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Abstract : In the present work, carbon-supported, well-dispersed Ptioo, PtsoSnso, PtsoCoso,PteoSNzoCosg,
PtsoSn,oCo0y0, andPtspSn1oCosg electrocatalysts were synthesized by Pechini method. The crystallite size,
lattice parameter, composition, and particle size of metals in the electrocatalysts were determined by
XRD, EDX and TEM techniques, respectively. X-ray diffraction analysis showed that catalysts have a Pt
face-centred cubic (fcc) structure with crystallite size of 3—4.5 nm. The EDX results of the binary Pt—
Sn/C and Pt-Co/C and the ternary Pt-Sn—Co/C catalysts were extremely close to the nominal values,
indicating that the metals were loaded onto the carbon support without any obvious loss. The size of
catalyst nanoparticles was observed via TEM and showed an average diameter of 3.1 nm. The
EIECtrocatalytiC activities of Pt100/C, Pt508n50/C, PtsoCOso/C, Pteosn?,oCOlo/C, PtgoSﬂzoCOzo/C,
andPtgSn;oCoso/Ceatalysts were investigated in terms of CV and CA. The electrochemical results
showed that the catalytic activity in 1.0 M EtOH + 0.5 M H,SO, solution at 0.5 V vs. Ag/AgCI exhibits
the fOIIOWing sequence: Ptsosngocololc > PtsoSﬂzoCOzo/C > Pteosn10C030/C> Pt5osn50/C>Pt/C >
PtsqCoso/C. This clearly indicates thatthe performance of the ternary PtsSns,Co.0/C electrocatalysts for
ethanol electro-oxidation is better than that of the binary Pts,Shso/C and PtsyCos,/C electrocatalysts due to
the promoting function of Co. In addition, its CO-tolerance is better than that of the PtsoRuso/C and
PtsoCoso/C catalysts. The high activity of PtgRusqCo;o/C electrocatalyst was also observed on
membraneless ethanol fuel cell, which was consistent with the half-cell measurements.
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1.Introduction

The development of the membraneless ethanol fuel cell (MLEFC) has been the target of many
researchers, because ethanol is a liquid fuel which can be easily stored, handled and produced in large guantity
from biomass trough a fermentation process™®. Despite all efforts devoted to the MLEFC development, there
still remain problems in terms of efficiency and power density due to slow Kinetics of the ethanol oxidation
reaction at the anode will leads to high overpotentials.

Pt is known to activate the dissociative adsorption of ethanol at an appreciable rate. The main problem
is that ethanol oxidation at a platinum electrode is a self-poisoning reaction, since strongly adsorbed CO and
CHsCOOH are produced by electrooxidation of ethanol®™. To promote the ethanol electrooxidation at
platinum, modification of the catalyst surface has been made by the addition of a second metal to platinum *#**.

The Pt-Sn/C binary metallic catalyst is commonly accepted as the best electrocatalyst for ethanol
oxidation due to its high CO tolerance, which can be achieved via its electronic effects and bifunctional
mechanisms ***°that improve the catalytic activities of electrochemical reactions. However, controversy exists
concerning the real improvement of the ethanol electrooxidation reaction. Despite the controversies, recent
studies have shown that the Pt-Sn—Co/C "*®catalyst has a dramatic effect on its electrocatalytic activity. The



S. Begila David et a/ /Int.]. TechnoChem Res. 2017,3(2),pp 252-263. 253

enhanced activity of the ternary catalyst is due to the promoting effect of the second or third elements added to
Pt. In the present study, we evaluated the catalytic activity for ethanol oxidation reaction (EOR) by
incorporating Co into Pt—Sn/C catalysts in MLEFC.

2 Experimental
2.1 Materials

The metal precursors used for the preparation of electrocatalysts were H,PtCle.6H,O (from Sigma
Aldrich), SnCl3.3H,O (from Sigma Aldrich), and Co(NO3),.6H,O (from Sigma Aldrich). Vulcan XC-72R
carbon black (from Cabot Corp.,) was used as a support for the catalysts. Graphite plates (from E-TEK) were
used as substrates for the catalyst to prepare the electrodes. Ethylene glycol (from Merck) was used as the
solvent and reduction agent. Nafion® (DE 521, DuPont USA) dispersion was used to make the catalyst
ink.Ethanol (from Merck), sodium perborate (from Riedel), H,SO, (from Merck) and sea water were used as the
fuel, the oxidant and as the electrolyte for electrochemical analysis, respectively. All the chemicals were of
analytical grade.Pt/C (40-wt%, from E-TEK) was used as the cathode catalyst.

2.2 Catalyst Preparation

Carbon-supported catalysts containing Pt, Sn and Co with different atomic ratios were synthesized
employing ethylene glycol (EG) as a reactant and reducing agent together with citric acid (CA) in line with the
Pechini methodology ****. The Pt, Sn and Co precursors were prepared separately by employing metallic salts,
namely, H,PtClgs.6H,0, SnCl,.3H,0 and Co(NQ3),.6H,0, dissolved in a mixture of EG and CA at 70 °C and the
mixture was kept under vigorous stirring for 2-3 h composing a polyester network that contains the metallic
ions homogeneously distributed. The CA/EG/metal molar ratio is 4:16:1 for all the polymeric precursors. It
appears that the citric chelate helps to prevent particle aggregation in a certain extent and induce nanoparticles
to get high dispersion.

To obtain the supported catalysts, appropriate amounts of the polymeric precursors were dissolved in
ethanol and a calculated amount of the functionalized carbon black support was added. Finally, the mixture
precursor solution/carbon was homogenized in an ultrasonic bath and then calcinated at different temperatures
under an air atmosphere, using a temperature program reaching 400 °C to eliminate the excess carbon . For
comparison, the monometallic Pt/C, and bimetallic Pt-Sn/C and Pt—-Co/C catalysts were synthesized under the
same conditions.The electrocatalytic mixtures and atomic ratios were PtgSnsCo10/C, PtgoSnypCox/C,
PtsoSn10C030/C, PtsoSnse/C, PtsgCos0/C and Ptyge/C. The nominal loading of metals in the electrocatalysts was 40
%wt and rest 60 %wt was carbon.

3 Results and discussions
3.1 Physical characterization
3.1.1 X-ray diffraction (XRD)

The XRD patterns of the preparedPtsSnspCo10/C, PtgeSnCo.0/C, PtgpSnioC0z0/C, PtsoShse/C,
Pts0Cos0/C and Ptio/C catalysts are shown in Fig. 1.
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Flg 1 X-ray diffraction patterns of Ptsosngocololc, PtsoSﬂzoCOzo/C, Pt608n10C030/C, PtsoSﬂso/C, PtsoCOso/C
and Pt;0/C catalysts

The first peak located at around 25°in all the XRD patterns is attributable to the Vulcan XC-72R carbon
support. The 20 of the (2 2 0) peak for Pt608n30C010/C, PtsoSﬂzoCOzo/C, Pt608n10C030/C, Pt508n50/C and
PtsoCoso/C shows a higher angle shift than the characteristics of face-centered cubic (fcc) crystalline Pt at 260
values of 38°, 48° 67.5° and 83° and are indexed with planes (1 1 1), (20 0), (22 0) and (3 1 1), respectively,
indicating that the electrocatalysts have good alloy formations and suggesting the effect of a different atomic
rate of Co in the ternary catalyst. No diffraction peaks were attributed to pure tin and cobalt or tin rich
hexagonal close packed (hcp) phase, appear in the XRD patterns, suggesting that tin and cobalt atoms either
form an alloy with platinum or exist as amorphous oxide phases. The Pt-Co/C electrocatalyst also showed the
same characteristic peak as that of the Pt-Sn/C electrocatalysts.

The fcc lattice parameters were evaluated from the angular position of the (2 2 0) peaks, which reflect
the formation of a solid solution(Table 1).

Table 1 The EDX composition, lattice parameters, and the particle size obtained for different atomic
ratios of electrocatalysts

Electrocatalyst Nominal EDX Lattice Crystallite Particle size
Atomic ratio Atomic ratio parameter (nm) size (nm) from TEM (nm)
Pt Sn Co Pt Sn Co

Pt/C 00 - - 99 - - 0.3915 4.5 4.1

Pt-Co/C 50 - 50 52 - 48 0.3905 4.4 4.1

Pt-Sn/C 50 50 - 51 49 - 0.3887 3.9 3.6

Pt-Sn—Co/C 60 10 30 63 8 29 0.3904 3.7 3.4

Pt-Sn—Co/C 60 20 20 63 19 18 0.3896 3.5 3.3

Pt-Sn—-Co/C 60 30 10 62 28 11 0.3899 3.2 3.1

The decrease in lattice parameters of the alloy catalysts reflects the progressive increase in the
incorporation of Sn and Co into the alloyed state.The difference of lattice parameters and the shift of (2 2 0)
plane indicate interactions between Pt, Sn and Co. The average particle size for Pt-Sn/C, Pt-Co/C, and Pt-Sn—
Co/C electrocatalysts were in the range of 3-4.5 nm was estimated using the Scherrer equation.
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3.1.2 Transmission Electron Microscopy (TEM)

TEM image of the Pt-Sn—Co/C alloy catalysts and the corresponding particle size distribution
histogram are presented in Fig. 2.
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Fig. 2 TEM image and particle size distribution of Pt-Sn—Co/C catalyst

From the TEM images, the average particle diameter was found to be approximately 3-4 nm, which is
in fairly good agreement with the data calculated from XRD. The particle size distribution of these catalysts is
shown in Table 1 in accordance to the TEM images.

3.1.3 Energy Dispersive X-ray Spectroscopy (EDX)

Energy dispersive X-ray spectroscopy is conducted by focusing the electron beam on several different
selected regions of the carbon supported Pt-Sn—-Co nanoparticles. An EDXspectrum of Pt-Sn-Co/C
nanoparticle is shown in Fig. 3. The average composition of the sample was in atom ratio of Pt:Sn:Co = 6:3:1.
The EDX results of the binary Pt-Sn/C and Pt—Co/C and the ternary Pt-Sn—Co/C catalysts are very close to the
nominal values, which indicate that the metals were loaded onto the carbon support without obvious loss.
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Fig. 3 EDX spectra of a) Pt/C, b) Pt—Sn/C and c¢) Pt—Sn—Co/C catalysts.

3.2 Electrochemical Characterization

3.2.1 Cyclic Voltammetry
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Fig. 4a shows the cyclic voltammogram (CV) on the PtsSn3pCo:0/C, PtgeSnnCo20/C, PtgoSnioCo30/C,
PtsoSnse/C, PtsgCoso/C and Pty0/C catalysts for CO oxidation in a solution of 0.5 M H,SO,. Due to the strong
adsorption of CO onto the Pt surface, the hydrogen adsorption-desorption of the Pt was completely blocked in

the hydrogen region; indicating the presence of a saturated CO adlayer *.
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Flg 4aCVs of Pt508n30C010/C, PteoSﬂzoCOzo/C, Pt608n10C030/C, Pt508n50/C, PtsoCOso/C and Ptl()o/C
electrocatalysts in 0.5 M H,SO,

In comparison to pure Pt, the oxidation of CH3;CH,OH,qs at Co containing Pt—-Sn/C surfaces exhibits a
shift of the peak potential to lower potentials. The ethanol oxidation evokes a quick formation of CO,g at very
low potentials, where CO,qs is not yet oxidized, and so hinders the further adsorption and decomposition of
ethanol. At potentials above the onset potential of the adsorbate oxidation, both parallel oxidation paths are
taking place simultaneously. At a low potential, higher current efficiencies for CO, are observed on Pt-Sn—
Co/C electrodes than on pure Pt surfaces. This suggests that in presence of Co, Sn ad-atoms promote the
reaction path via CO, in the low potential region. At higher potentials, the same current efficiency for CO, as
on pure Pt indicates that the ternary Pt—-Sn—Co/C electrocatalysts loses its co-catalytic activity towards ethanol
oxidation. This loss of the activity is possibly caused by the formation of inactive anhydrous Sn oxide at higher
potentials. The CV curves were obtained in a half cell between 0.05 and 1.0 V (vs. Ag/AgCl) in the absence of
ethanol. The characteristic features of polycrystalline Pt, i.e. hydrogen adsorption/desorption peaks in low
potential region, oxide formation/stripping wave/peak in high potential region and a flat double layer in
between, are observed for all the synthesized catalysts. The voltammograms of the electrocatalysts did not
display a well-defined hydrogen region between 0.05 and 0.35 V, as the catalyst’s features in this region are
influenced by their surface composition.

Fig. 4b shows the cyclic voltammograms (CV) of ethanol oxidation under acidic conditions (1.0 M
CHOH and 05 M H,SO,) catalyzed by Pt-Sn/C (50:50), Pt—Co/C (50:50), Pt—Sn—Co/C
(60:30:10),Pt—Sn—Co/C (60:20:20) and Pt—Sn—Co/C (60:10:30) catalysts. All the current values were
normalized by the geometric surface area of the electrode used. There were three oxidation peaks when ethanol
CV was carried out on the Pt/C catalyst (vs. Ag/AgCl), two during the forward scan and one during the reverse
scan. The main results of CV test of Pt—Sn/C (50:50), Pt—Sn/C (50:50), Pt—Sn—Co/C (60:30:10),Pt—Sn—Co/C
(60:20:10) and Pt—Sn—Co/C (60:10:30) catalysts are listed in Table 2including the positive peak potentials and
corresponding peak current densities of ethanol electro-oxidation. Figure 6.b shows that the onset potentials of
ethanol electro oxidation for Pt/C (100), Pt—Co/C (50:50), and Pt-Sn/C (50:50) are at about 300 mV vs. RHE.
While for tri-metallic catalysts Pt—Sn—Co/C (60:30:10),Pt—Sn—Co/C (60:20:10) and Pt—Sn—Co/C (60:10:30)
onset potential for ethanol electro-oxidation is earlier at about 200 mV vs. RHE, i.e. shifted to negative
potential by 100 mV. The first electro-oxidationpeak of ethanol on Pt-Sn/C (50:50) is at 823 mV (vs. Ag/
AgCl), which is 75 mV higher than that of Pt—Sn—Ru/C (60:10:30). The current density at the first peak of
ethanol electro-oxidation on Pt—Sn—Ru/C (60:10:30) is 16.9 mA/cm® which is higher than that on Pt-Sn/C
(50:50) with a difference of 4.8 mA/cm? but less than that of Pt—=Sn—Co/C (60:20:20) and Pt—Sn—Ru/C
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(60:30:10). The Pt—Sn—Co/C (60:30:10) shows highest peak current density (33.8 mA/cm?) at 803 mV peak
potential, and hence possesses highest catalytic activity towards ethanol oxidation among all the catalysts
prepared. Pt—Sn—Co/C (60:20:20) shows higher current density than Pt—-Sn/C (50:50),Pt—Sn—Co/C (60:10:30)
and Pt-Sn/C (50:50) catalysts, indicating that Pt—Sn—Co/C (60:20:20) is also a promising catalyst for ethanol
electro-oxidation.

Table 2 CV results of Pt/C, Pt—-Co/C, Pt-Sn/C and Pt-Sn—Co/C electrocatalysts at room temperature.

Scan rate 50 mV/s
Catalyst Positive peak potential (mV Peak current density
vs. Ag/AgClI (mA/cm?)
Pt/C (100) 795 8.5
Pt-Sn/C (50:50) 823 11.9
Pt-Co/C (50:50) 812 13.0
Pt-Sn—Co/C (60:10:30) 740 16.9
Pt-Sn—Co/C (60:20:20) 750 22.9
Pt-Sn—Co/C (60:30:10) 803 33.8

Pure Pt/C catalyst (Fig. 4b) does not behave as a very good anode for ethanol electro-oxidation due to
its poisoning by strongly adsorbed intermediates such as CO.>. However, the introduction of Sn and Co
promotes the electrocatalytic activity. In fact, as observed in Fig. 6b, the introduction of Sn and Co leads to an
increase in the electro-activity of the binary and ternary electrocatalysts compared to pure Pt/C. The synergistic
effect obtained with these elements can be explained by the activation of interfacial water molecules at lower
potentials than in the case of pure Pt due to the presence of preferential sites for OH s adsorption, as proposed
in the case of Pt—Co for ethanol electro-oxidation. The presence of OHgs Species in large amounts is necessary
for the complete oxidation of poisoning intermediates such as CH,and CO™.
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Fig. 4bCyclic voltammetry of Pt/C, Pt—-Co/C, Pt-Sn/C and Pt-Sn-Co/C electrocatalysts in 0.5 M H,SO,
and 1.0 M ethanol at room temperature with a scan rate of 50 mV/s.

The binary and ternary electrocatalysts performed better than Pt/C for ethanol oxidation. Moreover,
when the binary electrocatalysts were compared to the ternary ones in terms of oxidation wave onset potential
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and achieved current densities, the latter catalysts gave the best electrical performances. In the case of the
ternary electrocatalysts, the best performance was achieved with lower Sn atomic ratios, which confirmed the
previous results showing that low Sn atomic ratios (close to 10%) in bimetallic Pt—Sn electrocatalysts lead to
higher activities towards ethanol oxidation ?*. On the other hand, addition of Co to Pt (Pt-Sn/C) had a little
effect, whereas addition of Co to Pt—Sn greatly enhanced the electrocatalytic activity.

3.2.2. Chronoamperometry

Fig. 4.5 shows the current densities measured at a constant potential jumping from 0.05t0 1.0 V in 1.0
M ethanol+0.5 M H,SO,. The currents decay with time in a parabolic style and reach an apparent steady state
within 80s. It can be seen that the current density ofethanol electrooxidation on the PtgSnsCo.0/C catalyst is
higher than that on the PtgSn,gC0,0/C, PtgeSnioC030/C, PtsoSnse/C, PtsgCos/C and Ptipe/C Catalyst at the same
potentials. The activity change for ethanol oxidation decreases in the order of PtgSnspCo;10/C>PtsoSnyg
C020/C>PtgoSny9C030/C> PtseSnse/C >PtsgCos0/C > Ptyg/C, which is in fairly good agreement with our CV
results. For the durability test, the chronoamperometric experiments were carried out at 0.05 to 1.0 V for 2000 s
in the same conditions. Before each measurement, the solution was purged with high-purity nitrogen gas for at
least 30 min to ensure oxygen-free measurements.
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3.3 Single cell performance

The microfluidic architecture of laminar flow-based membraneless fuel cells overcomes the fuel
crossover and water management issues that plague membrane-based fuel cells (i.e., PEMFC, DEFC) and
enables independent control of stream characteristics (i.e., flow-rate and composition)®*?. Here we focused on
maximizing cell performance, in terms of power density, by tailoring various structural characteristics and
catalytic activity of carbon supported ternary Pt—Sn—Co catalysts. A single cell performance was tested using
Pteosngocololc, Pt5osn20C020/C, Pt608n10C030/C, Ptsosnsolc, Pt500050/C and Ptloolc eleCtrOC&taIyStS as the anode.
Polarization curves and power densities are shown in Fig. 6. For each catalyst, the open-circuit voltages (OCV)
were different, as would be expected in onset potentials. The OCVs of PtsSn3pCo50/C, PtgSnzCo,0/C,
PteoSn;10C030/C, PtseSnse/C, PtsgCose/Care higher than that of Ptyo/C, 0.52 V, and the order of OCV is exactly
same as the onset potentials.
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Fig. 6 Polarization and power density curves of PtspSnzgC010/C, PtggSnz0C0420/C, PtgeSn;0C030/C, PtspShse/C,
Pts0C0s50/C and Pty0/C electrocatalysts

The OCV of PtgSnzCo.0/C is the highest value of 0.85 V, which is approximately0.33 V higher than
that of Ptyo/C. This indicates that Pt;o0/C is more rapidly poisoned by CO than any other alloy catalyst and that
the oxidation of adsorbed CO is enhanced by the second or third metal. In the case of PtsSnhsCo0:¢/C the overall
performance is superior to that of the bimetallic electrocatalysts. The maximum power densities obtained for
Ptﬁosngocololc, PtgoSﬂzoCOzo/C, Pt508n10C030/C, Ptsosns()/c, PtsoCOso/C and Pt100/C are 37.9, 31.7, 28.6, 26.2,
18.8 and 6. mW cm ?, respectively (Table 3). We conclude that the substitution of a small amount of Co for Sn
aids in cleaning surfaces poisoned by CO and provides additional reaction sites for ethanol oxidation.

Table 3 Summary of performance of single fuel cell tests using (2 mg cm™ catalyst loading, 40 wt%
catalyst on carbon)

Anode catalysts Open circuit Maximum power Maximum current
Voltage (V) density (mW cm ) density (mA cm™)
Pty00/C 0.52 6.0 48.3
Pt50Cos0/C 0.61 18.8 85.1
Pts5oSnse/C 0.69 26.2 106.3
PtsoSn1Co30/C 0.76 28.6 155.7
PteoSﬂzoCOzo/C 0.80 31.7 190.2
PtsoSnsgCo,0/C 0.85 37.9 210.3

In membraneless fuel cells, pure Pt/C catalyst does not behave as a very good anode for ethanol electro-
oxidation due to its poisoning by strongly adsorbed intermediates such as CO. The binary and ternary
electrocatalysts performed better than Pt/C for ethanol oxidation. Moreover, when the binary electrocatalysts
were compared to the ternary ones in terms of oxidation the latter catalysts gave the best electrical
performances. On the other hand, addition of Co to Pt (Pt—Co/C) had a little effect, whereas addition of Co to
Pt-Sn greatly enhanced the electrocatalytic activity.

As mentioned in our previous studies **°, the performance of the developed membraneless fuel cell

enhanced profoundly if the concentration of oxidant in cathodic stream is 10 times larger, and the current
density is also increased approximately ten times.
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4 Conclusions

In this work, the study of ethanol oxidation on carbon-supported Pt—-Sn—Co ternary nanoparticles has
revealed details concerning the activity and stability of the catalysts in membraneless fuel cells. The maximum
activity for ethanol oxidation was found for the PtgSn3Co010/C than the PtgoSnypCoy0/C, PtgSnioCos0/C,
PtsoSnse/C, PtssC0s0/C and Ptyg/C. The significantly enhanced catalytic activity for ethanol oxidation can be
attributed to the high dispersion of ternary catalysts and to Co acting as a promotion agent. XRD results show
the homogenous alloy structure of Pt, Sn and Co. The TEM images indicated an average size of ternary
nanoparticles of 3-4 nm. The atom ratio of Pt, Sn and Co from EDX analyses is close agreement with the
original precursor concentration. The composition of ternary nanoparticles can be conveniently controlled by
adjusting the initial metal salt solution and preparation conditions. The electrochemical experiments showed
that the PtsoSn3,C010/C nanoparticles have higher catalytic activity than that of the other catalysts. We expect
that the MLEFC may be a promising candidate for practical fuel cells to establish a clean and sustainable
energy future. Further work is necessary to characterize the catalysts using different surface analysis techniques
and to conduct tests of these electrocatalysts in microfluidic membraneless fuel cells.
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