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6.6 Future scope

The performance of direct ethanol fuel cell using synthesized anode electrocatalyst shows
that it hold a promising future for applications in portable electronic and electrical
vehicles. The other considerable advantages are simplicity, low operation temperatures,
high energy conversion efficiency, and renewable in nature. The developed DEFC using
the synthesized best tri-metallic electrocatalyst i.e., Pt-Ru-Re(1:1:0.5)/f-MWCNT
working under optimized conditions could be used as roadmap for further improvement
and development of direct ethanol fuel cell (DEFC) in terms of higher current density and

power density.

However, several critical issues need to be resolved for the successful commercialization
of DEFC. The costs of DEFC are determined by the materials cost associated to fabricate
the cells like electrocatalyst and electrolyte mainly. Till now, platinum (Pt) based metal
alloy electrocatalysts are recommended and extensively used for ethanol electrooxidation.
However, the limited supply of noble metal Pt in nature and extensive use of costly metal
Pt are making this technology difficult to reach the common people for their use as a
power source. As various studies shows that the anodic electrode, the pure Pt
electrocatalysts are highly susceptible to poisoning by adsorbed intermediates such as
CO,q and CHy 5 generated during the ethanol electrooxidation process. Additional factors
that impede the development of DEFC include slow reaction kinetics, a complex reaction
mechanism, and an ethanol crossover from the anode to the cathode. In this context, the
urgent matter to address is to develop advanced, cost-effective, durable, and catalytically
active or even non-precious metal anode electrocatalysts for ethanol electrooxidation that
could contribute to lowering the cost and improve the catalytic activity and durability. So

far, tremendous research efforts have been concentrated to reduce the above problems by
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alloying Pt with 3d transition metal such as Ru, Sn, Rh, Ce, Ir, Ni, Mo, or W to form Pt-
based bi-metallic and tri-metallic electrocatalysts with improved electrocatalytic activity
due to their better capability of modulating structure, geometric as well as electronic
effects. On the other hand, effective multi-metallic electrocatalysts should have the ability
to activate the C-C bond cleavage of the ethanol molecule to achieve complete oxidation
product (CO;) at a low overpotential at low temperatures and lower loading of
electrocatalysts. The carbon-supported Pt-based bi-metallic and tri-metallic
electrocatalysts developed in this work exhibit well under low operating temperature
conditions. Thus the future work could focus on developing highly active pluri-metallic
electrocatalysts with low Pt content supported on novel support materials for ethanol
electrooxidation at high operating temperatures. Single cell performance study of pluri-
metallic electrocatalysts as anode materials for other aliphatic alcohols and mixtures of
alcohol could be studied in the future research work. To operate the DEFC at high
temperature, the polymer membrane electrolyte like Nafion™ must be modified, so that
the membrane conducting for ion transport does not damage at high temperature due to
membrane degradation. Thus, the membrane synthesis and modification of the present
membrane electrolyte also could be taken as a future work. Although single cell DEFC
shows promising results, the stack development using optimized conditions obtained from
the single cell study and testing is required to obtain useful and workable voltage and

current, making the direct ethanol fuel cell commercially viable.
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Appendix A

APPENDIX A
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Figure A.1 The pictorial view of single DEFC experimental set-up.
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APPENDIX B
The laboratory synthesized Pt-Ru-Re (1:1:0.5)/f-MWCNT and the commercial Pt/Cyisprc

were used for the preparation of anode and cathode electrodes for MEA fabrication,
respectively. The commercial PEM Nafion® 117 was used for MEA fabrication and detail
single cell study with various ethanol fuel concentrations, anode electrocatalyst loading
and operating cell temperature were performed. The fixed cathode electrocatalyst loading
of 1 mg/cm” was taken for all the experiments. The cathode oxidant used was humidified
oxygen. The experimental results (current density vs. cell voltage and current density vs.

power density characteristics) are given below:
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Figure B.1 Current density vs. cell voltage and power density curves for varying ethanol
concentration (A), fixed anode electrocatalyst loading (B) of 0.5 mg/cm2 and operating
cell temperature (C) at 40 °C; Solid line -polarization curves, Dotted line- power density
curves.
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Figure B.2 Current density vs. cell voltage and power density curves for varying anode
electrocatalyst loading (B), fixed ethanol concentration (A) of 2 M ethanol, operating cell
temperature (C) at 40 °C ; Solid line -polarization curves, Dotted line- power density
curves.
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Figure B.3 Current density vs. cell voltage and power density curves for varying
operating cell temperature (C), fixed ethanol concentration (A) of 2 M and anode
electrocatalyst loading (B) of 1 mg/cmz; Solid line -polarization curves, Dotted line-
power density curves.
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APPENDIX C

The laboratory synthesized Pt-Ru/Cag-FAM and commercial Pt-Ru/C were used as anode
electrocatalyst, while Pt/Cyispec was used as cathode electrocatalyst for MEA fabrication,
respectively. The commercial PEM Nafion® 117 was used for MEA fabrication and detail
single cell study with various ethanol fuel concentrations are presented below. The fixed
cathode electrocatalyst loading of 1 mg/cm” was taken for all the experiments. The
cathode oxidant used was humidified oxygen. The experimental results (current density

vs. cell voltage and current density vs. power density characteristics) are given below:
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Figure C.1 Single cell performance characteristics for anode electrocatalyst Pt-Ru/Cap-
FAM using varying ethanol concentration as anode feed at a cell temperature of 35 °C.
Cathode feed: pure humidified oxygen; Pcamose = 1 bar (absolute); Dotted line-power
density curves; Solid line- polarization curves.
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Figure C.2 Single cell performance characteristics for anode electrocatalyst commercial
Pt-Ru/C using varying ethanol concentration as anode feed at a cell temperature of 35 °C.
Cathode feed: pure humidified oxygen; Pcamode = 1 bar (absolute); Dotted line-power
density curves; Solid line- polarization curves.
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Figure D.1 Single cell performance characteristics for anode electrocatalyst commercial
Pt-Ru/C using 2 M ethanol concentration as anode feed at varying cell temperature range
of 35 °C to 80 °C. Cathode: Pt/Cyisprc of 1 mg/cmz; Cathode feed: pure humidified
oxygen; Pcanode = 1 bar (absolute); Dotted line-power density curves; Solid line-
polarization curves.
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APPENDIX E
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Figure E.1 XRD patterns of (a) Pt-Ru (1:1)/p-MWCNT and (b) Pt-Ru (1:1)/ffMWCNT
electrocatalysts.

Table E.1 The Pt (220) peak, lattice parameters, and crystallographic properties of the
electrocatalysts from XRD analysis.

Electrocatalysts Pt (220) Lattice Average Ru Alloyed
position | parameter crystallite fraction Ru

©) (nm) | size (@) (nm) | (x,,) | WE7R)
Pt-Ru (1:1)/p-MWCNT 68.10 0.3889 2.9 0.21 27
Pt-Ru (1:1)/f-MWCNT 68.30 0.3881 2.7 0.28 39
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Figure F.1 Comparison of peaks (111) of (a) Pt-Ru (1:1)/f-MWCNT, (b) Pt-Re (1:1)/f-

MWCNT, (c) Pt-Ru-Re (1:1:1)/f-MWCNT, (d) Pt-Ru-Re (1:1:0.5)/f -MWCNT and (e)
Pt-Ru-Re (1:1:0.25/fMWCNT) electrocatalysts.
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Figure F.2 Comparison of (220) peaks of (a) Pt-Ru (1:1)/f-MWCNT, (b) Pt-Re (1:1)/f-
MWCNT, (c) Pt-Ru-Re (1:1:1)/f-MWCNT, (d) Pt-Ru-Re (1:1:0.5)/f-MWCNT and (e) Pt-

Ru-Re (1:1:0.25/f-MWCNT) electrocatalysts.

Table F.1 The peak position 20 (°) values of the electrocatalysts from XRD analysis.

Electrocatalyst Peak position, 20 (°)
Pt(111) | Pt(200) Pt (220) Pt(311)

Pt-Ru (1:1)/--MWCNT 40.30 N.A 68.30 82.31
Pt-Re (1:1)/FMWCNT 39.86 46.27 67.63 81.74
Pt-Ru-Re (1:1:1)/f-MWCNT 40.09 N.A 68.14 82.16
Pt-Ru-Re (1:1:0.5)/f-MWCNT 40.15 N.A 68.20 82.23
Pt-Ru-Re (1:1:0.25)/-MWCNT) | 40.20 46.47 68.24 82.26

Pure Pt (JCPDS card 04-0802) 39.76 46.24 67.45 81.28

NA- not available due to peak broadening.
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The selected area electron diffraction (SAED) patterns of the synthesized electrocatalysts
are shown in Fig (G.1a) to Fig (G.le). The SAED patterns obtained for the Pt-Ru-Re
(1:1:1)/--MWCNT and Pt-Ru-Re (1:1:0.5)/f-MWCNT (Fig G.lc and Fig G.1d)
electrocatalysts were found to be rather diffused with lower intensity of concentric fringes
due to very small crystallite sizes as explained in XRD section. The XRD analysis (Fig
G.1d and Fig G.le) also showed broad diffraction peaks for these electrocatalysts. The
electronic diffraction patterns of electrocatalysts reveal the polycrystalline phase of
nanoparticles, which is also confirmed by annular patterns in SAED images (Fig G.1a to
Fig G.1e). Moreover, the series of concentric rings together with some diffuse but distinct
spots are assigned to hlk planes, which are characteristic of the Pt (fcc) crystal structure

and consistent with the XRD results.

— N
«—{311}
<«—— (220}

Figure G.1a SAED pattern of Pt-Ru (1:1)/f-MWCNT electrocatalyst.
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Figure G.1b SAED pattern of Pt-Re (1:1)/f--MWCNT electrocatalyst.

{002}

Figure G.1¢ SAED pattern of Pt-Ru-Re (1:1:1)/f-MWCNT electrocatalyst.
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Figure G.1d SAED pattern of Pt-Ru-Re (1:1:0.5)/f-MWCNT electrocatalyst.

Figure G.1e SAED pattern of Pt-Ru-Re (1:1:0.25)/f-MWCNT electrocatalyst.
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