of anolyte and
catholyte streams. A separator of 5 mm × 3 mm
dimension was fixed at the entry point of the flow
channel to avoid the direct contact of anolyte and
catholyte streams. Finally, all the three layers of per-
spex sheet were assembled by sealing with PTFE
tape in between the three perspex sheets windows to
prevent any short of fuel and electrolyte leakage. The
three perspex sheets were clamped and tighten by
four bolts of 3 mm diameter at four sides as shown in
Fig. 2c.

Fig. 2a. Schematic of T-shape air breathing microfluidic fuel cell experimental setup.
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The PTFE tape was used in between anode and
cathode frame for leakage prevention. The details of
the air breathing cathode i.e., four layer composite
and three layer anode composite with anolyte and
catholyte flow are shown in our previous publish

research work elsewhere [39]. The different concen-
tration of glycerol and KOH solution were fed to the
anode at varying flow rate of 0.5 mL/min to 1.2 mL/
min using a peristaltic pump (Electrolab, India). The
flow rate of catholyte was same as that anode flow

Fig. 2b. Enlarge and detailed internal view of T-shape air breathing microfluidic fuel cell main unit.

Fig. 2c. Photographs of T-shaped air breathing microfluidic fuel cell device (a) view from angle showing T-shape of MFC

(b) Side view with inlet T arm (c) side view with inlet T-arm and out let in other end and (d) top view of MFC.
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rate. The anode and cathode stream were fed to the
channel via vertical burette to reduce fluctuation of
flow in the channel and maintain constant flow rate
of the stream (Fig. 2a). The voltage and current data
were recorded using multimeters (Rish, India) to
understand the polarization behavior of the MFC.
The photographic view of the MFC experimental
setup is shown in the supplementary Fig. S1. 

3. Results and Discussion

3.1 XRD analysis

Fig. 3 shows the crystal structures of synthesized
electrocatalyst Pd/C and bimetallic Pd-Pt (16:4)/C,
Pd-Pt (10:10)/C, and Pd-Pt (4:16)/C of various com-
positions. The peak value at 2θ of 25o to the plane
(002) of a hexagonal structure is related to the carbon
support material. The diffraction patterns show the
characteristics of crystalline face-centered cubic (fcc)
Pd, with peaks corresponding to (111), (200), and
(220) planes. The main peaks for pure Pd appear at
2θ values of 40.1o (111), 46.7o (200) and 68.1o (220)
comply with the standard of JCPDS (05 0681) [39].
The main peaks (JCPDS 040802) for pure Pt appear
at 2θ values of 39.76o (111), 46.27o (200) and 67.5o

(220). The average crystallite sizes were determined
using Scherrer’s equation (Eq. (3)) on the diffraction
peak (111) and the lattice parameter was calculated
using Bragg’s equation (Eq. (4)) [40].

(5)

(6)

Where, dc is the calculated crystallite size, λ is the
x-ray wavelength (1.54 Å), B is the width of diffrac-
tion peaks (in radians) and θ is the angle at the peak
position, n is order of diffraction and dhkl is interpla-
nar distance between two plane of miller index (hkl).
The diffraction peaks of Pd-Pt/C are shifted to lower
2θ values compared to Pd/C as shown distinctly for
(111) diffraction peaks depicted in Table 1. The lat-
tice parameters of all Pd-Pt/C alloy electrocatalysts,
(0.3891, 0.3892, 0.3893 and 0.3896 nm) are smaller
than the value for pure Pt (0.3923 nm) but higher
than that of pure Pd (0.3890 nm) [41]. It indicates the
decrease in the lattice is due to the particle replace-
ment of Pt by Pd in the structure of the Pd-Pt alloy
[42,43]. The crystalline size of Pd-Pt/C was strongly
affected by the addition of Pt element on the electro-
catalyst [44]. In general, carbon supported metals
particle size decreases in the order of Pd, Pd-Pt/C and
Pt [45,46]. Garcia et al. observed that the metal parti-
cle sizes estimated from the XRD data exhibit that
the sizes are smaller at higher concentrations of Pt in
Pd-Pt electrocatalyst. The similar trend was also
found in the present study in XRD analyses (Table 1)
[40,47]. Choudhary and Pramanik [40] reported the
synthesis of HNO3-functionalized acetylene black

dc
0.9λ

Bcosθ
---------------=

nλ 2dhklsinθ=

Fig. 3. XRD profile for the Pd-Pt/C of different weight ratios and Pd/C electrocatalyst.
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carbon supported Pt-Ru/CAB nano electrocatalysts for
ethanol electrooxidation, where larger crystallite size
of the Pt-Ru/CAB electrocatalysts comes up with
higher degree of alloying. The alloying of Ru with Pt
atom plays a very crucial role in electrooxidation of
ethanol fuel. Thus, it could concluded that the higher
crystallite size might results in high degree of alloy-
ing. The degree of alloying was calculated using
Vegard’s law and using the relation given in Khan et
al. [48] shown in Eq. (5) and Eq. (6). The Lattice
parameter was calculated at (220) peak position. The
value of atomic fraction of Pt (XPt) in the Pd-Pt/C
was calculated by the lattice parameter and the Pt/Pd
ratio was nominal atomic ratio calculated using Table
2. The K value is calculated by assumed that the lat-
tice parameter of Pd and Pt is located in the line of
lattice parameter of alloy. The calculated degree of
alloying is shown in Table 1.

(5)

Degree of alloying = (6)

Due to this fact, the largest crystallite size of alloy
electrocatalyst Pd-Pt (16:4)/C probably would exhibit
excellent electrocatalytic property for glycerol elctro-
oxidation in the cyclic voltammetry (CV) studies and

single MFC which are discussed in the results and
discussion section. The calculated crystallite sizes are
a little larger than those obtained from TEM images
which are discussed in the TEM analysis section. In
electrocatalyst preparation by impregnation reduction
method, metal complexes agglomerate into large par-
ticles either before or during the reduction process
[49, 50]. In the XRD technique, the average particle
size obtained by scanning the complete sample which
shows the macroscopic structure of samples than
TEM results. 

3.2 SEM-EDX analysis of synthesized electrocatalyst

The surface morphology of the prepared electrocat-
alyst Pd/C, Pd-Pt (16:4)/C, Pd-Pt (10:10)/C, and Pd-
Pt (4:16)/C was visualized by SEM analyses. The
surface morphology of electrocatalyst shows spheri-
cal and uniform particles of nano range (Fig. 4). The
EDX analysis was performed to check the surface
concentration of metals and carbon support in the
synthesized electrocatalyst. The EDX analysis shows
the presence of all the elements i.e., Pd, Pt, and C for
all the Pd-Pt/C electrocatalyst having different metal
ratios. Table 2 shows the elemental compositions of
prepared electrocatalyst, which are not exactly the
same as that of nominal composition calculated them
initially. Since the electrocatalytic surface is hetero-
geneous and thus, the EDX result of elemental com-

aalloy aPd KxPt+=

xPt

1 xPt–( ) Pt

Pd
-------⎝ ⎠
⎛ ⎞

nom

------------------------------------------

Table 1. Physical parameters derived from XRD data of the plane (111) for Pd/C and Pd-Pt/C bimetallic electrocatalyst.

Electrocatalyst type 2θ (deg)
Lattice Parameters

(nm)

d-spacing

(nm)

Degree of alloying 

 (wt. %)

Crystallite size, dc 

(nm)

Pd/C 40.09 0.3891 0.2246 - 25.3

Pd-Pt(16:4)/C 40.08 0.3892 0.2247 47.9 24.0

Pd-Pt(10:10)/C 40.08 0.3893 0.2248 18.2 18.7

Pd-Pt(4:16)/C 40.04 0.3896 0.2249 10.0 11.1

Table 2. Surface concentration of synthesized electrocatalyst with different weight ratios.

Electrocatalyst type

EDX composition Nominal composition Nominal composition

Pd 

(wt. %)

Pt 

(wt. %)

Pd

 (At.%)

P t

(At. %)

Pd 

(wt.%)

P t

(wt. %)

Pd/C 14.66 - 0.187 - 20 -

Pd-Pt (16:4)/C 13.43 3.37 0.150 0.020 16 4

Pd-Pt (10:10)/C 9.26 8.07 0.094 0.051 10 10

Pd-Pt (4:16)/C 3.86 10.71 0.037 0.082 4 16
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position varies from point to point [39].

3.3 TEM analysis 

The TEM images of the Pd/C, Pd-Pt(16:4)/C, Pd-
Pt (10:10)/C and Pd-Pt(4:16)/C electrocatalysts are
displayed in Fig. 5a-d. The particle size distribution
histogram was used to find the average particle size
of all types of electrocatalyst. It is clearly seen in the
TEM image that the electrocatalysts comprise of
nano range size and homogeneously distributed on
the support material. The electrocatalyst particles are
spherical and slightly agglomerated due to the
impregnation reduction method used in electrocata-
lyst preparation [51]. The particle size was calcu-
lated by taking 100 particles from the TEM images

for estimation of particle size with the help of Image
J software. The average particle sizes of electrocata-
lysts are were 6.01 ± 0.28 nm, 5.05 ± 0.15 nm, 4.65 ±
013 nm and 4.29 ± 0.12 nm for Pd/C, Pd-Pt(16:4)/C
Pd-Pt(10:10) /C and Pd-Pt(4:16)/C, respectively. The
TEM results also show a similar trend for the particle
size as it was seen in the XRD analysis (Table 1). The
difference between crystallite sizes obtained from
XRD analysis and particle sizes obtained from the
TEM analysis were observed. It may be due to the
special characteristics of XRD analysis where it
reflects crystalline particles, not the actual morphol-
ogy of electrocatalysts. Moreover, larger size parti-
cles are selected in XRD patterns, while most small
particles are counted in TEM images [37]. Although,

Fig. 4. SEM/EDX images of chemically synthesized supported (a) Pd/C, (b) Pd-Pt (16:4)/C, (c) Pd-Pt (10:10)/C, (d) Pd-Pt

(4:16)/C electrocatalyst.
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particle size obtained by TEM analysis for all bime-
tallic electrocatalysts are smaller than obtained by
XRD analysis, the average particle size of Pd-Pt
(16:4)/C was found to be little high among all bime-
tallic electrocatalyst in the TEM analysis also. As
already discussed in XRD section, the larger particle
size might results in high degree of alloying. Due to
this fact, the largest particle size of alloy electrocata-

lyst Pd-Pt (16:4)/C probably would exhibit excellent
electrocatalytic property for glycerol elctrooxidation
in the cyclic voltammetry (CV) studies and single
MFC. 

3.4 Cyclic voltammetry and EIS study of anode

elctrocatalyst

3.4.1 Cyclic voltammetry of anode electrocatalysts

Fig. 5. TEM images of electrocatalyst and histogram of particle distribution for (a) Pd/C, (b) Pd-Pt(16:4)/C, (c) Pd-

Pt(10:10)/C and (d) Pd-Pt(4:16)/C.
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Fig. 6 represents the cyclic voltammograms for 1
M glycerol mixed with 1 M KOH using synthesized
electrocatalyst Pd/C and Pd-Pt(16:4)/C, Pd-
Pt(10:10)/C and Pd-Pt(4:16)/C, respectively. The
applied potential was varied from -1.0 V to 1.0 V.
The scan rate was fixed at 50 mV/sec. The peak cur-
rent density of 11.97 mA/cm2 at a peak potential of -
0.157 V (Vs Ag/AgCl) was obtained for Pd/C. The
bimetallic Pd-Pt(10:10) /C showed the highest elec-
trooxidation peak current density of 24.51 mA/cm2 at
a potential of -0.133 V (Vs Ag/AgCl). On the other
hand Pd-Pt(16:4)/C and Pd-Pt(4:16)/C produce peak
current density of 13.58 mA/cm2 and 8.08 mA/cm2 at
the potential of -0.189 V (Vs Ag/AgCl) and -0.179 V
(Vs Ag/AgCl), respectively. Although, the peak cur-
rent density of Pd-Pt(10:10)/C was high, the electroo-
xidation potential shifted to the less negative side by
0.056 V and 0.046 V with respect to Pd-Pt(16:4)/C
and Pd- Pt (4:16)/C. It implies that the activation
overpotential is very high for the synthesized bime-
tallic Pd-Pt (10:10) /C and expected to give poor
result in MFC device. Whereas, Pd-Pt (16:4) /C
comes up with moderate peak current density (13.58
mA/cm2) at very high negative potential (-0.189 V
(Vs Ag/AgCl)). It indicates Pd-Pt (16:4) /C to be very
promising bimetallic electrocatalyst for MFC using
glycerol as anode fuel (Table 3). It is clearly seen
from the Table 3 that peak current density increases
with the increase in Pt content upto Pd to Pt ratio of
10:10 and further incrtease in Pd to Pt ratio to 4:16,
the peak current density decreases. As reported in the
published literature, Pt helps to split the C-C bond of
the glycerol molecules and Pd atoms reduce the
adsoption of CO on Pt sites and thus, Pd-Pt/C electro-
catalysts show better electrocatalytic property for
glycerol electrooxidaion than pure Pd or Pt. How-
ever, formation of metal alloy and better degree of
alloying are essential for the bimetallic electrocata-
lyst to exibit excellent electroocatalytic property [40].
It is clearly seen in the XRD analysis (Table 1), high-
est degree of alloying (47.9 wt. %) is observed for the
Pd rich in the Pd-Pt (16:4)/C bimetallic electrocata-
lyst and thus, it resulting in electroxidation peak at
very high negative potential (-0.189 V (Vs Ag/
AgCl)). The peak current density is moderate due to
low Pt amount in the synthesized electrocatalysts of
Pd-Pt (16:4)/C. Whereas, peak current density is very
high for Pd-Pt (10:10)/C and it may be due to
increased amount of Pt metal in this electrocatalyst in

comparison to that of Pd-Pt (16:4)/C. However, peak
potential was observed at relatively low negative
poptential (-0.133 V) which might results in high
overpotentials. It may be due to lower degree of
alloying (18.2 wt. %). The electrocatalyst with high-
est amount of Pt i.e., Pd-Pt (4:16)/C produced very
low peak current density as the active electerocatalyst
sites were not formed due to poor alloying of 10 wt.
% and poisoning of active Pt sites also take place by
the formation of intermediate products due to low
amount of Pd [52]. Undoubtadely, the electronic
properties of Pd is improved by the addition of small
amount of Pt in Pd-Pt bimetallic electrocatalyst [53].
It should be noted that lower over potential of synthe-
sized electrocatalyst is also important for achieving
high power density from the single MFC studeis [39].

From the results of CV experimets, it can be pre-
dicted that synthesized Pd-Pt (16:4)/C electrocata-
lysts would results in excellent cell performance and
it may be due to the higher degree of alloying in com-

Fig. 6. Cyclic voltammetry for 1 M glycerol in 1 M KOH

at scan rate of 50 mV/sec using Pd/C and different ratios of

Pd-Pt/C as anode electrocatalyst; Temperature: 25oC.

Table 3. Comparison of elctrochemical activity of a

different type of electrocatalyst for glycerol

electrooxidation. 

Electrocatalyst type
Peak potential

 (V Vs. Ag/AgCl))

Peak current density

 (mA/cm2)

Pd/C -0.157 11.97

Pd-Pt (16:4)/C -0.189 13.58

Pd-Pt (10:10)/C -0.133 24.51

Pd-Pt (4:16)/C -0.179 8.08
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parison to other bimetallic electrocatalysts, as dis-
cussed ealier in the XRD and TEM analysis [40]. The
single metal based Pd/C shows relatively low peak
current density (11.97 mA/cm2) at less negative
potential (-0.157 V (Vs Ag/AgCl)). Thus, the perfor-
mance of Pd/C would be poor in a single MFC test. 

3.4.2 EIS study of synthesized anode electro-
catalyst

Fig. 7a illustrate the Nyquist plots of glycerol elec-
trooxidation on the different synthesized electrodes
in a solution containing 1 M glycerol and 1 M KOH.
The EIS was performed at a frequency range of 100
kHz to 10 mHz with amplitude of 10 mV at the
potential of - 0.2 V (vs Ag/AgCl). The shape of the
Nyquist plots of different electrocatalyst having dif-
ferent arcs diameter. The diameter of the arc rep-
resents the charge transfer resistance of the
electrooxidation reaction [54]. The larger arc diame-
ter of Pd/C electrocatalsyt indicates higher charge
transfer resistance compared to smaller arc diameter
generated by the bimetallic electrocatalysts. Even
among all the bimetallic Pd-Pt/C electrocatalysts, the
Pd-Pt (16:4) /C, generates smallest arc diameter com-
pared to other bimetallic electrocatalysts. The shift-
ing of intercept may be due to the varying electrode
conductivity or electrode resistance of different types
of electrocatalysts. This is the main reason for change
in the cell resistance or individual electrodes resis-
tance [11]. Also, the intercept at lower value idicates
the lower electronic resistance compared with other
electrocatalysts of the electrode [55].

The equivalent circuit correponds to the Nyquist
plot is shown in Fig. 7 b was used to calculate the
information of the Pd/C, Pd-Pt (16:4)/C, Pd-Pt
(10:10)/C and Pd-Pt (4:16)/C electrocatalysts. In the
equivalent circuit, the solution resistance/electrolyte
resistance is represented by Rs, constant-phase ele-
ment is the double-layer capacitance at the interface
of electrolye and electrocatalyst represented by CPE,
the charge-transfer resistance is represented by and
Warburg diffusion resistance of ions in the solution is
represented by W. The Rct is the mesurement of the
semicircle arc diameter which is associated to the
obstruction of passing of electron across the electrode
area to adsorbed the species, similary from the
adsorbed species to the electrode surface. The results
shows that the smaller Rct indicates a faster reaction
rate of glycerol electrooxidation reaction. The value

of CPE or double layer capacitance is 2 mF , 2.5 mF,
5.1 mF, and 4.6 mF for Pd/C, Pd-Pt (16:4)/C, Pd-Pt
(10:10)/C and Pd-Pt (4:16)/C, respectively. Simi-
larly, the value of Rct is 2067 Ω, 115.2 Ω, 193.1 Ω,
and 549 Ω for Pd/C, Pd-Pt (16:4)/C, Pd-Pt (10:10)/C
and Pd-Pt (4:16)/C, respectively.

Thus, in the present EIS study, the results indiciate
that Pd-Pt (16:4) /C has lowest charge transfer resis-
tance (115.2 Ω) than other electrocatalyst. The reason
for such low charge transer resistance (115.2 Ω) may
be due to the highest degree of alloying (47.9 wt. %)
for the synthesized Pd-Pt (16:4) /C. As already men-
tioed in CV section, higher degree of alloying result-
ing in low overpotential for this electrocatalyst (Pd-Pt
(16:4)/C). As reported by Eshghi et al. [56], Al-Saleh
et al. [57] and Habibi et al. [58] low overpotential of
a electrocatalyst would results in charge transfer
resistance. Although, Pt amount is high in the Pd-
Pt(10:10)/ and Pd-Pt (4:16)/C, the degree of alloying
is low and thus, charge transfer resistance for both the
electrocatalysts are high. It is clear from the EIS anal-
ysis that the Pd-Pt (16:4)/C would obviously results
in excellent electrocatalytic activity for glycerol elec-
trooxidation. 

Fig. 7. (a) Nyquist plots of synthesized eletrocatalysts

recorded at - 0.2 V in 1M glycerol mixed with 1M KOH

solution;Temperature: 25oC, (b) equivalent circuit diagram

corresponds to Nyquist plot.
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3.5 Calculation of dimensionless numbers and

pressure drop in T- shaped MFC

To know the fluid flow behavior in the microchan-
nel of MFC, the important dimensionless numbers
such as Reynolds Number (Re), Peclet Number (Pe)
and Schmidt Number (Sc) were calculated and com-
pared thses dimensionless numbers with literature
reported standard data which confirms the laminer
flow within the T-shape micro channel. The flow
rates of anode and cathode streams were maintained
at 0.5 mL/min, 0.8 mL/min, 1 mL/min, 1.2 mL/min
and 1.6 mL/min to find out the optimum flow rate for
maximizing the cell performance. The calculated
dimensionless numbers estimate the intermixing of
fuel and oxidant and stability of the liquid-liquid
interface. The calculated values of all three dimen-
sionless numbers were found within the acceptable
range. 

The Reynolds number,  is used to find

out the nature of fluid flow in the channel [6]. The
symbols used in the formula are described as follows:

Hydraulic diameter ‘Dh’ of the microchannel in the
T- shaped MFC is 0.782 × 10-3 m ,where ;
‘A’ is the cross section area of the microchannel and
‘P’ is the wetted parameter of the microchannel. The
average velocity ‘V’ were calculated from inlet flow
rates of both the streams i.e., 0.0061 m/s, 0.0098 m/s,
0.01229 m/s 0.0147 m/s and 0.0197 m/s , respec-
tively. The viscosities ‘µ’ of the anode stream 1 M
glycerol + 1 M KOH and cathode stream 0.5 M KOH
electrolyte measured using LVDV-II Pro Brookfield
digital viscometer were 14 × 10-4 Pa s and 7.3 × 10-4

Pa s, respectively. The calculated densities ‘ρ’ using
specific gravity bottle for anode stream 1 M glycerol
+ 1 M KOH and cathode 0.5 M KOH electrolyte at
the temperature of 35oC were 1070 kg/m3 and
1016 kg/m3, respectively. The Re is the ratio of iner-

tia force to viscous force and the value of Re in the
microfluidic devices is less than 1 and upto 100 as
per reported lierature [59]. In the present study, the
Re values are found within the permissible range as
metioned in the Table 4 below.

The Schmidt number,  is the ratio of

molecular diffusivity to momentum diffusivity.
Where ‘µ’ is the viscosity , ‘ρ’ is the density and ‘D’
is the diffusivity of the species of interest in the sol-

vent i.e. glycerol in water which is 9.4× 10-10 m2/sec
taken from the Perry’s Chemical Engineers Hand
Book [60]. As per literaure, value of Sc > 1 suggest
that the effect of viscous force is greater than concen-
tration effect [59]. The calculated value of Sc in the
present study is 1391.

Similarly, the degree of mixing during laminar

flow depends on the Peclet number,

which is defined as the ratio of convection transport
to diffusive transport [61]. The symbols in the for-
mula is already discussed in the above explained
dimensionless numbers. The high value of Peclet
number ensures that there is no intermixing of two
streams within the flow channel. The Peclet numbers
calculated for different flow rates are depicted in
Table 5. 

The high Peclet number reduces the concentration
boundary layer and enriches the concentration gradi-
ent. The value of Pe more than 104 shows thinner dif-
fusion zones between the two streams and avoids the
mixed potential at cathode due to fuel crossover in
the MFC device [62]. Table 5 shows that the Peclet
number Pe > 104 for the all flow rates ≥ 1 mL/min
which indicates no intermixing between two streams
for the flow rates higher than 1 mL/min. Thus, cell
performance is expected to be higher beyond the
flow rates 1 mL/min. 

Re
DhV

ρ

μ
-------------=

Dh
4A

P
-------=

Sc
μ

ρD
-------=

Pe
VDh

D
----------=

Table 4. Reynolds numbers for different flow rates in T- shaped MFC.

Flow rate (mL/min) 0.5 0.8 1 1.2 1.6

Re (anode stream) 3.6 5.8 7.3 8.7 11.6

Re (cathode stream) 6.6 10.64 13.6 15.9 21.4

Table 5. Peclet numbers for different flow rates in T- shaped MFC.

Flow rate (mL/min) 0.5 0.8 1 1.2 1.6 

Pe (anode stream) 5074 8152 10224 12229 16388
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3.6 Polarization curves and power density curves

3.6.1 Effect of flow rates 
Fig. 8a, b represents the effect of the different flow

rates of fuel and electrolyte streams. The cell perfor-
mance in terms of OCV and power density increases
with the increase in anode flow rate upto 1.2 mL/min
and further increase in the flow rate beyond 1.2 mL/min,
the cell performance decreases drastically (Fig. 8a).

The maximum power density of 2.27 mW/cm2 and
OCV of 0.67 V were achieved at a flow rate of
1.2 mL/min at the anode side. Similarly, the cathode
stream flow rates were varied from 0.5 mL/min to 1.6
mL/min keeping the anode flow rate at optimum
value of 1.2 mL/min (Fig. 8b). The maximum OCV
of 0.67 V and maximum power density 2.27 mW/
cm2 at a current density of 7.74 mA/cm2 were

obtained at cathode flow rate of 1 mL/min and anode
flow rate of 1.2 mL/min (Fig. 8b). At higher flow
rates of streams, small hydrodynamic instability
causes the streams to oscillate which leads to disrupt
the interface between two streams [63]. At a slower
flow rate of streams causes fuel crossover by diffu-
sion, which results in a mixed potential at the cathode
and lowers the cell performance [61]. The fuel cross-
over from anode to cathode becomes easy because of
the spreading of the inter-diffusion layer between the
fuel and the electrolyte streams. It should be noted
that the Pe is in the range for the flow rates 1 mL/min
and 1.2 mL/min i.e., 10224 and 12229, respectively.
As discussed earlier, Pe more than 104 shows thinner
diffusion zones between the two streams and avoids
the mixed potential at cathode due to fuel crossover

Fig. 8. Polarization and power density curves of MFC for 1.0 M glycerol mixed with 1.0 M KOH at anode and cathode

electrolyte of 0.5 M KOH using (a) varying flow rate at anode and fixed flow rate at cathode of 1 mL/min (b) varying flow

rate at cathode and fixed flow rate at anode; Anode: Pd-Pt(16:4) /C of 1 mg/cm2 and cathode : Pt/CHSA of 1 mg/cm2, MFC

temperature: 35oC; Dotted line – power density curves; Solid lines – polarization curves.
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in the MFC device [62]. The maximum cell perfor-
mance was observed at an anode flow rate of 1.2 mL/
min and cathode flow rate of 1 mL/min with OCV of
0.67 V and maximum power density 2.27 mW/cm2 at
a current density of 7.74 mA/cm2.

3.6.2 Effect of electrocatalyst type
Fig. 9 shows the effect of anode electrocatalyst

type i.e., synthesized Pd-Pt (16:4)/C, Pd-Pt (10:10)/
C, Pd-Pt (4:16)/C and Pd/C of 1 mg/cm2 loading at
each anode. The anolyte and catholyte flow rates
were 1.2 mL/min and 1 mL/min, respectively. The
maximum OCV of 0.67 V and maximum power den-
sity of 2.27 mW/cm2 were obtained for the electro-
catalyst Pd-Pt (16:4)/C. The MFC performance in
terms of OCV and power density was highest for the
bimetallic electrocatalyst Pd-Pt(16:4)/C. However,
the other bimetallic electrocatalyst comparatively
with higher Pt content, i.e., Pd-Pt (10:10)/C and Pd-
Pt (4:16)/C, produced maximum power density of
1.46 mW/cm2 and 0.57 mW/cm2 at the current den-
sity of 6.56 mA/cm2 and 3.8 mA/cm2, respectively.
The OCV obtained were 0.53 V and 0.33 V for Pd-
Pt(10:10)/C and Pt (4:16)/C, respectively. It is clearly
seen that the increase in Pt content in the Pd-Pt alloys
electrocatalyst decreased cell performance. It may be
due to the poor alloying of Pd with the increase in Pt
amount in the synthesized electrocatalyst. The high-
est OCV of 0.67 V for the bimetallic Pd-Pt(16:4)/C
electrocatalyst, may be due to low overpotential for
this specific electrocatalyst. The CV results (Fig. 6)

also showed electrooxidation peak current density at
the highest negative potential (-0.189 V (Vs. Ag/
AgCl)) confirming better performance of Pd-
Pt(16:4)/C in MFC as well. The another reason for
better performance of Pd-Pt (16:4)/C electrocatalyst
may be very high degree of alloying (47.9%) and this
has already been discussed in CV section.

3.6.3 Effect of electrocatalyst loading at
anode

As Pd-Pt(16:4)/C showed best performance
amoung all Pd-based synthesized electrocatalyst in
terms of OCV and power density. Thus, the Pd-
Pt(16:4)/C loading was varied from.5 mg/cm2 to
2 mg/cm2 to determine the optimum loading at
anode side (Fig. 10). It is seen from Fig. 10 that the
cell performance increases with the increase in the
electrocatalyst loading upto 1 mg/cm 2 of Pd-
Pt(16:4)/C and further increase in loading beyond 1
mg/cm2, the cell performance decreases. The high-
est power density of 2.27 mW/cm2 at a current den-
s i t y  o f  7 . 44  m A/ c m 2  wa s  ob t a i ne d  a t  t he
electrocatalyst loading of 1 mg/cm2. Whereas, Pd-
Pt(16:4)/C of 1.5 mg/cm2 and 2 mg/cm2 loading pro-
duced maximum power density of 1.38 mW/cm2

and 1.04 mW/cm2 at a current density of 5.11 mA/
cm2 and 5.2 mA/cm2, respectively. 

The highest power density at a loading of 1 mg/
cm2 Pd-Pt(16:4)/C was due to optimal compromise
between the available surface and particle available
without any agglomeration. However, at higher elec-

Fig. 9. Polarization and power density curves of MFC for the differnt types of anode electrocatalyst using anode feed of 1

M glycerol mixed with 1 M KOH and cathode electrolyte of 0.5 M KOH; MFC temperature: 35oC ; Dotted line – power

density curves; Solid lines – polarization curves.
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trocatalyst loading i.e., 1.5 mg/cm2 and 2 mg/cm2,
more number of electrocatalyst particles have to be
accommodated on the same size of electrode area
(3 mm × 30 mm) and thus, it becomes more compact
due to agglomeration of electrocatalyst and more
contact between the electrocatalyst particles. Also,
the thick electrocatalyst layer hinders the transfer of
OH- ions and glycerol at the elecctrocatayst sites
resulting less cell performance compare to low elec-
trocatalsyt loading of 1 mg/cm2 [64]. It finally results
in low available surface area of active electrocatalyst
and thus, less number of reactions which gives finally
low current density.

3.6.4 Effect of glycerol concentration
It is seen from the Fig. 11 that the MFC perfor-

mance increases with the increase in glycerol concen-
tration upto 1 M. However, further increase in
concentration, the cell performance decreases. The
OCV obtained from MFC were 0.61 V, 0.67 V,
0.58 V, and 0.52 V for glycerol concentration of 0.5
M, 1 M, 1.5 M and 2 M, respectively. The maximum
power density of 2.27 mW/cm2 at a current density of
7.44 mA/cm2 was obtained for 1 M of glycerol. How-
ever, the glycerol fuel of 1.5 M and 2 M produced
maximum power density of 1.41 mW/cm2 and
0.64 mW/cm2 at the current density of 5.2 mA/cm2

and 2.7 mA/cm2, respectively. The reason for such
dependance on fuel concentration may be due to the
increased fractioned coverage of electrocatalyst by

glycerol molecules. However, at very high fuel con-
centration, OH- ions get replaced by glycerol which
reduces the cell performance [9]. Thus, operating the
cell on glycerol concentration of 1 M is more practi-
cal and economical.

3.6.5 Effect of KOH concentration at the anode
Fig. 12 shows the effect of electrolyte (KOH) con-

centration on MFC performance when KOH was var-
ied  f rom  0.5  to  2  M and m ixed wi th  f ixed
concentration of 1 M glycerol. The OCV obtained
were 0.51 V, 0.67 V, 0.70 V, and 0.60 V for 0.5 M,
1 M, 1.5 M, 2 M KOH, respectively. As it is seen in
Fig. 11, the similar dependence of MFC performance
was also observed for KOH concentration at the
anode. It is observed in Fig. 12, the highest power
density of 2.77 mW/cm2 at a current density of
7.71 mA/cm2 was obtained for the anode KOH of
1.5 M. The KOH concentration of 2 M produced a
maximum power density of 1.97 mW/cm2 at a cur-
rent density of 6.76 mA/cm2, which is lower than the
power density obtained at 1.5 M of KOH. As per
anode reaction (Eqs. (1) and (2)), the presence of
glycerol and OH- ions both are essential at anode
electrode. Thus, there is delicate balance between
glycerol concentration and OH- ion required to
achieve maximum electrode performance. At high
concentration of electrolyte (2M KOH) glycerol mol-
ecule get replaced by OH- ions and thus, actual con-
centration of glycerol at the electrocatalyst site will

Fig. 10. Polarization and power density curves of MFC for differnt loading of anode electrocatalyst and fixed cathode

loading of 1 mg/cm2 Pt/CHSA using anode feed of 1 M glycerol mixed with 1 M KOH and flow rate 1.2 mL/min and

cathode electrolyte of 0.5 M KOH and flow rate of 1 mL/min; MFC temperature: 35oC ; Dotted line – power density

curves; Solid lines – polarization curves.
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be low. There in a prominent change in OCV at very
high concentration of electrolyte in comparison to
other KOH concentrations. Moreover, electrooxida-
tion kinetics will be slow due to lesser amount of
glycerol availability at the electrocatalyst sites when
very high concentration (2M) of KOH is maintained
at anode. The KOH concentration of 1.5 M resulting
in highest cell performance in terms of OCV and
power density due to delicate balance between avail-
able OH- ions and glycerol molecules. The optimum
concentration of KOH 1.5 M at anode was consid-
ered for studying the effect of temperature on MFC
performance.

3.6.6 Effect of temperature
Fig. 13 shows the polarization and power density

curves of MFC for the varying temperature from
35oC to 95oC. The maximum cell temperature of
95oC was maintained keeping in mind the boiling
point (100oC) of water and avoid two phase flow
which would hinder the flow dynamics in the micro-
channel. The OCV increases from 0.70 V to 0.78 V
when the cell temperature is increased from 35oC to
75oC. However, the OCV get decreased to 0.75 V for
the MFC temperature of 95oC. It may be due to an
increase in water vapor partial pressure, which accel-
erates the vaporization process of solution, despite

Fig. 11. Polarization and power density curves of MFC for anode feed glycerol of different concentration mixed with 1 M

KOH and cathode electrolyte of 0.5 M KOH; Anode: Pd-Pt(16:4)/C of 1 mg/cm2 and cathode: Pt/CHSA of 1 mg/cm2; MFC

temperature: 35oC ; Dotted line – power density curves; Solid lines – polarization curves. 

Fig. 12. Polarization and power density curves of MFC for different KOH concentration mixed with 1 M glycerol at anode

and cathode electrolyte of 0.5 M KOH; Anode: Pd-Pt(16:4)/C of 1 mg/cm2 and cathode: Pt/CHSA of 1 mg/cm2; MFC

temperature: 35 oC ; Dotted line – power density curves; Solid lines – polarization curves.
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the boiling point of water increases by the presence
of KOH [29]. The maximum power density of
4.03 mW/cm2 at a current density of 10.47 mA/cm2

was obtained from MFC. The maximum power den-
sity of MFC at room temperature (35oC) was little
low, i.e., 2.77 mW/cm2 at a current density of
7.71 mA/cm2. The power density increased by
45.48% for the rise in cell temperature from 35oC to
75oC. The increase in temperature improves the elec-
trooxidation rate of glycerol molecules at the elec-
trode surface resulting in high current density due to
better reaction kinetics [65]. The ionic conductivity
of the electrolyte solution and its mobility also
increases [66], which reduces the ohmic resistance. 

4. Conclusions

Acetylene black carbon supported bi-metallic
anode electrocatalysts Pd-Pt/C with varying weight
ratio, namely 16:4, 10:10 and 4:16, and Pd/C are pre-
pared by impregnation reduction method. The elec-
trocatalyst Pd-Pt (16:4)/C resulting in highest
electrocatalytic activity towards glycerol electrooxi-
dation in alkaline medium (KOH as electrolyte). The
XRD analysis shows that the lattice parameter of
bimetallic electrocatalyst is in between the pure Pd
(0.3890 nm) and Pt (0.3929 nm) particles. TEM anal-
ysis confirms that the electrocatalyst is in nano range.
SEM analysis shows the surface morphology is uni-
form and EDX confirms that the electrocatalyst is

reduced properly, and desire metal particles are present
in the catalyst. In Half-cell and MFC studies, the effect
of different parameters on electrooxidation behavior of
glycerol was investigated using Pd/C and bimetallic
Pd-Pt/C electrocatalyst. Pd-Pt (16:4) /C shows better
electrochemical activity with reference to current den-
sity and peak potentials. Laboratory fabricated air-
breathing microfluidic fuel was used to study the sin-
gle cell experiments at a low-temperature 35 oC. The
dimensionless numbers predicted the laminar flow
behavior of the anode and cathode streams both
within flow channels reasonably well. The cell per-
formance is significantly improved due to the
increase in temperature from 35oC to 75oC. The fuel
concentration 1.0 M and electrolyte concentration of
1.5 M was found optimum. The maximum cell per-
formance was obtained at 75oC with OCV 0.78 V,
power density 4.03 mW/cm2 at a current density of
10.47 mA/cm2. 

Supporting Information

Supporting Information is available at https://
doi.org/10.33961/jecst.2020.01102
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