Chapter 6 Conclusions

CHAPTERG

CONCLUSIONS

The difficulty of C-C bond cleavage of ethanol nwmlke for complete ethanol
electrooxidation at low temperatures has inspi@dngists to design a low-cost, highly-
active, and selective anode electrocatalyst. Tketreloxidation of ethanol occurs via
both parallel and successive oxidation reaction haeisms result partially oxidized
products and strongly adsorbed poisoning specerelily reducing the fuel efficiency. A
considerable effort has been made to establisisuliable anode electrocatalyst to split
the C-C bond of ethanol molecule for complete otxahato CQ successfully. However,
still there is a lack of highly active and seleetianode electrocatalysts that can initiate
the complete electrooxidation of ethanol to Gddd HO giving the highest number of
electrons (12¢per molecule with faster anode kinetics which Igtlieir potential use in
DEFC. Thus, in this study, carbon-supported Ptdhabemetallic and tri-metallic
electrocatalysts were successfully synthesized he Iaboratory and characterized
extensively. The synthesized electrocatalysts \ate tested in a direct ethanol fuel cell
using ethanol as fuel and pure oxygen or oxygem faor as oxidant. Various parameters

were optimized to get maximum power density andenuirdensity.

6.1 Direct ethanol fuel cell (DEFC) components and construction

The DEFC experiments were carried out using fateccanembrane electrode assemblies
(MEASs) with an area of 6.25 cnin the laboratory. The commercial Pt/&ec (40 wt. %)
electrocatalyst was used as cathodic electrocatalysle the corresponding laboratory

synthesized Pt-Rufzs-PLM, Pt-Ru/Gag-FAM, Pt-Ru/Gg-PLM, Pt-Ru/Gg-FAM, Pt-
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Ru/Cag-syn, Pt-Ru/Gg-H>-RT, Pt-Ru/Gg-H2-160, Pt-Ru/Gg-Air-160, Pt-Ru (1:1)/1-
MWCNT, Pt-Re (1:1)/f--MWCNT, Pt-Ru-Re (1:1:1)/f-MWCN Pt-Ru-Re (1:1:0.5)/f-
MWCNT, Pt-Ru-Re (1:1:0.25)/f-MWCNT and commerciatfRu/C (30 %: 15 % by wt.)
were assigned as anodic electrocatalysts, respctiVhe electrodes were fabricated
using the electrocatalyst ink made by ultrasonycatiixing the required amount of
electrocatalyst power in a mixture of acetylenecblearbon, isopropyl alcohol, NafiBn
ionomer, and PTFE dispersion to form uniform inkeTNafiorf ionomer and as proton
conductor and PTFE dispersion function as bindedsassist in the creation of pores and
channels. The ink was coated onto the porous cavaper/GDL of area 6.25 émsing a
thin brush. The coated electrodes were sintered lagh temperature. For fabricating
MEA, the commercial Nafioh 117 membranes were used as a solid electrolyte. Th
membrane electrode assembly (MEA) was fabricateldiging the commercial Nafin
117 membrane/electrolyte in between the sintereti@rand the cathode, followed by
clamping the assembly together. The assembled M@Ase then placed between
graphite plates with serpentine flow channels ler treactant flow. The single cell DEFC
tests were evaluated with constant feeding of areags solution of ethanol fuel to the
anode using a peristaltic pump (Electrolab, Indm)ile the cathode was delivered with

the humidified oxygeii80 % relative humidity).

6.2 Physical characterization of support and electrocatalyst

It is reported in the literature that chemical @tidn/functionalization of the supporting

materials significantly affects the electrochemiaativity of the electrocatalyst towards

ethanol electrooxidation. Thus, first of all, sugpmaterials such as pristine acetylene
black (Goag) and pristine MWCNTs (P-MWCNT) were subjected todatreatment to

generate oxygenated surface functional groups. HR&R analysis showed that after

Indian Institute of Technology (BHU), Varanasi 221005 241



Chapter 6 Conclusions

chemical oxidation of carbon support i.epa and p-MWCNT materials, sufficient
oxygenated functional groups were created on tiniase The obtained functionalized
acetylene black carbon £g) and functionalized multi-walled carbon nanotul{és
MWCNT) were used as support material for the syitheof highly dispersed
electrocatalysts. The oxygenated surface functiogr@ups created after chemical
oxidation of carbon supports has been documentebet@dvantageous for improved
metal dispersion and anchoring of the electrocatafictive phase to the carbon surface.
Besides, the oxygenated surface functional grolgzsiaprove the hydrophilic character

of carbon support and facilitate the diffusion @agents to active sites.

The acetylene black carbon supported Pt-based talmeanode electrocatalysts were
successfully synthesized with nominal metal loaddhg0 wt. % on carbon support A&
or Gepg) Of 60 wt. % using two different methods i.e.e tholyol reduction method
(PLM) and the formic acid reduction method (FAM)r fapplication in DEFC. The
electrocatalysts were designated as Pt-Ri#€1LM for polyol reduction and Pt-Rujg-

FAM for formic acid reduction method, respectively.

In another attempt, highly dispersed Pt-Ru nanocteeatalysts supported on
functionalized acetylene black carbonag were synthesized by a modified polyol
reduction route followed by post-treatment undereé¢h different conditions. The
synthesized Pt-Ru/g-syn electrocatalysts after post-treatment weregdated as Pt-
Ru/Cag-H2-RT when treated underFitmosphere at room temperature of 40 °C, and Pt-
Ru/Cag-H2-160 when treated under,Hatmosphere at 160 °C and Pt-Rig‘@.ir-160

when treated under air at 160 °C, respectively.
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Finally, bi-metallic Pt-Ru, Pt-Re and tri-metalliPt-Ru-Re nano electrocatalysts
supported on -MWCNTSs with fixed metal loading &f wt. % on f-MWCNT support of
60 wt. % were synthesized using the modified polgduction method (PLM). The
obtained electrocatalysts were designated as P{RL)/f-MWCNT, Pt-Re (1:1)/f-
MWCNT, Pt-Ru-Re (1:1:1)/f-MWCNT, Pt-Ru-Re (1.1:.0BMWCNT, and Pt-Ru-Re

(1:1:0.25)/f-MWCNT.

The size of metal nanoparticles and their distidsutover the support material are
strongly influenced by the nature of support mateand synthesis method used to
prepare the electrocatalysts in the fuel cells. aWwrage crystallite size obtained for the
synthesized electrocatalysts supported on pristinetylene black (&g), i.e., Pt-
Ru/Goag-PLM and Pt-Ru/Gas-FAM is larger than that of the functionalized atemne
black (Gs) supported electrocatalysts Pt-REPLM and Pt-Ru/Gs-FAM,
respectively. The size of Pt-Ru alloy electrocatynanoparticles supported ongC
resulted in smaller particle size and thus, thehhgurface area of synthesized
electrocatalysts Pt-Rufg-PLM (22.26 nilg) and Pt-Ru/Gs-FAM (24.31 ni/g) were
observed. Although the average crystallite size lgtle larger for PtRu/gs-PLM (3.6
nm) than electrocatalyst Pt-Rug=FAM (3.4 nm), the polyol method (Pt-Ru{&PLM)

results in higher Ru alloying of 37.0 wt. % withritble metal.

The post-treated electrocatalyst underfldw at room temperature (Pt-Ru§&H>-RT)
showed the improved surface morphology with thénésg alloying degree of about 40.84
% Ru with Pt noble metal. The XRD analysis verifigak typical fcc Pt crystalline
structure and the formation of Pt-Ru alloy for carksupported Pt-Ru bi-metallic nano
electrocatalysts. The modified surface composiéiod microstructures of the Pt-Ruf=

H,-RT electrocatalyst can be attributed to intercatioa and the phase separation of
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metal nanoparticles such as Pt and Ru unddfo at room temperature. The TEM and
SEM analysis of electrocatalyst indicate that thetahnanoparticles are homogeneously
dispersed with a size range of 1.5 nm to 6 nm ensiirface of functionalized carbon
nano support for the Pt-RulgzH,-RT electrocatalyst and were very similar to

commercial Pt-Ru/C (1.5-5.5 nm) electrocatalyst.

Similarly, the characterization of the functionalizMWCNT supported bi-metallic and
tri-metallic electrocatalysts showed that tri-miétaPt-Ru-Re (1:1:0.5)/f-MWCNT is
better than all the other synthesized electrocstslin terms of crystallite size, particle
size and dispersion. The TEM analysis reveal thatelectrocatalyst nanoparticles were
well dispersed on the surface of -MWCNT, with spte& shapes and small average
particle sizes (2.68-3.53 nm). The XRD analysis BRESEM element mapping showed
the formation of a homogeneous alloy structuretpRR, and Re in tri-metallic Pt-Ru-Re
(1:1:0.5)/f-MWCNT electrocatalyst with an averageystallite size of 2.11 nm. The
presence of dispersed Pt, Ru, Re, O and C arewvausby SEM-EDX analysis, which
corresponds to synthesized metal species and Gpa®rs, respectively. It was noted the
desired elemental composition obtained from EDX & was nearly in good
agreement with the nominal ones for all the eleettalysts. Very minute discrepancies in
actual metal loading of electrocatalysts with tleenmal weight were noted, which could

be associated with the metal losses during theratpa and purification process.

6.3 Electrode characterization
Electrocatalytic properties of the fabricated arsodsing synthesized electrocatalysts
were thoroughly studied using electrochemical mashmmcluding cyclic voltammetry

(CV) and chronoamperometry (CA) tests. The cyclioltammetry (CV) and
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chronoamperometry (CA) analyses of synthesized trelemtalysts for ethanol
electrooxidation in a half cell were further sulosi@ed with the single cell DEFC
experiments with similar condition¥he cyclic voltammograms (CVs) analysis of all the
electrocatalysts showed two well-defined electrdatibn peaks for ethanol fuel in the
forward and backward scanshe prominent electrooxidation peak during the fanav
scan is attributed to the electrooxidation of flgsinemisorbed ethanol species, while the
electrooxidation peaks at the backward scan wedageck to the further oxidation of

adsorbed carbonaceous species.

In the CV study, the ethanol electrooxidation attiof anode electrocatalysts increased
in the following order: Pt-Ru/&Ggs-FAM < Pt-Ru/Gg-FAM < commercial Pt-Ru/C < Pt-
Ru/Goag-PLM<Pt-Ru/ CAB-PLM based on their peak currentsiges. The CV and CA
tests showed that the electrocatalytic activitytloé synthesized PtRuig-PLM for
ethanol electrooxidation was superior to that ®WPCag-FAM and commercial Pt-Ru/C
electrocatalysts, which could be attributed to thesitive effect of functionalized
acetylene black (£g) as support having high electrical conductivitydalarge pore

volume.

The electrochemical tests of all the post treatedtmcatalysts revealed that well alloyed
synthesized PtRu/{s-H,-RT had greater electrocatalytic activity and digbior ethanol
electrooxidation than the low alloyed synthesizéBUPCas-Air-160, Pt-Ru/Gg-H»-160

electrocatalyst by the modifigmblyol reduction method.

The electrochemical test results demonstrated tiahetallic Pt-Ru-Re (1:1:0.5)/f-
MWCNT had higher electrocatalytic activity and gli&p towards ethanol

electrooxidation than that of bi-metallic Pt-Ru 1(#ff--MWCNT and Pt-Re (1:1)/f-
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MWCNT and trimetallic Pt-Ru-Re (1:1:1)/f--MWCNT anéPt-Ru-Re (1:1:0.25)/f-

MWCNT electrocatalystsThe Pt-Ru-Re (1:1:0.5}MWCNT had the highest ECSA of
150.77 /g, which could be attributed to the smaller sifelectrocatalyst nanoparticle
size and better distribution of nanoparticles om #HMWCNT surface and results in the
best activity of Pt-Ru-Re (1:1:0.5)/f-MWCNT eleatadalyst in the half cell and single

cell DEFC tests for ethanol fuel.

6.4 Performance of DEFC

The direct ethanol fuel cell fabricated with thd aientioned anode and cathode
electrocatalysts using ethanol as fuel were testsd polarization and power density
characteristic curves were generated by varyingemx@ntal parameters such as
electrocatalyst type at the anode and cathode stanol concentration, electrocatalyst

loading at the anode side and operating cell teatpes.

The cell performance increases initially with therease in fuel ethanol concentration but
it does not increase proportionally with the furtlwcrease in fuel concentration. The
optimum concentration of 2 M was observed for treximum power density of the fuel
cell. The performance of the direct ethanol fudl icereases with the increase in anode
electrocatalyst loading from 0.5 mg/eno 1 mg/cm of fuel ethanol used at the anode.
However, beyond the electrocatalyst loading of Zamg the cell performance starts
decreasing. The cell performance of the single B#IFC also increases with the
temperature for fuel ethanol because of the imptoreaction kinetics, reduced cell

overpotentials mainly activation and ohmic losgdsigh temperatures.

In a single cell DEFC experiments, using synthesReRu/Gg-PLM electrocatalyst as

the anode, the maximum OCV of 0.71 V and power ithen$ 6.02 mW/cni at a current
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density of 19.52 mA/cfmwere achieved at room temperature of 35 °C for étiganol
concentration of 1 M. Whereas, the maximum OCV Gfl@ and the maximum power
density of 5.13 mW/cfat a current density of 18.70 mA/€were generated using the
commercial Pt-Ru/C electrocatalyst as an anode rutide same conditions. The peak
power density of Pt-Ru/g-PLM (6.02 mW/cm) electrocatalyst was superior to that of
Pt-RU/Goag-PLM (5.47 mWi/cr), Pt-Ru/Gas-FAM (3.85 mWi/cr), Pt-Ru/Gg-FAM
(4.54 mW/cm) and commercial Pt-Ru/C (5.13 mW/9nelectrocatalysts. Moreover, it
was also noted that electrocatalysts supporteduantibnalized carbon support A£)
resulted in improved cell performance comparedristipe carbon support ¢xs) when
following the same synthesis process. The presehaaxygenated surface groups at
functionalized carbon £ results in improved ethanol electrooxidation kicetand
favors the diffusion of reactants at a higher tatéhe active sites. It is observed that the
performance of DEFC using Pt-Ru#zPLM as anode increases with the increase in
ethanol concentration of up to 2 M at a temperatiirgs °C. The optimum concentration
of DEFC using Pt-Ru/gg-PLM as an anode was 2 M, with a maximum OCV ofilQ.Y¥
and a maximum power density of 8.28 mWcat a current density of 27.36 mA/gm
achieved from the single cell. Moreover, the maximpower density of the cell was
further increased from 8.28 mW/énmat 35 °C to 15.12 mW/cmat 80 °C, i.e.
approximately 1.83 times higher when Pt-Rig®LM was used as an anode and 2 M

ethanol as anode feed.

Similarly, when the most active post-treated PtdRg/H,-RT was used as anode
electrocatalyst for the operation of DEFC, OCV of 1B V and maximum power density
of 9.15 mW/cm were obtained, and these results are better tretnof Pt-Ru/Gg-syn

(0.658 V, 4.97 mW/cR), Pt-Ru/Gg-Air-160 (0.68 V, 5.79 mW/cf), Pt-Ru/Gg-H,-160
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(0.712 V, 6.84 mW/c) and commercial Pt-Ru/C (0.72 V, 7.86 mwW#m
electrocatalysts at a temperature of 40 °C withesanode loading of 1 mg/érand 2 M
ethanol fuel. The improved performance of postteé@dt-Ru/Gg-H,-RT electrocatalyst
could be ascribed to mild post treatment in acatimosphere which results improved
surface morphology with higher alloying degree of Regligible agglomeration of metal
nanoparticles and homogeneously dispersed on ttiaceufunctionalized carbon g
support. The single cell performance of Pt-R@/Syn was lowest of all post treated
electrocatalysts due to lower crystallinity andwgihg degree of Ru. The Pt-Rygssyn
showed the lowest performance of all post-treatéect®catalysts due to lower

crystallinity and Ru atomic fractiornxf,, ). The single cell DEFC adopting Pt-RufH,-

RT as anode electrocatalyst yielded the maximum QE\.737 V and peak power
density of 16.23 mW/cfmat a cell temperature of 80 °C. It should be ndtet the
performance of post treated electrocatalyst Pt-Ri+#&-RT is better than the polyol

synthesized electrocatalyst Pt-Ru#@Qvithout any post treatment.

The tri-metallic Pt-Ru-Re (1:1:0.5)/f-MWCNT as amoelectrocatalyst exhibited the
highest electrocatalytic performance in terms ok@odensity than the bi-metallic Pt-Ru
(1:2)/f-MWCNT and Pt-Re (1:1)/f-MWCNT and tri-melial Pt-Ru-Re (1:1:1)/f-MWCNT
and Pt-Ru-Re (1:1:0.25)/f-MWCNT electrocatalystsei the maximum power density
produced by the best tri-metallic electrocataly$tRB-Re (1:1:0.5)/f-MWCNT was
higher than the all synthesized acetylene blacig)®i-metallic Pt-Ru/Gg-PLM (best
electrocatalyst, without post treatment), Pt-R@/€l,-RT (best electrocatalyst, post
treatment), functionalized MWCNT bi-metallic Pt-R@i:1)/f-MWCNT, Pt-Re (1:1)/f-
MWCNT and tri-metallic Pt-Ru-Re (1:1:1)/f-MWCNT anét-Ru-Re (1:1:0.25)/f-

MWCNT electrocatalysts. The highest peak power itlgr$ 9.52 mW/cni was obtained
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for Pt-Ru-Re (1:1:0.5)/f-MWCNT at a temperature 33 °C. Whereas, at the same
operating temperature of 30 °C, bi-metallic Pt-Rel)/f-MWCNT and Pt-Ru (1:1)/f-
MWCNT resulted in a lower power density of 4.74 now and 7.48 mWi/ch
respectively. The peak power density of the celireased significantly from 9.52
mW/cnf to 23.2 mWi/crii.e., 2.44 times higher when cell temperature wésed from
30 °C to 80 °C for Pt-Ru-Re (1:1:0.5)/f-MWCNT améde electrocatalyst. The high cell
performance delivered by the tri-metallic Pt-Ru-@€1:0.5)/f-MWCNT electrocatalyst
towards ethanol electrooxidation, advocates it ggamising advanced electrocatalyst

with excellent activity and durability for the apgation in DEFC.

The experimental results demonstrate that the dpedl electrocatalyst Pt-Ru-Re
(1:1:0.5)/f-MWCNT has the potential to be used ammercial electrocatalysts which
might be available at low cost and recommended nhmderate temperature DEFC
application as it is giving higher power densityag all the synthesized commercial
electrocatalysts. The results of cyclic voltammégt@y) and chronoamperometry (CA)

measurements substantiate the experimental dataingle direct ethanol fuel cell.

6.5 Process parameter s optimization using response surface methodology (RSM)

The response surface methodology (RSM) based orBtixeBehnken design (BBD)
techniqgue was successfully applied to optimize d¢ffect of three key independent
parameters i.e., ethanol concentration (A), anddetrecatalyst loading (B), and cell
temperature (C) on the maximum power density &spanse (Y) of a DEFC. A series of
various runs were executed at varied ethanol cdratens (1-3 M), anode
electrocatalyst loading (0.5-1.5 mgfmand operating cell temperature (40-80 °C)

according to the Box-Behnken design (BBD). The bldfi 117 membrane as solid
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electrolyte and synthesized Pt-Ru-Re (1:1:0.5)/f-@MI as anode and commercial
Pt/Guispec (40 % wt.) as cathode electrocatalysts were usespectively. A quadratic
model was developed to simulate the power densitynggard to the input data obtained
experimentally using RSM and ANOVA tests. The ttiguadratic model is statistically
significant as implied by the F-value (177.4) andatue (< 0.0001) of the model. The
developed quadratic model equation could be usedihe power density (response
function) prediction based on input parameters. ANOVA results reveal that the
linear, square and interaction coefficients otladl parameters are statistically significant,
except for the interaction of ethanol concentratma anode electrocatalyst loading. It
was noted from ANOVA analysis that the effect of temperature on the power density
was significant, while the effect of anode elecatatyst loading and ethanol
concentration were minimal. The increase in cethgerature leads to a significantly
increase in electrode reaction kinetics and pretmmductivity of Nafioff membrane and
subsequently improves the cell performance. Fromvl RBalysis, the optimum values of
ethanol concentration, anode electrocatalyst l@pdimd cell operating temperature were
obtained as 2.03 M, 1.14 mg/€rand 79.48 °C, respectively. The predicted response
value i.e., maximum power density (22.10 mWgemder optimum conditions from the
quadratic model was good agreement to the expetahealue (21.53 mW/cf) with
2.58 % deviation from the predicted value and theRhe model was 0.9956. Overall, it
can be concluded that optimizing the operating t@mm$ of DEFC favors two aspects (i)
achieving optimum performance of DEFC and (ii)niables the DEFC to operate in high-

efficiency mode to achieve greener and cleanetraldyg output.
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6.6 Future scope

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

power density.

However, several critical issues need to be redolgethe successful commercialization
of DEFC. The costs of DEFC are determined by theenads cost associated to fabricate
the cells like electrocatalyst and electrolyte raifill now, platinum (Pt) based metal
alloy electrocatalysts are recommended and extelysiged for ethanol electrooxidation.
However, the limited supply of noble metal Pt inura and extensive use of costly metal
Pt are making this technology difficult to reacle ttommon people for their use as a
power source. As various studies shows that thedianelectrode, the pure Pt
electrocatalysts are highly susceptible to poispriy adsorbed intermediates such as
CO,q and CH a4 generated during the ethanol electrooxidation ggscAdditional factors
that impede the development of DEFC include sloactien kinetics, a complex reaction
mechanism, and an ethanol crossover from the atoothee cathode. In this context, the
urgent matter to address is to develop advancedteffective, durable, and catalytically
active or even non-precious metal anode electrlysésafor ethanol electrooxidation that
could contribute to lowering the cost and imprave tatalytic activity and durability. So

far, tremendous research efforts have been coratedtto reduce the above problems by
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alloying Pt with 3d transition metal such as Ru, Bh, Ce, Ir, Ni, Mo, or W to form Pt-
based bi-metallic and tri-metallic electrocatalysith improved electrocatalytic activity
due to their better capability of modulating stuuet geometric as well as electronic
effects. On the other hand, effective multi-metadliectrocatalysts should have the ability
to activate the C-C bond cleavage of the ethandéoote to achieve complete oxidation
product (CQ) at a low overpotential at low temperatures andelo loading of
electrocatalysts. The carbon-supported Pt-basedmebkadlic and tri-metallic
electrocatalysts developed in this work exhibit lwetder low operating temperature
conditions. Thus the future work could focus onealeging highly active pluri-metallic
electrocatalysts with low Pt content supported owneh support materials for ethanol
electrooxidation at high operating temperatureagl®i cell performance study of pluri-
metallic electrocatalysts as anode materials fbemaliphatic alcohols and mixtures of
alcohol could be studied in the future researchkwdio operate the DEFC at high
temperature, the polymer membrane electrolyte Nedion® must be modified, so that
the membrane conducting for ion transport doesdaatage at high temperature due to
membrane degradation. Thus, the membrane synthadisnodification of the present
membrane electrolyte also could be taken as adutuark. Although single cell DEFC
shows promising results, the stack developmengusimized conditions obtained from
the single cell study and testing is required ttawbuseful and workable voltage and

current, making the direct ethanol fuel cell comeradly viable.
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