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ABSTRACT KEYWORDS
Highly dispersed platinum or platinum-based catalysts on a conductive Low temperaturefuel cell;
support are commonly used as el ectrode material sin low-temperature fuel PEMFC,
cells, particularly the hydrogen PEM FC and the direct methanol PEMFC. DMFC;
The performance and durability/stability of these catalysts strongly Pt-based electrocatalyst;
depend on the characteristics of the support. Catalysts supported on Nanostructured-supports,
high surface area carbon black are widely used in low temperature fuel Durability/Stability.

cells. However, the corrosion of carbon black has been recognized asone
of major causes of performance degradation and durability issues of low-
temperature fuel cells under high-potential conditions. So the need for
alternative supports with outstanding physical and mechanical properties
to carry out the successful reaction in catalyst layer and give a longer
lifetime for the electrocatalysts is inevitable. The emergence of
nanothechnology and development of nanostructure materials in recent
years has opened up new avenues of materials development for low-
temperaturefuel cells. This paper presentsthe performance with avariety
of non-carbonaceous nanostructured based materials, e.g metal oxides
and carbides nanowires (NWs), nanorods, the nanostructer of conductive
polymerse.g. PAni / PPy nanofibers, and PAni / PPy nanowiresaswell as
composites of these nanostructured catalyst support materials. So the
present paper provides an overview of these nanostructured materials as
low-temperature fuel cell catalyst supports. Theimproved characteristics
of the nanostructured supports with respect to commercially used carbon
black (Vulcan XC-72) and their effect on the electrochemical activity are
highlighted. Additionally it reviews the literature on the synthesis of
nanostructured-supported Pt electrocatalysts for proton exchange
membrane (PEM) fuel cell catalyst loading reducing through the
improvement of catalyst utilization and activity. The features of each
synthetic method were also discussed based on the morphology of the
synthesized catalysts. © 2014 TradeSciencelnc. - INDIA
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INTRODUCTION

In recent years, the concept of green energy has
attracted considerabl e attention. Theaim of green en-
ergy isto exploretechniques and methodol ogiesthat
reduce or eliminate the generation of products or
byproductsthat are hazardousto human health or the
environment. Nowadays, greenenergy isbecomingone
of themain goasof designing new processesand reac-
tions in the emerging areas of nanoscience and
nanotechnology!2. Fue cdlsaredectrochemical con-
version devicesused for power generationin portable,
dationary/resdentid and trangportation gpplications. As
a‘“green/clean” electric power source, fuel cells can be
used to power vehicles, back-up the power supply for
el ectric devices, and store el ectricity in power stations
by converting water into hydrogen and oxygen during
off-peak hours. The only by-products are water and
heat. Among varioustypesof fud cdlsproton exchange
membranefuel cells(also called polymer electrolyte
membranefuel cell, PEMFCs) have been considered
to be apromising energy source becausethey offer a
highly efficient, |low operation temperature (below 100
°C), higher power density, rapid start up/shut down,
low weight, compactness, potential for low cost and
volume, long stack life, suitability for discontinuousop-
eration and environment friendly technology for energy
conversonwithout thecarnot limitationsof combustion
engines’®”. However, whilegreat progress has been
madein the last several decadesin the research and
devd opment of PEM fud cdlg89. For wide-scdecom-
mercidization of PEMFCsit should overcome severa
technica chalengesincluding reducing the cost of com-
ponent, optimizing theutilization of eectrocatalyst at dl
current dengities, improving the performanceand dura-
bility/stability of the membrane el ectrode assembly
(MEA), thecrucial part of thefuel cell system. Asthe
key componentin PEMFC, theelectrocatayst layer is
the placewherethed ectrochemical reectionstakeplace
andtheeectricad energy isproduced, exhibiting agrest
influenceonthetota performanceand durability. The
main processesthat occur inthe catalyst layer include
masstrangport, interfacia reactionsat eectrochemically
active sites, proton transport in the el ectrolyte phase,
and el ectron conduction in the electronic phase. The
PEM fue cdl MEA utilizespreciousmetd catdyst (such
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asPt or Pt aloy) dispersed on support. These cataysts
areestimated to contributeto as much as 50% of total
fuel cell cost. It wasemphasized that in order toreach
the DOE (department of energy) cost reduction ob-
jects, among other component cost reductions, thecur-
rent state of theart platinum loading (~0.4 mg/cn?) of
PEM fud cell dectrodes, thetota Pt cataystloadingin
aMEA must bereduced to levelslower than 0.1 mg/
cm?to comeacrossthetarget for commercidization*t,
Similarly, durability targetsfor these applicationshave
not been mentioned for catalysts, but MEAs are ex-
pected to endurefor >40,000 and 3,000 hoursfor sta-
tionary and portabl e gpplicationsrespectivey, with low
degradation rates.

Severd strategieshave been explored with the pur-
pose of reducing the cost andincreasethe performance
of afud cell. These active approachestoward there-
duction of Pt usagein PEMFC catalyst can generaly
belisted as.

() Reducing Pt usageby aloy with other transition
metds(ether asbimetdlic or ternary catayst sys-
tems) and non-nobl e el ectrocatal ystg %9,
ReducingthePtloadinginfuel cell eectrodesby
using ultra-low loading catalyst methodg %)
Thinningtheactivelayer thickness(< 25 microme-
ter)[ze-ss]

Reduction theelectrocata yst nanoparticlesize
and improvement of PPEM FC performance by
optimization of operating parameters®4.
Improving el ectrocatal yst dispersion by using
novel fabrication techniques (e.g. The National
Research Council of Canada’s Institute for Fuel
Cdl Innovation (NRC-IFCI), Reactive spray
depositiontechnology (RSDT))42,

Devel oping M EA fabrication methodsto enable
better catalyst dispersion and utilization>%
Devel oping novel nano-structured thin-film Pt
(e.g. 3M’s Nonconductive Whiskers or NSTF -
based el ectrode)(>3.

Improving the performance of carbon-based
electrocatayst support and exploring novel non-
carbonaceous el ectrocatal yst support materials
by empl oying the concept of nanotechnology for
increasing the surfaceareaand other propertied™
61]

Itisvery difficult to keep or improvecatayst layer

(i)
(i)
)

W)

(i)
(vii)

(viii)
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performance when the catalyst loading isreduced. In
order to attain that, great effort must be put on Pt utili-
zation and the enhancement of catalyst activity. Differ-
ent two routes have been explored for enhancing the
utilization of platinum catalyst in PEMFCs, either by
reduction the particlesizeof catdyst or by uniformdis-
tribution on the surface of support materials.

The prominenceof thesupport materidsinfud cdl
catdyssiswe | documented. Typicaly, thesupport pro-
videsaphysical surfacefor dispersion of small metal
particles, whichisnecessary for accomplishing high sur-
face area. Carbon is commonly used for supporting
nanosized e ectrocata yst particlesinlow temperature
fuel cellsbecauseof itslarge specific surfacearea, high
eectrical conductivity, and porestructures®. In spite
of the high surface area of the carbon black particleit
hastwo main problems. Carbon black persuadessig-
nificant masstransfer limitationsdueto itsdense struc-
ture (the poresizeand poredistribution of carbon black
affectstheinteraction between Nafionionomer andthe
catayst nanoparticles), resulting failure of launching
three-phase boundaries among gas, electrolyte and
electrocatalyst which lead to avery low Pt utilization.
Additionally carbon black isknown to endure sever
electrochemica oxidation, forming surfaceoxideswhich
reactingfinaly to CO, (C+2H,0—->CO,+ 4H*+ 4¢e) at
the cathode of thefuel cell. Theformation of CO2 or
corrosion can be accelerated at lower pH and higher
potential, humidity and temperature so thelifetime of
potential el ectrocatalyst can be reduced by poisoning
and sintering. The standard potential for the electro-
chemicd oxidation of carbonto carbondioxideis0.207
V vs. RHE at 25 °C%4, During the start up/shut down
cycle, the cathode potentia of vehicle’s fuel cell be-
cause of slow oxygen reduction reaction (ORR) may
increaseto 1.2- 1.5V or even higher, therefore, under
such PEM FC cathode operation conditions, carbon
corrosionisnot only thermodynamically viabledueto
the high potentials (>1.2 V) and high O2 concentra-
tions, but aso kineticaly enhanced by thed evated tem-
peratures (50-90 °C). As carbon black (Vulcan XC-
72) corrodes, noble metal nanoparticles(e.g., Pt) on
carbon black will isolatefrom the e ectrode and possi-
bly combineto larger particles, resultingin Pt surface
arealoss, which subsequently lowersthedurability of
PEM fud cdlg%%1. Accordingly, corrosion of the sup-

——— Rev/ew

port may affect the performance of the PEMFC. There-
fore prompted by thethermodynamicinstability of car-
bon, tremendous efforts have been madeto identify and
devel op dternative support materia sthat show good
stability uptovoltagesof 1.4-1.6 V and improve dura-
bility and performance.

Nanostructure materia shaveattracted greet inter-
est inrecent yearsbecause of their exceptiona charac-
terization such ashigh cataytic activity, mechanica and
electrical properties, all of which are obtained by ob-
dructingthar dimensons. Itiswdl knownthat thephys-
cal, electrochemical, and electronic properties of
nanostructured materia sare not thesamethose of bulk
materials. Intermsof nanotechnol ogy methodol ogies
towardsimproving clean energy solution, numerousin-
novative nanomaterials as a catalyst supports for
PEMFCshavebeen actively investigated. Inthiscon-
text therole of the nanostructurein carbon supports
like carbon nanotubes (CNTSs), carbon nanofibers
(CNFs), carbon arogel's, nanopl ates of graphenewas
much highlighted which well reviewed by our another
paper(under publication). The higher catdytic activity of
Pt and Pt-based catalysts supported on CNTs and
CNFsthan that of the same catalysts supported on car-
bon blackswas ascribed to their unique structureand
properties such as high surface area, good electronic
conductivity and chemical stability!®® 2. Testscarried
out in PEM fuel cell conditionsindicated that these
materia scan bemore durableand canoutlast thelife-
time of most widely used Vulcan XC-72["*71, More
recently, awiderange of nanostructure of ceramic ma-
terialsand conducting polymers (CPs), such asoxides
and carbides nanowires (NWs), nanorods, PAni
nanofibers, and PPy nanowires and etc, hasbeenin-
vestigated asdternativesto carbon. Themain purposes
for using nanostructure-supported Pt catalystsare to
reduce Pt loading through increasing the catalyst utili-
zation, andimproving thecatalyst activity and tota per-
formance.

Ceramic materia ssuch as conducting oxidesare
emergent candidatesas oxidation res stant catalyst sup-
ports. These materialsarethermal ly and el ectrochemi-
caly stableinfuel cell environment and present admi-
rableresistanceto corrosioninvariouse ectrolytic me-
dia Inadditiontotheir highstability inthefud cdl envi-
ronment, unlike carbon, which does not increase
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electrocatalytic activities, but runsonly asamechanica
support, many meta oxide materialscan act asco-cata
lysts. Inredlity, itiswell known that metal oxidessuch
asTiO,, SnO, and WO, enhancethe catal ytic activity
of platinum for fuel oxidation8Y,

Giventheir conductiveand firmthreedimensional
structure, conducting polymers can act assuitable sup-
portsfor polymer electrolytefuel cell catalysts. CPs
with porousstructures and high surface areasareem-
ployed asamedium tointegrate noble metal catalysts
for some e ectrochemical reactionsof prominencefor
goplicationinfue calssuch ashydrogen and methanol
oxidation and oxygen reduction’®. Theprincipal pur-
posefor integrating metdlic particlesinto porous poly-
meric mediumsisto increase the specific areaof the
active surface and thereby improve catalytic effi-
ciency!®&4, Moreover, CPsare not only electron con-
ducting, but a so proton conducting materials, there-
forethey can substitute Nafion in the catalyst layer of
fud cell eectrodeand supply improved performance.
Inthissituation, supposedly only atwo-phase bound-
ary isrequired for e ectronandion transfer during re-
actionsinfue cdlscompared to thethree-phasebound-
ary indispensablewhen carbon is used as support(®!,

Being the useof carbon nanostructured materials,
ceramic or polymer nanostructured material s not en-
tirely satisfactory, in thelast years hybrid polymer—
carbonasous nanostructured materialsand ceramic—
carbonasous nanostructured material shave been pro-
posed as fuel cell catalyst supports. These hybrid
nanostructured material's, possessing the properties of
each component, or evenwith asynergistic effect, would
present improved characteristicswith respect tothein-
dividua nanostructured components.

Althoughtherehavebeen many reviewsdedingwith
the synthesisof noncarbon-based materid®%1 and their
characteristicsasanovel catalyst support in catalyst
preparation, acomprehensivereview of theliterature
on the noncarbon-based material nanostructured sup-
port which have emphasized the PEM fuel cell applica
tion based of our knowledge hasnot been tried.

Thisreview will focuson somerecent devel opments
and investigations of noncarbon-based nanostructure
materid sand composite of these nanostructured mate-
rialswith carbon-based nanomaterialsfor application
assupport for preparation of eectrocatdyst for MEAS
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purpose, exduding eectrolytemembraneand other parts
of fuel cell. Thestructure, digpersity and morphol ogy of
the supported catalysts, which are closely related to
utilization and performance, arestrongly influenced both
by the support property and the method by which Pt
nanoparticlescan bedeposited into thesupport. Inthis
study, the devel opment of low-temperaturefuel cell
cataystsin recent yearsisreviewed, primarily focusng
onthetwomost activearess, i.e. support materiases-
pecially supportswithtailored nanostructural, surface
chemical and electronic properties by employing the
concept of nanotechnol ogy and nanoscienceindesigns
and production techniquesand Pt-based materia depo-
Sition gpproaches.

Considering therecent move of alarge variety of
thepublic converging to NWsand CPsrelated synthe-
sistechniques, we have restricted broadly to mention-
ing thetitle of production methods of these material in
the present study rather than afocused opus, which
would havebeen another useful optionif oneconsders
numerous research articlesabout synthesisand pro-
ng techniques of the nanostructure of these mate-
rialsthat have been published inthis 10 years span. So
where necessary, the reader will be addressed to more
specific recent review papers and books. After some
smplebackgroundinformation thestructure of each of
these materia's, the basic deposition techniquesof Pt-
based metal sonto the support materiad salong with the
surfacefunctiondization of these nanostructures, char-
acterization and other features of resulted supported
el ectrocatal yst such as morphology, electrochemical
activity aswell aseectrochemical surfaceareawill be
described. Next, it will becontinued by describing fab-
rication processes of MEA fuel cells containing
nanogtructures. Thisiswill befollowed by investigation
theimprovement of utilization of e ctrocatayst and per-
formanceinsinglecdl measurements. Findly, wegivea
summary of thestability/durability of the nanostructure-
based fuel cell electrodes. Our focuswill be on low-
temperature fuel cellsincluding only hydrogen and
methanol fueled polymer dectrolytemembranefud cdls
(H-PEMFCs|[hydrogen fuel cell] and DMFCs|direct
methanal fud cdls]). Thedirect ethanol fue cdl (DEFC)
Isalso sometimes comprised in low-temperaturefuel
cdlls. Theterm ‘PEMFC’ has been used often to cover
the circumstanceswhere DMFC isa so applicableun-
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lessotherwise specifically mentioned separately.

I norganic oxide/ car bid nanostructur e-supported
pt-based eectrocatalysts: synthesis, characteriza-
tion and performance of pem fuel cell

Inorganic metal oxides have been studied to deter-
minewhether they can serve ashigh corrosion resistant
supports. Regrettably, substituting carbon with tradi-
tiona meta-oxidesisproblematic, duetotheir electri-
cal-insulating natures at temperatures below 200 °C.
However, substoichiometric metal oxides, such asre-
duced oxidation statetitania(e.g., Ti,O, and Ebonex),
doped metal oxides(e.g. doped TiO, and SnO,) and
nanostructured metal oxides, such asTiO, nanotubes
and WO, nanorods, have been proposed as electri-
cdly conductive support materiad swith high corrosion-
resistant properties. Recently Antolini and Gonzal ez**®!
and Sharmaand Poll et!%®! have published adetailed
reviewson theuseof ceramic based materialsand Non-
Carbonaceous (inorgani c oxide/ carbid) support respec-
tively invariousaspect of fudl cellsandthereadersare
invited to referred to them. but in this section because
of theaim of present study on the use of nanostructure
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of formentioned materia sassupport for fuel cell appli-
cationweonly focuseson these materialsnamely just
nanowires, nanorod and nanotube structure of these
materids.

Nanoscaeone-dimensond (1D) materidshavein-
spired great interest dueto their importancein basic
scientific research and potentia technology applica-
tiong®%, Nanowires, nanobelts, nanorods, etc area
novel quasi-onedimensiona materialsthat have been
attracting agrest researchinterestinthelast few years.
These non-carbonaceous materials have been estab-
lished to show superior e ectricd, optical, mechanical
and thermal properties, and can beused asfundamen-
tal building blocksfor nano-scal e scienceand technol -
ogy, ranging from chemica and biologicd sensors, fidd
effect transastorsto fud cell applications. Nature maga-
zinerecently published areport titling that ““Nanowires,
nanorods, nanowhiskers, it does not matter what you
call them, they are the hottest property in
nanotechnology” (Nature 419 (2002) 553). As an ex-
ample, Figure 1 shows a collection of various
nanostructures of ZnO synthesized by thermal evapo-
ration of solid powders[gll.
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Figurel: A collection of nanostructuresof ZnO synthesized under controlled conditionsby thermal evapor ation of solid

powder %1
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Nanowires

Sructureand synthesismethodsfor nanowires

Nanowires (NWs), like CNTs, are aso one-di-
mensiona and wdll-defined crystalinestructurewitha
high aspect ratio. NWs have demonstrated superior
éectrica, optical, mechanica and therma properties®
%I, Unlike CNTs, NWsarenoncarbon based materials
that can cons st of meta's, semiconductors, or inorganic
compounds. Theuniquefeature of nanowires, compared
to other low dimensond systems, isthat they havetwo
quantum confined directionswhilestill leaving oneun-
confined direction for éectrical conduction. Thisalows
nanowiresto beused in applicationswhere el ectrical
conduction rather than tunneling transport isrequired.
Because of the unique density of electronic states
nanowiresinthelimit of small diameters are expected
to exhibit significantly different optical, eectrica and
magnetic propertiesfrom their bulk 3D crystalline cor-
responding item!®l, The broad choice of variouscrys-
talline materia sand doping methods makethe el ec-
tronicand optica propertiesof NWsadaptablewitha
high degree of freedom and precision. With thedevel -
opment of new synthesismethods, NWshaveattracted
moreand moreattentionfor fud cel applications. There
areafew paperd®1 and bookg* 1! deding with the
synthesis, characterization, propertiesand gpplications
of NWs. A great challengeisto integrate NWsinto
multi-function assembliesin order tofabricatenanoscale
€l ectronic and photonic devicesaswell asbiosensors.

Previoudy, nanowireswith different compositions
have been explored, using various methodsincluding
vapor phasetransport process%21%4 chemical vapor
deposition1%1%1 grc-discharge ™ sol utionft%1% gnd
template-based method ™™ Recently, avariety of 1D
nanogtructureswith different compositionssuch asZnO,
SnO,, WO,, In,O,, CdO, MgO,, MnO,, TiO, and
PbO, were successfully synthesized*>4, Unlike
CNTs, nanowires(NWSs) can be made of variouscom-
positions of materialswith solid cores. For example,
monometallic Pt, Au and Ag nanowires*>7 and Pt
nanowire networks'® synthesized in highly ordered
SBA-15 silicahave been reported.

NW-supported pt-based electrocatalysts, MEA
fabrication and perfor manceof PEM fuel cell

UsngNWs, especidly metd and meta oxideNWSs,
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assupportsfor Pt nanoparticles have unique advan-
tagesfor rea applications. First, unlike carbon black,
metal oxide materialshave catalytic properties. Sec-
ond, there is a very strong interaction between Pt
nanoparticles and the metal oxide surface. Third, gas
permeability isexpected to be high withthe 3D elec-
trode structure with nanowiresthat are grown on fuel
call backingslike carbon paper. Findly, doping various
elementsinto nanowires can be easily carried out to
improve e ectronic conductivity, corrosion resi stance,
and therma stability. Therefore, it isexpected that inte-
grated three-dimensional, nanowire-based, fuel cell
electrodeswill beided materidsfor providing ahigher
cadytic performance, higher catalyst utilization, amore
efficient masstransport, and alonger fuel cell opera
tiond life. Morerecently, variousmetd oxideshavebeen
explored as catalyst support*'*1?22, Among of them,
SnO, particles as Pt support have been used for
PEMFCsand DMFCs and havereveaed high cata-
lytic activitiestoward methanol oxidation>124 and their
combinaionwith Pt meta catayst sgnificantly enhanced
theoverdl catdytic activities. Moreover, thereisastrong
metal-support i nteraction between Pt nanoparticlesand
metal oxide surface?

Whiled| of thesestudiesutilized itsform of thepar-
ticles, Saha and coworkerd'? interests, for the first
time, wasto directly grow SnO, nanowires (NWs) on
fuel cell backingsas catalyst support for fuel cellsin
order to build 3-D electrode structure. They success-
fully deposited Platinum-ruthenium (Pt—Ru)

Pt-Ru/SnO, NWs/carbon paper composite
400

——— Pt-Rw/GC

300 r

200 r

100 |

Current density (mA/mgPt)

02 0.0 0.2 04 0.6 03 1.0
Potential (V vs SCE)

Figure 2 : Cyclic voltammograms of Pt—Ru nanoparticles

electrodeposited on SnO2 NW g/car bon paper and GC elec-

trodesinAr-saturated 1M H2S04 +2M M eOH aqueoussolu-

tion. Potential scan rate: 50 mV/q[126]
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nanoparticleson thesurface of SnO, nanowiresgrown
directly on carbon paper (Pt-Ru/SnO, NWs/carbon
paper) by potentiostatic el ectrodeposition method.
Accordingto their paper theelectrocatalytic activities

1O um

= Review

of these composite el ectrodesfor methanol oxidation
wereinvestigated and higher massand specific activi-
tiesinmethanol oxidation wereexhibited ascompared
to Pt—Ru catalysts deposited on glassy carbon elec-

Figure3: () SEM imageshowing high cover ageof SnC NWsgrown on fiber sof carbon paper; (b) Higher magnification SEM

image showing thetip of nanostructurearray**2

trode. Figure2 showsacomparison of cataytic activi-
tiesfor Pt-Ru nanoparticles supported SnO, NWs/car-
bon paper and GC electrodes in2 M CH,OH/1 M
H_SO, at ascan rate of 50 mV/s.

Sincemetd and metal oxidenanowireshaverea-
tively poor corrosion resi stance?"1%8 it seemsthat the
synthes ze nanowires coated with carbon may be good
ideato overcome this problem. It has been reported
that carbon was coated on Sn or Sn-based oxide
nanoparticlesto promotetheir € ectrochemica perfor-
mances!?*131, Onthisbasis Sahaet al.[**¥ reported a
three-dimensiond core/shdl heterostructure, conssting
of a Sn nanowire core and a carbon nanotube shell
(SnC), wasgrown directly onto the carbon paper back-
ing. Compared with theconventiond Pt/C catayst layer,
the SnC nanowire-based CL showed ahigher oxygen
reduction performanceand excellent stability inafuel
cell environment. Theresults demonstrated that the
core/shell nanowire-based compositeswerevery prom-
ising supportsinmaking cost-effective d ectrocata ysts
for CLsinfuel cell applications. Figure 3 showsthe
SEM images of the SnC NWs grown on acommer-
cialy availablecarbon paper backing usedin fuedl cell
applications. In respect to performance improvement
by thisuniquestructure Figure4ashowsthesinglecell
performance of the M EA madewith Pt/SnC NW/car-
bon paper composited ectrode asthe cathode and stan-
dard E-TEK electrode as the anode for H,/O,. For
comparison, the polarization curve of the conventional

10 & (@ 13
&
e
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. .
-~ 4 9 $
@ - —
F 06 z
— o
o} g
- s
5 04 -
“ 11 ;
=
02 L —o— P1/SnC NW/carbon paper composite =
—t— 30 wt.% Pt/C (E-TEK) |
UU 'l 1 i 1 L L 1 | 1 i 1 1 i 1 'l 0
00 04 08 1.2 1.6
Current density / A cm’
1.05
> F® ®  PYSnC NW/earbon paper composite
5. LO0 " 30 wt% PyC (E-TFK)
2 k.
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2 1 - ~—
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Figure4: (a) Comparison of snglecell performanceof MEAs
madewith Pt/SnC NW/carbon paper composite (0.21mgPt /
cm?2) and conventional Pt/C electrode (0.20mgPt /cm2) as
cathodesfor H2/0O2 at 80 °C, Nafion 112 membrane, 25/30
psiganodeand cathodeback pressure, respectively. Anodes
were E-TEK gas diffusion electrode with a Pt loading of
0.5mgPt/ cm2; (b) Comparison of theiR-free Tafel plotsfor
oxygen reduction reaction(**2

flano Science and flano Technology

A Judian Journal



234

Non-carbonaceous nanostructured support materials for low temperature fuel

NSNTAIJ, 8(6) 2014

Review

MEA madewith two E-TEK electrodesisalso pre-
sented. Polarization characteristicswere compared at
80 °C with 25/30 pisg backpressure for the anode and
cathode, respectively (100% humidification condition).
Asseen in Figure 4 a, the MEA made with Pt/SnC
NW/carbon paper composite & ectrode shows higher
performance compared to that conventional E-TEK
MEA throughout thewhole potential range. Compari-
son of theiR-free Tafel plotsfor oxygen reductionis
presented in Figure4 b. Themassactivity (current den-
sity normalized onthe basisof Pt loading) at 900 mV
(activation-controlled region) for the PYSnC NW/car-
bon paper compositeis308.6 mA /mg Pt, whichis2.5
timeshigher thanthevaueof 121.0 mA/mg Pt for the
Pt/C eectrode, indicating ahigher activity toward oxy-
gen reduction at Pt/SnC NW/carbon paper compos-
ite. According to authorsthisimprovement attributed
to the higher dispersion of Pt nanoparticleson the sur-

——
100 nm

Zo—m

e

face of SnC NWsaswe | astheunique 3D structure of
Pt/SnC NW/carbon paper composite. Moreover, the
improved performance and power dengity areachieved
at higher current density region using the Pt/SnC NW/
carbon paper composite. Theimprovement at higher
current density region clearly indicates abetter mass
transport for the Pt/SnC NW/carbon paper composite
electrode. The power density of aPt/SnC NW/carbon
paper composite electrode and Pt/C el ectrode, both
werenormalizedtothePtloading at 0.6V, were2.14
and 1.70 W/mg P, respectively, showing animprove-
ment of about 0.44W/mgPt in power dendity for the Pt/
SnC NW/carbon paper compositee ectrode. They aso
evaluated the stability of SnC NWson carbon paper
(before Pt nanoparticlesdeposition) by immersing the
compositeéelectrodein 0.1 M H,SO, solution over a
period of 1500 h at 50 °C. After the test, TEM obser-
vations of the compositeindicated that SnC NWswas

L\V

Figure5: TEM imagesof Pt nanoparticlesdeposited on theW 18049 NW /car bon paper from differ ent concentrationsof Pt
precursor (a) ImM, (b) 2mM and (c) 4mM in glacial aceticacid. Thecorresponding Pt loadingson theNWsare0.08,0.17 and

0.31mg/cm2sl,
10 ¢ —t— Pt/'W 18049 NW/carbon paper composite | 5
—o— 30 wt.% PYC (E-TEK) 1 _
08 4 R~
- -
> 1 E
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Figure6: Polarization curvesand power density curvesin
single cell PEM FC of MEA’s made with Pt/W18049 NW/
car bon paper composte (0.17mgPt /cm?2) and conventional Pt/
C electrode (0.20mgPt/ cm2) ascathodesfor H2/O2at 80 °C,
Nafion 112 membrane,25/30 psig anode and cathode back
pressure, respectively. Anodeswer e E-TEK gasdiffusion eec-
trodewith a Pt loading of 0.5mgPt /cm2(*%
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still onthesurface of carbon fiberswith samedensity,
diameter, and length. Further TEM inspection showed
that both thetin coreand carbon shell remained origina
morphol ogy. Therefore these results suggest that the
adhesion of ShC NWsto the carbon paper is strong
and the stability of SnC NWsishigh.

On the use of tungsten oxide nanostructure mate-
rial assupport again Sahaand coworkerd** reported
directly grow W_,0,, NWson fuel cell backings as
fud cdl catdyst supportsto buildthree-dimensiond (3D)
electrodestructures. Thistimethe Pt nanoparticleswere
deposited on W ,0,, NWs/carbon paper by reduc-
tion of Pt precursor with glacia aceticacid. Well-dis-
persed Pt nanoparticles, withasizedistribution from 2
to4 nm, were observed onthesurfaceof W, ,0,, NWs
by TEM studies Figure 5. In comparison to conven-

tional Pt/C eectrocatalyst, the Pt/ W. O, NW/carbon

18749
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¥ e . .
| " . & 100 nm
Figure7: Representative TEM imagesof Pt nanostructur eswith shapesof (a) wire[134], (b) tube[135], (c) dendrite[143], and
(d) cage™, by usingtemplatesduring synthesis
TABLE 1: Theoretical Pt loadingsof Pt/S89M 72BP!2

Pt loading (mg/cm2) [ECSA (m?2/g)
Pt/C 0.20 27.83
Pt/S89M72 BP (1:3) 0.13 43.70
Pt/S89M72 BP (1:5) 0.17 32.20
Pt/S89M72 BP (1:7) 0.19 29.80

(Under same electrode chemical surface area of Pt per unit electrode area)
TABLE 2: Characterization of Pt/CeW 18049 NW s/car bon paper and commercial 30 wt.% Pt/C electr oded**

Electrode Pt loading (mgp/cm?)* riem?/emi)®  Ap (m¥ge) Current density at 0.8V
(mA/mgs)* (A /cmi, )

PYC-W; 40 NWa/carbon paper 0.18 114.3 63.5 083 13

30 wt % PUC 020 812 406 0.20 05

a Measured by inductively coupled plasma-optical emission spectroscopy.

b re real surface area obtained electrochemically from the hydrogen desorption regions of the voltammograms.
¢ Current normalized on the basis of Pt loading.

d Current normalized on the basis of real surface area of Pt
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paper compositeexhibited higher electrocatalytic ac-
tivity toward the oxygen reducti on reaction and better
COtoleranceinasinglecell polymer e ectrolytemem-
branefuel cell andthe PY W O, catalyst gaveroughly
4-fold higher current than the Pt/C referencefor nearly
the same Pt loading. Intermsof activity per massof Pt
at 900 mv, the Pt/ W O, catalyst gave 0.63Amg,, >
vs. the0.13Amg, *for the Pt/C referenceinthiswork.
According to authorsthe enhancement in the activity
for oxygen reduction on Pt/ W ,O,, NWs/carbon pa-
per compositeisattributed to the uniform dispersion of
smdler Pt particles, animproved catayst-support bind-
ing and asynergistic effect of W O, NWsascatalyst
support Figure®6.

Inanother report, Sehaand coworkers™ extended
their previously study by carbon coating the tungsten
oxide nanowires grown directly on carbon fiber of a
carbon paper by chemical vapor deposition method and
Pt nanoparticleswere deposited onthe nanowires (Pt/
C-W. O, NWs/carbon paper) toform thecompos te

18 49

electrode. Theée ectrocatalytic activities of thesecom-
posite e ectrodesfor oxygenreduction reaction (ORR)
wereinvestigated and the Pt/C- W O, NWs/carbon
paper composite hasthe mass specific surfacearea(m?/
gPt, TABLE 2) of 63.5, about 36% higher than that of
thecommercial Pt/C electrode (40.6 m?/gPt).

Synthesisof Pt nanostructures

Both chemical and physical templates have been
used in producing platinum nanostructures, usudly in
polycrystallineforms. Thesetemplates offer confined
spacesand/or functionalized structuresfor thegrowth
of platinum. Therearetwo major categories. hard and
soft templates. The commonly used hard templ ates,
whicharecomposed of spatialy well-defined physical
structures, include anodic a uminium oxide (AAO)**>
137 mesoporoussilicd®™, andlithographicdly patterned
templates®™!. By electrodepositing Pt metal into the
AAO membranesfollowed by removal of these hard
templates, Pt nanowires could be produced Figure

Figure8: SEM imagesof bon fibresinthecarbon paper in situ coated With Pt nanowired*s"

Nominal pore density ~ 6x10° cm
Nomnnal pnns dla[neber 10 nm
v

Au
sputtering

P

&

Polycarbonate Track Etch
(PCTE) Membrane

Pt-N

‘ RIE Chemical etching
with O, plasma & Cisamng

Pt electro-
deposition

v

Nafion®ionomer

8 'A ‘.\\\\ 'l

Carbon electrode

Pt-NWs

Figure9: Schematicillustration of theexperimental procedurefor thePt nanowireprepar ation fromthe PCTE template
membranetotheworking electr odefabrication for CV measur ementg*8
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7a*8, A further surfacemodification of theAAO mem-
branesbefore el ectrodeposition can lead to theforma:
tion of Pt nanotubes, asshowninFigure7 bi**1. The
soft templates include those self-assembled and
sdlforganized Sructuresin solution, suchasmicelle, re-
versemicele, microemulsion, and liposome. Surfactant
mol eculeswhich have hydrophilic headsand lipophilic
long carbonchainsare commonly used. They are used
inthe synthesisof higher-ordered Pt nanostructures,
such asdendritesand cages*#?. Platinum nanorodshave
been produced from crystalline complexes containing
both CTA* and Pt(Il) species in the presence of
cetyltrimethylammonium bromide (CTAB)*1. A range
of sheet-like and three-dimensional textured Pt
nanostructures have been generated by using liposomes
astemplates Figure 7c-d™#2149,

Pt nanowires and composited hybrid
electrocatalyts of Pt-based nanoparticles and
nanowiresfor low temperaturepolymer electro-
lytefuel cels
Pt nanowires

Up to now, highly-dispersed Pt-based nanoparticles
(NPs) having approximately 2—3 nm on carbon sup-
ports have been used as the state-of-the-art
€l ectrocata ystswith advantagesof highEASandlarge
3-phaseboundaries(gas-clectrolyte—catalyst) in the fuel
cellg'“9. Nevertheless, even the highly optimized
€l ectrocata ytic system using the Pt-based NPs till of -
ferslarge opportunitiesto mitigateimpedi ment of mass
transport and decrease chargetransfer res stanceinthe
electrodes where anumber of interfaces are present
between NPs each other or between NPs and poly-
meric binderd#. Moreover, nano-sized particle mor-
phol ogieshavehigh surfaceenergies, thereby inducing
to agglomeration of the NPsduring e ectrodereaction.
Thus, one-dimensiona (1D) nanostructures, i.e., rods,
tubes, and wires, of platinumwould berecognized asa
new promising e ectrode cata yst for improving the per-
formance of the PEMFCsdueto severd favorablefea-
turesresulting from their shape anisotropy onthe elec-
trochemica oxidationsat el ectrodes.

Recently, there have been several reportg136:14¢-152
that demonstrated the Pt or Pt-based nanowiresasthe
electrocatd ystsfor themethanol oxidation; for instance,
Pt and Pt—Ru nanowire array electrodes prepared by

——— Rev/ew

electrodeposition over ananodic duminaoxide(AAO)
template on Ti/Si substrate*® and Pt-Ru nanowire
network synthesized ina SBA-15 silicatemplate*.
Pt nanowiresformed directly inaNafion membranevia
el ectrodeposition wasa so reported and the mass-based
activity was compared per gram of Pt between the
nanowire and nanoparticlemorphology usingasingle
Pt loading of approximately4mg/cm?53,

Xia and co-workers have directly grown Pt
nanowireson Pt or W gauzeby apolyol processinthe
presence of Fe?* or Fe** and poly(vinyl pyrrolidone)
(PVP). The productsindicated ahigher toleranceto
CO-likeintermediatesand showed agreat activity to-
ward methanol oxideation. However, thismethod needed
ahightemperatureof 110= Cwith surfactant and polyol
as solvent!*>, Recently, Sun and co-workers devel-
oped afacilewet-chemica methodtogrow single-crys-
talline Pt nanowires on the nanospheres of acarbon
black via a simple chemical reduction of
hexachloroplatinic acid (H,PtCl,) with formic acid
(HCOOH) at room temperature in aqueous sol ution.
Such Pt nanowire/C nanocomposites showed anim-
proved catalytic activity for the oxygen reduction reac-
tion (ORR) compared with aconventionaly P/C cata-
lyst madeof Pt nanoparticles™*. Themethod hasaso
been used to synthesize 3D flower-like platinum
nanostructures on carbon paper!*™, or to prepare ur-
chinlike Pt nanoelectrocatalystsat 30 Cinthepres-
ence of PVP1%,

By aminor modification of facileformicacd method,
Du*> demonstrated avery simpleand effective wet-
chemical route to prepare GDEs for PEMFCs, by
growing Pt nanowiresin situ on GDLs, which were
performed by smply immersing carbon paper inamixed
solution of hexachloroplatinicacid, formicacidand PVP
at room temperaturein agueous solution. Theas-pre-
pared GDEs were used as cathodes and tested in 25
cm? PEM FCsfed by hydrogen/air. Figure8 showsthe
SEM images of the surface morphology of the Pt/car-
bon paper integrated GDE. Asit can beseenthe packed
nanowirearrayswere densdy grown onthefiber sur-
face, withalength of 100-150 nm and a diameter of a
coupleof nanometers.

Choi et.a*%® prepared platinum nanowiresviaa
template-synthes smethod by el ectrodeposition of plti-
num within pores of a track-etched polycarbonate
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Figure10: FESEM imagesof thePt nanowiresembedded mthe PCTE after RI E (a),thePt nanowwesprésent on S subgrate
after separated fromthe polymer membraneby chemical etching (b), and theimpregnated Pt nanowireson the glassy carbon

subgtratewith (c) and without Nafion® ionomer (d)[158]
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Figure11: Thelong-term cyclestability of Pt/C and Pt-NW's
electrodesin 0.5M H2S04 +2M CH3O0H electrolytesolution
at a scan rate of 30Mv/sl. The Pt loadings were ca. 3mg/
Cm2[158]

(PCTE) membrane Figure 9, which hasadvantagesin
that the polymer template could beeasily removed and
cleaned without contaminating and morphologically
changing the nanowiresformed, followed by chemical
etching to separate the Pt nanowiresfrom the polymer.
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Figurel2: Degradation plotsshown by thecurrent densities
at 0.7V in each voltage scan cyclever suscyclenumber sfor
both typesM EAswith (a) thecommer cial cathode GDEsof E-
TEK ELAT GDE LT 120E-W and (b) theas-prepar ed cathode
GDEswith in-situ grown Pt nanowir eg**?

They investigated the el ectrochemicd activitiesof the
Pt nanowiresfor the hydrogen and methanol oxidation

by cyclic voltammetry (CV) measurement, whichwere
compared per unit gram of the Pt with those of the com-
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mercial 40 wt% Pt/C and high surface area Pt black
revealing apolycrystaline phase with nanowiredimen-
sonupto 6 um long and ca. 47+9.8 nm of diameter. In
their experimentstheunsupported Pt nanowiresshowed
the better electrochemical mass activities over the
methanol el ectro-oxidation than supported or unsup-
ported Pt nanoparticlesunder thehigh Pt content-loaded
conditionsthat isnormally required for direct methanol
fud cdls Thisenhancement ascribed toitsuniquephys-
cochemical and eectrica propertiesresulting fromthe
intrinsic anisotropic one-dimensional (1D)
nanostructure, such aschargetransfer facilitation by
reducing number of particleinterfacesand more effi-
cient useof Pt by lessening fraction of embedded cata-
lysts. Field-emission scanning el ectron microscopy
(FESEM) taken over the Pt nanowiresasshownin Fg-
ure 10. Figure 11showsthelong-term cycle stability of
the Pt nanowireand Pt/C catalysts, which wasinvesti-
gated inthe 0.5M H,SO, +2M CH,OH agueous solu-
tion.

Recently Du and coworkers™ investigated the &f-
fect of varying Nafion ionomer loadings coated onthe
surface of gasdiffusion electrodes (GDEs) within-situ
grownsnglecrysta Pt nanowiresandtheir durability in
PEMFCs. Intheir experiments GDEswerefabricated
by growing Pt nanowiresdirectly ontothegasdiffuson
layer (GDL) surfacewith asmpleonestep wet chemi-
cal approach at room temperature. The sampleswere
then coated with various Nafion ionomer loadingsand
examined as cathodesin a25 cm? PEM FC hardware
with Hydrogen/Air. The datawere compared to com-
mercia GDEs. Performanceeval uations showed that
the as-prepared GDEswith Pt nanowiresrequired higher
Nafionionomer |oading coating compared to the com-
mercia ones. Accel erated ageing tests (500 cycles of
voltage scan) were performed in views of evaluating
theas-prepared GDE durahility. Theexperimental data
showed that the as prepared GDEs exhibited much
larger current densitiesat 0.7 V (where the Nafion
ionomer loading coating for thecommercid andtheas-
prepared GDEs are 0.9 mg/ cm? and 1.2 mg/cm? re-
spectively) but higher degradation rates compared to
commercial GDEs, indicating that the as-prepared
GDEsgave poor durability Figure 12. According to
authorsthiswasdueto thedifferencein GDE surface
nanostructuresinfluenced by the el ectrolyteionomer

——— Rev/ew

loading coating. A schematicillustration of the Nafion
ionomer coating onthe GDE surface, based onthe MEA
measurement and SEM resultsin order to understand
themechaniam of thiseffect of € ectrolyteionomer |oad-
ings on the GDE performanceispresented in Figure
13. Thiseffect isfurther discussed intheir paper.

Nanowiresver susnanoparticles

Zhou et.al™ showed that the morphology of
nanostructured Pt catalysts affect significantly theki-
neticsof variousreactions. Their report wason apro-
nounced morphol ogy effect in the e ectrooxidation of
ethanol and carbon monoxide (CO) on Pt nanowires
and nanoparticlesin anacidic solution. Thehigh resolu-
tion transmission € ectron microscopy andysisintheir
devoted study showed theintrins c morphol ogy differ-
ence between these two nanostructured catalysts.
Voltammetric and chronoamperometric studies of the
ethanol e ectrooxidation revea ed that these nanowires
had ahigher catalytic activity by afactor of two relative
to these nanoparticles Figures 14,15. Theratefor CO
monol ayer oxidation exhibits similar morphol ogy-de-
pendent behavior with amarkedly enhanced rate on
the Pt nanowires. The morphol ogy-induced changein
catdyticactivity and sdlectivity inethanol dectrocatdys's
isdiscussed indetail in rel ated paper. Theyrecorded dll
current dataafter the cataystswereimmersed at 0.07
V under potentia control and then stepped to reaction
potentials. Currentsarenormalized to themeasured Pt
surface area.

Composited hybrid of Pt NPsand NW's

One-dimensional (1-D) nanostructures such as
nanowires (NWs) have been demonstrated as new
electrocatalyststo overcomethe weaknesses of NPs
in fuel cell electrodes!'®1%4, The nanowire
el ectrocata ysts can providenumerous advantageslike:
(i) supplyingfacilepathwaysfor chargetransfer witha
high conductivity of anisotropic NWs, (ii) reducing
embedded sites of € ectrocatal ysts from the continu-
ously-connected 1-D nanostructure, and (iii) facilitat-
ing effectivemasstransfer by networking the anisotro-
pic morphology. In spite of such qualities, thenanowire
structured dectrocatd ystshavetill suffered frommuch
smaller specific surface area than supported NPs.
Therefore, if the NPs and NWs can be effectively
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Figure13: SEM imagesand schematicillustration of the Nafion ionomer chain coated on the surface of the commer cial
cathode GDEsof E-TEK EL AT GDE LT 120E-W with commer cial spherical catalyst nanoparticles((a) and (c)) and theas-
prepar ed cathode GDEswith in-situ grown Pt nanowires((b) and (d))*
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Figure14: Voltammetric cur vesfor (a) Pt nanowiresand (b) Pt nanoparticlesin 0.1 M HCIO4 solution. Scan rate; 50 mV/ sl.
Currentsarenor malized to the measured Pt surfacearea (Hadschargeafter doublelayer correction). Typical HRTEM
imagesar e highlighted of Pt nanowires(c) and Pt nanoparticles (d)*®
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Figure 15: Comparison of current—time plots for ethanol
oxidation activity on Pt nanowires(black) and nanoparticles
(red)in 0.2M ethanol in 0.1 M HCIO4 solution at 0.65V for
3600 sreaction time. | nset showscomparison of current den-
sitiesmeasured at threedifferent potentials(0.55V, 0.60V
and 0.65 V) at 500 sreaction timel*¢?

composited to strengthen the advantages but dleviate
the disadvantages of both nanostructures, thefuel cell
performance could be considerably improved.

> Rev/ew

Kim et.al*® reported anew and highly improved
el ectrocatal ytic system of acomposited hybrid el ec-
trode with Pt-based nanoparti cles (NPs) and nanowires
(NWs) for low temperature polymer el ectrolyte fuel
cells. Pt based NWs have been take in as an option
that can providefacilechargetransport with ahigh ac-
tivity for oxidation of fuels, for overcoming the disad-
vantages of Pt-based NPs as the state-of-the-art
electrocataysts. A specid dectrodestructurelikegrid
using theani sotropic morphol ogy of Pt-based NWscan
a so supply efficient masstransport and moderateinept
use of Pt by reducing embedded catalyst particles.
Herein, they demonstrated that an advanced and very
efficient hybrid structure of e ectrode, composited with
highly-dispersed Pt-based NPsand NWs, shows sig-
nificantly improved performancesbothinthe CH_OH-
fueled and H,-fueled fuel cellsthrough synergistic &f-
fectsby assimilating advantages of two different mor-
phologies.

Figure 16 shows scanning electron microscopy
(SEM) imagesof acommercia Pt NPs catalyst sup-
ported on carbon, Pt NWscatayst, and hybrid Pt NPs/
NWs. Theseimagesrepresent their actual morphol o-
giesafter they areloaded onto carbon paper asan an-
odeeectrodefor thefuel cell.

Thesinglefud cdl performanceseva uation over

., .." "":;v" ;

Figure16: SEM imagesof (a) supported Pt NPson carbon, (b) Pt NWs, (c) hybrid composites of Pt NPS'NWs, (d) hybrid
compositesof PtRu NPs/NW son car bon paper ; inset figuresof (a) and (b) aretheir TEM images*®¥
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Figure17: Polarization curvesof H2-fueled PEM FCsusing
Pt NPs, Pt NWs, and hybrid Pt NPS'NWs (NPs:NWs =
50:50metal wt% )!16%
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the hybrid composites of Pt-based NPS'NWswere car-
ried out for the actual effectsinthe anode electrodes
after fabricating MEAS. Figure 17 presentsthe polar-
ization curvesover Pt NPs, NWs, and hybrid PINPY
NWsfor PEMFCswith pureH, gasat the anode and
O, gas at the cathode. Although the Pt NPs have a
higher maximum power density of ca. 225 mW/cny?
than that of Pt NWs however, the hybrid composite
systems of Pt NPSNWselectrocatalyst show againa
significantly improved maximum power density of ca.
325mW/cm?, which are higher by at |east 50% com-
pared even with the optimum PEMFC catalyst of Pt
NPs. Thesignificant enhancements of thesingle cell
performanceson PEMFCs, by integrating two differ-
ent morphol ogiesof nanoparticlesand nanowires cata:
lysts, may be achieved viacombiningtheir advantages
but rdlieving of their disadvantages|ikeapoor conduc-
tivity over NPsandasmdl activeareaover NWs. These
results evidently demonstrate that the hybrid
el ectrocata ytic system with NWsand NPs could suc-
cessfully improvetheoverall performancesof low tem-
perature polymer e ectrolytefud cells. Thesynergistic
effectsof hybrid structure system areredized onthe
fuel cell electrodes and demonstrated in the related
work.

Nanor ods

Recently, one-dimensiond (1D) nanorodshave at-
tracted remarkabl eattention owing to their unique prop-
ertiesand potential for various novel applicationg6,

BF
d
N
z.[
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§ 4f —
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Figure19: (A)Cyclic voltammogramsof (a) Pt/WO3 nanor ods, (b) Pt/C (Johnson M atthey) and () WO3 nanorodsin 1M
H2S04/1M CH30H at 50mV/s1.(B) Current density vs. timecur vesat (a) Pt/ WO3nanorodsand (b) Pt/C (Johnson M atthey)
measured in 1M H2S04 +1M CH3O0H. Potential stepped from rest potential to 0.6V vs. Ag/AgCI1e]
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Nanorods havelarge specific surface areas, so metal
oxides such as WO, in ananorod form could be an
efficient support for fud cell catdysts. Malyaagan and
Viswanathan!**! synthesized tungsten oxide (WO,)
nanorods from phosphotungstic acid H,PW_,0, in
methanol solution using an anodisc duminamembrane
asatemplateby infiltratring the colloidal suspension
into themembrane under vacuum by awetting method
and subsequently platinum nanoparticlesweresupported
on thenanorods by conventiond impregnation method.
Thediameter of thenanorodswasfound to bearound
200 nm according to SEM observation. Thesizeof the
Pt nanoparticleswasintherangeof 3-4 nm. The XRD
patternsfor the as-synthesized tungsten oxide nanorods
and platinum-loaded tungsten oxide nanorodsaregiven
inFigure 18 (a) and (b), respectively.

A filmof PYWQO, nanorodson aglassy carbon elec-
trodeexhibitsgood d ectrocata ytic activity towardsthe
oxidation of methanol than thecommercia Pt/C cata
lyst by a factor of two Figure 19(A). The
chronopotentiometric results of methanol oxidationin
1M H,SO, and 1M CH3OH at 0.6V in the stability
measurementsare presented in Figure 19(B). The Pt/
WO, nanorodselectrodenot only exhibit higher initial
activity but are also more stable than the Pt/C elec-
trode. According to authors high electrocataytic activi-
tiesand good stabilitiesare attributed to asynergistic
effect between Pt and WO, that avoids poi soning of
theelectrodes.

Rajeswari et a1 synthesized WO, nanorods by
pyrolysis of tetrabutylammonium decatungstate
((C,H),N) 4W_ O,, at 450 °C. They reported a sur-
factant directed large-sca e synthesisof singlecrystal-
lineWO, nanorodsformed by asinglestep pyrolysisof
surfactant encapsul ated tungsten oxide clusters. The
employed route wastemplatefree, contaminant free,
easy, economical and required alow temperaturefor
thefabrication of WO, nanorods. The proposed mecha:
nism for theformation of WO, nanorodsisshownin
Scheme 20:

Na, WO, and tetrabutylammonium bromide
(TBABF) reacted to form the precursor compound
((CHy,N)4W,_ O,,.Intheprecursor compound, in-
organic metal oxideclusters(W,O,,*) arechargebal-
anced with thesurfactant group (TBABT). TBABr con-
trolstheirregular arrangement of themetal oxideclus-

——— Rev/ew

tersby providing asteric environment around them. This
led totheformation of 1D array of metal oxideclusters.
During pyrolysisat 450 °C, removal of the surfactant
species ((C,H,) ,N*) and decomposition of theW., .O,,
led to the formation of pure, single crystalline WO,
nanorods. Figure21a-d showsthehighresolution TEM
images of nanorodsof WO, inhighyield sand platinum
|oaded WO, nanorods. Thedimensionsof thenanorods
cdculated fromthe TEM imagesvariedintherangesof
130480 nm and 18—56 nm of length and width, re-
spectively. And the size of the Pt nanoparticles calcu-
lated wasin the range of 4-6 nm.The used so-fabri-
cated WO, nanorods as supports for platinum
nanoparticles (Pt/WO, nanorods) in methanol oxida-
tion and the catalytic activity of thissystem hasbeen
compared with that of commercidly avallable Johnson
Matthey carbon supported 20% Pt-Ru catalyst (Pt-
RuU/C (J.M.)) and bulk WO, supported 20% Pt (Pt/
bulk WO,) using €l ectrochemical measurementsFig-
ure22.

Nanotubesand nanofibers

Much of the current interest in nanotubular materi-
aswasinitiated by the discovery of carbon nanotubes,
whicharepromisingfor many applications, particularly
in the field of fue cell. Although noncarbonacous
nanotubeswereidentifiedintheearly 1990s, rd ativey
little research has been carried out on their synthesis
and characterization. Noncarbonacous nanotubular
material's possess unique combinations of physico-
chemical properties, and are often easier to synthesize
than carbon nanotubes. These propertiesand compara-
tively low synthesis costs can render noncarbon
nanomeateria sattractivefor technological applications.
Nanostructured TiO, materials, withatypical dimen-
sion lessthan 100 nm, have recently invented. Such
materials include spheroidal nanocrystallite and
nanoparticles together with elongated nanotubes,
nanosheets, and nanofibers. During thelast few years,
many reports on physi cochemical properties, pointing
particular applications, havebeen published. Bavykin
and et.al** reviewed the TiO, nanostructured materi-
as.

Titanium dioxide, whichiswel knownfor itshigh
catayticactivity, stability inacidicor alkainesolutions
and non-toxic properties, hasbeen extensively used as
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Figure20: Fabrication of WO3 nanor odg®

ST 3

Figure2l: (a) TEM of WO3nanorods(inset: an electron diffa-idn

~ ., 450°C

WO; nano rods

patter n obtained from theWO3 nanorod), (b) HRTEM

image of a WO3 nanor od, (c) alow magnification HRTEM image of Pt/WO3 nanorods, and (d) HRTEM image of a Pt

nanoparticleon WO3 nanor od*%

photocatalyststo carry out oxidation of methanol -
1721 Recently, it had al so been demonstrated that Pt—
TiO,/CNTshed higher eectro-cataytic activity and CO-
tolerancefor ethanol oxidation*™!. Titaniananotubes
(TNT) prepared from TiO, nanoparticles have some
pronounced potential asmaterialswith novel proper-
tiesthat arenot foundin TiO, nanoparticles.

Song et.a*"¥ selected nove titanate nanotubesas
the cocatalyst to promote Pt/C (E-TEK; 20 wt.% Pt
on Vulcan) catalyst for ethanol el ectro-oxidation and
compareditwithP/C and TiO,/PY/C catalystsinterms
of theelectrochemica activity for ethanol oxidation us-
ing cyclic voltammetry (CV), chronoamperometry and
CO gtripping voltammetry at 25 °C in acidic solutions.

flano Soienoe and flano Teohnology

Theresultsdemonstrated that the TNT can greetly en-
hancethe catalytic activity of Pt for ethanol oxidation
andincreasethe utilization rate of platinum. The CO
stripping test showed that the TNT can shift the CO
oxidation potential to lower direction than TiO, does,
whichisuseful for ethanol oxidation.
Variousmethodsfor thesynthesisof TiO, nanotubes
have been devel oped inrecent years, including anodic
oxidation*”>17 template synthesig*"" and hydrother-
mad synthesig*”l. Inrespect to their high stability, high
surfaceareaand moderate dectrical conductivity, tita-
nium dioxide nanotubes (TONTS) have been investi-
gated asfuel cell catalyst support™5I, [nrelation to
methanol oxidation and oxygen reduction processesin
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DMFCs, Pd and PtRu, and PtNi and PtCo supported
on TONTswereinvestigated for the methanol oxida-
tion reaction (M OR)!*718% and the oxygen reduction
reaction (ORR)™8Y respectively.

Macak and coworkerd*® explored oxidative
€l ectrocata ytic propertiesof asystem consisting of bi-
metallic PYRu nanopartid esdigpersed over ananotubular
self-organized TiO, matrix. Thisnanotubular TiO, sup-
port provided ahigh surfaceareaand it significantly
increasesthed ectrocataytic activity of P/Rufor metha
nol oxidation. Annededto anatase, the TiO, nanotubular
support exhibited even higher enhancement effect dur-
ing e ectrooxidation of methanol thanwhenusedinthe
“as-formed” amorphous structure. Figure 23 shows
SEM imegesof anneded nanotubular TiO,-layer inthe
top (@) and cross-sectional (b) views. It is apparent
fromtheimagesthat the TiO, layer consistsof arraysof
nanctubeshaving alength of gpproximately 500 nmand
the average nanotube diameter of 100 nm. The spacing
between thetubesis approximately 150 nm, and the
wall thicknessisabout 15 nm.

0.020

0.015 4

0.010 4

Currrent (A)

g
&

-0.006 T T T v T T LA L v T
02 00 02 04 06 08 10 12
Potential (V) Vs Ag/AgCI
Figure 22 : Cyclic voltammograms of (a) 20% Pt/WO3
nanorods, (b) 20% Pt-Ru/C (J.M.), and (c) 20% Pt/bulk WO3
in 1M CH30H-1M H2S0O4 at a scan rate of 25mV/s[168]
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Figure 24 shows cyclic voltammetric and
chronoamperometric curvesfor annealed compact and
nanotubular TiO2in 1 mol/ dm?*H,SO, containing 1
mol/ dm? CH_OH. Ascan be seenfor the sameloading
of Pt/Ru nanoparticlesand under the sameexperimen-
tal conditions, thevoltammetric currentsrelated to the
oxidation of methanol areamost seventimeshigher (at
0.8V) for the catalyst supported on the nanotubul ar
TiO, matrix when compared to the system supported
on compact TiO,. Accordingly theelectrocatal ytic cur-
rents recorded vs. time (at 0.3 V) under the
chronoamperometric conditionsare a so much higher
for nanotubular TiO, than for the compact Ti O,

Wang et al . investigated the €l ectro-oxidation
of methanal insulfuricacid solutionusing paladiumwell-
dispersed on titanium nanotubes. TONTs were pre-
pared by theakaline hydrotherma method reportedin
e sawhere®3. HRTEM resultsshow uniform nano-sized
TiO, nanotubeswith 10nmin diameters Figure 25.

Pd/TONT catalysts were synthesized at 120 °C
usingtheethyleneglycol reduction method. Pd dispersed
on titaniananotubes, which leadsto high surface area
subgtrates, showed higher catdytic activity for theMOR
than that of pure Pd and Pd supported on TiO,
nanoparticles Figure 26. It is clear that the titania
nanotube catalyst isthe most active, followed by the
nanoparti clesand then the pure Pd. The paladium well
dispersed ontitaniatubeswith Nafion membraneisthe
best catalyst because TiO, nanotubeshaveasmall size
in diameter and therefore higher specific surfacearea
inside and outside, which is desirable for the
electrocatayd.

Chen et.d*® synthesized PtNTsand PtPdNTs (50
nm diameter, 520 mm long and 4—7 nm wall thick-
ness) and tested their suitability ascatalystsfor ORRIn
PEMFCs. The SEM and TEM imagesFigure27A, B
showed theuniform diameter (45 nm), wall thickness

200nm|

-V

Figure23: SEM imagesof annealed nanotubular TiO2 layer: (a) top-view, (b) cross-sectional view, and (c) top-view following
immaobilization of Pt/Ru nanoparticles. Theinset to figure (c) showsthe latter image at low magnification. The cross-
sectional imageistaken from mechanically cracked sample[180]
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Figure24: (a) Cyclicvoltammogramsr ecor ded for annealed nanotubular (p-TiO2) and compact TiO2layer (c-TiO2) with Pt/
Ru nanoparticles (loading:1.35 mg) in 1 mol/ dm3 H2S04 + 1 mol /dm3 CH3O0OH with a scan rate of 50 mV /sl; (b)
chronoamper ometric current—time curves recorded at 0.3 V for the corresponding samples[180]
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Figure 26 : Cyclic voltammograms in 1M CH3OH+1M
H2S04 for aPd catalyzed (reduction of PACI2 by glycol etha-
nol) TiO2 nanotubedisper sed with Nafion solutionon Ti: (a)
pure TiO2 nanotubes; (b)pure Pd: (c) 3wt% Pd-TiO2
nanoparticles; (d) 3wt% Pd-TiO2 nanotubes. Scan rate 50
mV/s.
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5nm

(7 nm), andlength (10 mm) of the PtPANTs. Theinset
of figure 84 B showsan e ectron diffraction pattern of
the PtPANTs. Their approach to a durable
electrocatal yst was to devel op supportless platinum
nanotubes (PINTSs) and pl atinum-alloy nanotubes (e.g.,
platinum-palladium- alloy nanotubes (PtPdNTSs)) as the
cathode catalyst. Because of their unique combination
of dimensions at multiple length scales, PtNTs and
PtPdNTs can provide high platinum surface area by
their nanometer-sized wall thicknesswithout the need
for ahigh-surface-area support (e.g.,carbon black).
They performed durability testsby cyclingthedectrode
potential between 0 and 1.3V versusareversible hy-
drogen el ectrode (RHE) at ascanrateof 50 mV/sinan
argon purged 0.5mH,SO, solution at 60 °C. The cy-
clic voltammograms for Pt/C (20 wt% platinum on
Vulcan XC-72; E-TEK), platinum black (PtB; E-TEK),
and PtNTs showed asignificant decrease of platinum
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ECSA for Pt/C and little reduction for PtINTs asthe
number of cyclesincreasesFigure28A. Theplatinum
ECSA of the PtNTs only decreases about 20% even
after 1000 cycles, whilethe platinum-black and Pt/C
catalystshavelost about 51 and 90% of their platinum
ECSA, repectively. The ORR curve Figure 28 B shows

——— Review

that the half wave potentia of the PtPdNTsis0.851V,
whichishigher than that of the PINTS, platinum black,
and Pt/C. Themassactivity of the PtPdNTsis1.4 and
2.1 timeshigher than that of Pt/C and platinum black,
respectively, and the specific activity of the PtPANTsis

even 5.8 and 2.7 times higher than that of the Pt/C and

Figure27:A) SEM imageof PtPdNTSs. B) TEM imageand electron diffraction pattern (inset) f PtPANTS
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Figure28: A) L ossof eectrochemical surfacearea (ECSA) of Pt/C (E-TEK), platinum-black (PtB; E-TEK),andPtNT catalyss
with number of CV cyclesin Ar-pur ged0.5 m H2SO4 solution at 60°C (0-1.3 V vs.RHE, sweep rate 50 mV/s). B) ORR curves
(shown ascurrent—voltage relations) of Pt/C, platinum black (PtB), PtNTs, andPd PtNTs in O2-saturated0.5 m H2SO4
solution at room temper atur e (1600 r pm, sweep rate5mV/s). Inset: M assactivity (top) andspecific activity (bottom) for the

four catalystsat 0.85 V%
platinum-black el ectrocatal ysts, respectively, at 0.85 V.

Nanostrucured conducting polymer s (CP) -Sup-
ported Pt-based Electrocatalysts. Structure, syn-
thesis, characterization and per formance of PEM
fuel cell

Conducting polymers (CP) have been extensively
sudied duringthelast 20 yearsinview of their potentid
gpplication for exampleascapaditors, sensors, thephoto
degradation of semiconductor electrodesin galvanic
cells, supportsfor fuel cellsor for protection against

corrosion, and for other gpplications. Conducting poly-
mers congtitute aclass of materialsthat possess prop-
ertiesof both organic polymersand inorganic conduc-
torsor semiconductors*®. Conducting polymersare
rendered conductive through a conjugated bond sys-
tem along the polymer backbone. They aretypicaly
formed either through chemical oxidation or electro-
chemical oxidation of themonomer. These conjugated
polymershavean extended p-orbital system, through
which e ectrons can movefrom oneend of the polymer
chaintotheother. Conductionisachieved by inducing
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(@) Polyaniline H H
(b) Polpyrrole

O

(c) Polythiophene
Figure29: Chemical structuresof some conducting poly-
mer g/t&)

a deficiency or excess of p-electrons in the
polyconjugated chain, aprocesscaled doping by and -
ogy withtheinsertion of eectronsor holesin 3D inor-
ganic semiconductorg?®1%, Theelectrica conductiv-

- 198nm

x50.

200

of variousCPwerecarefully studied by many researches.
Porous structure and high surface areaof many con-
ducting polymerspromotetheir use assupporting ma
terial for the development of new catalytic and
electrocatdyticmaterids Becauseof ardativehigheec-
tricconductivity of omepolymers itispossbletoshuttle
thed ectronsthrough polymer chainsbetweentheeec-
trode and dispersed metal particles, where the
electrocatalytic reaction occurs. Thus, an efficient
electrocatalysis can be achieved at these composite
materias, and agreat ded of attention waspaid tothe
use of conducting polymers as supporting matricesfor
theimmobilization of catalytically active noblemetd

Figure30: (a) SEM of cor_wentionally synthesized polyaniline. (b) SEM of the Pt particleson the conventionally synthesized

polyaniling?®

ity of these polymersisbetween 10° S/‘cmand 10? &
cm while being doped, whereas common insul ators
exhibit conductivitiesbelow 102 S/cm. Conducting
polymers are generally attractive as they have high
charge density and low cost (compared withtherela-
tively expensive metal oxides)!*8”181, Quitean exten-
sive range of these polymersis now known and the
maximum conductivity sofar obtainedisonly asingle
order of magnitude below that of metallic copper®.
Meta sconduct eectricity through mobile e ectrons
inthe conduction band that travel acrossatomsinthe
lattice. Theequivaent Situation in organic materialsis
provided by delocalized p-electrons. Electrically con-
ducting polymershavein common asignificant overlap
of delocdised p-electronsaong the polymer chain, and
several suitablestructuresare shownin Figure29.
Thephysca and chemicd properties(stability, con-
ductivity, morphology, structureand catalytic activity)
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Interrupted DC, 50 mA/cm®, H;PtCly/1 M HCI
(1% HPiCly)

——— Review

Carbon Cloth (CC)
(0.3 cm?)

Coating of 5 wi.% Nafion
Al O; Membrane hot pressed on CC at 393K, 3min

CC/Naf/Al, 0,

0.1M 3-MT, 0.2MTBATetrafluoborate, 0.1
V to 1.2V vs. Ag/AgCl, 200 MVis,

CC/Nafl ALOy/PMT

CC/Naf/ ALOs-PMT-Pt

r

|« Dissolution of AL,y in 0.2 M NaOH (15 min) __,

Followed by immersion in 1% HBF (10 min)

CC/Naf/PMTrep-Pt CC/Naf/PMT ey

¥

Figure32: Typical procedurefor thetemplate synthesisof poly(3-methyl) thiophenenanoconesand Pt incor por ated poly(3-

methyl) thiophenenanocones®?
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Figure 33 : HR-TEM image of poly(3-methyl) thiophene Time (min)

nanocones (without Pt)i23

Figure 34 : Chronoamperometric response of CC/Naf/
PM TTemp-Pt, GC/20wt.% Pt/C (E-TEK) and CC/Naf/PM T-

Thepolymersthat aremost commonly studiedfor o'y oy oes’in 1M H2504/1M CH3OH at +0.6V vs Ag/
use as catalyst supportsin fuel cell are polypyrrole AgClEe
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(PPy), polyaniline(PANi), polythiophene (PTh) and their
derivatives(such aspoly(3,4-ethylenedi oxythiophene)
(PEDQT).) Resultsof these studieswere presentedin
numerous publications. Antolini, and Gonza ez!®! wrote
acomprehensivereview article about the, polymer sup-
portsfor low-temperaturefud cell catalystsin 2009.

CPscan be synthesized intheform of one-dimen-
siona nanostructures such as nanotubues, nanofibers,
and nanowiresareof particular interest, astheir prop-
ertiessignificantly differ from the propertiesof the cor-
responding macroscopic materials. Some of these spe-
cid, physical, and chemica propertieswill render CPs
useful for new applicationsin nanodevices*,

It isacknowledged that typical nanomaterialsor
nanostructures havedimensonsranging from 1to 100
nm. However, inthe case of CPsthisrangeiswidened
to about 500 nm. Many different techniquesand strat-
egiesfor formation of CP nanostructures have been
devel oped and employed-ranging from templ ate syn-
thesisto no-template synthesis. For examplerecently
the synthesis of nanotube*®, nanofiberg%21%
nanowires** and nanorods**® morphology of
polyanilin, nanowirearray of Ppy!*%1%l gnd nanorod*®

have been reportedin literature. But asmentioned ear-

lier because of the scope of this paper here we just
report theresultsof nanostructure conductive polymers
that used as support for low temperaturefue cell.

Deposition of Pt on conductive polymers based
support

Metd particlescan beincluded inthe polymer ma-
trix by electrodeposition or electrol ess precipitation.
Electrodeposition of metalsisthe most widely used
method to prepare metal/polymer composites. In gen-
erd, therearetwo main approachesfor electrodepos-
itingmeta particlesin CPlayers: (1) polymer electro-
synthesisin the presence of metal precursorsor pre-
formed metal particles (one-step methods), and (2)
polymer layer eectro-synthesis(intheabsenceof metd)
followed by metal electrodeposition (two-step meth-
ods). All theusua experimental techniquesfor produc-
ing metal depositson inert conducting substrates, e.g.,
potenti ostetic, gal vanodtatic, potentiodynamic, and so
pul se techniques, have been applied for the second
metal deposition step. It hasto be promptly pointed
out that, unlike carbon and ceramic materials, where
the catalyst islocalized on the support surface (two-
dimensiond array, 2D), inthe case of polymer support,

Figure35: SEM and TEM (cor ner) imagesof polyanilinemicro/nanostructures: (a) nanofiber, (b) nanotubes, (c) submicron
spheres, and (d) hollow microspheres. Thereaction time for nanofiber sand nanotubesis 90 min; the reaction timefor
submicron spher esand hollow microspheresis45min. Thescalebar of the TEM imageis500 nm for nanofiber sand 200nm

for theothers, respectively®
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thecatalyst canbed so dispersed insdethe matrix (three
dimensiona array, 3D), depending on the deposition
method, catal yst |oading and polymer thickness®?.

It was demonstrated that the tubular and fibrillar
morphology of polymersplaysanimportant rolefor the
enhanced chargetransport acrossthe electrode/el ec-
trolyteinterfaceand conductivity, compared to the con-
ventionaly synthesi zed polymerg?°24 On these bases,
Raesh et d .22 investigated nanotubul es of polyaniline
as catalyst support for Pt nanoparticlesfor methanol
oxidation by template method on commercia carbon
cloth. Inther investigation thed ectropolymerization was
carried out on the template ~aluminamembrane at-
tached carbon cloth and, subsequently, Pt particleswere
el ectrodeposited beforethedissol ution of thetemplate
by NaOH. Theel ectropolymerization was carried out
by potentiodynamic method in 0.1M anilineand 1 M
H,SO,. The potential was swept between 20.2 and
11.0V at ascanrate of 50 mV/s. Theresulting com-
posite electrode was designated as CC/Naf/AlO, /
PANITemp ~before the dissol ution of a uminamem-
brane. The platinumwase ectrodeposited by interrupted
dc ~galvanostatic squarewave method in 1% H,PtCl
and 0.5M H_SO,. Thecurrent density of 50 mA/cmy?
was applied for atotal period of 2to 8 minto vary the
loading of Pt on the matrix. The pulse ~50 mA/cm?
wasappliedinitialy for 10 sand stopped for 10 suntil
thetota period wasreached. Thewholeprocess of Pt
deposition wasdone before the dissolution of thea u-
minamembrane. Theresulting configurationisdesig-
nated as CC/Naf/AlO, /PANITemp-Pt. In order to
removethetemplatethe host ~d uminamembranefrom
CC/Naf/Al,O, /PANITemp and CC/Naf/AlO, /
PANITemp-Pt wasimmersedin 0.1 M NaOH for 15
min. Thepreparation of conventiond polyanilineand Pt
deposited polyanilinewas carried inthesimilar way as
it hasbeen donefor thetemplate synthesismethod. In
the conventiona synthetic procedure, the polymeriza-
tion and the subsequent Pt deposition on carbon cloth
was donewithout the host aluminamembrane. Figure
30ashowsthe SEM image of conventionally synthe-
sized polyaniline on nafion coated carbon cloth. The
imagereved sthefibrillar and globular morphology of
the conventionally synthesi zed polyaniline. Thefibrils
arerandomly distributed without any orientation or dign-
ment. Figure 30 b showsthe SEM image of the Pt de-

——— Rev/ew

posited on conventionally synthesized polyaniline. Itis
evident fromthefigurethat largeclustersof Pt particles
of sizearound 100-150 nm aredistributed throughout
thepolymer.Inview of dectrochemicd activity theohmic
and the charge transfer resistances of the nanotube-
based electrode were considerably lower than the
polyaniline e ectrode synthes zed by the conventional
route. The Pt incorporated polyaniline nanotube e ec-
trodeexhibited excellent catd ytic activity and stability
compared to the20 wt % Pt supported ontheVulcanXC
72R carbon and Pt supported on the conventional
polyanilineeectrode. Figure 31 showsthevariation of
performanceof methanol oxidation current dengtieswith
Pt loading on CC/Naf/PANITemp-Pt and CC/Naf/
PANI/Pt el ectrodes.

In another study Rajesh and coworkers?™® reported
thed ectrochemica synthesisof conducting nanocones
of Ptincorporated poly(3-methyl) thiophene, employ-
ingauminamembranetemplatesanditsuseasan elec-
trodematerid for methanol oxidation. Theactivity (131
mA/cn? at +0.4V versusAg/AgCl for aPt loading of
80 ng/cm?) of nanocone-based el ectrode wasfound to
be morethan one order of magnitude higher compared
totheregular poly(3-methyl) thiophenedectrode (12.2
mA/cn?? at +0.4V versusAg/AgCl for aPt loading of
80ug/cm?). Thechronocamperometric response confirms
the better activity and stability of the nanocone-based
el ectrode compared to the commercial 20 wt.% Pt/C
(E-TEK) and template-free electrode. The XPS data
confirmed the presenceof Ptinthemetallic state. Ac-
cording to theauthorsthe nanoconemorphol ogy of poly
(3-methyl) thiophene, helpsintheeffectivedispersion
of Pt particlesfacilitating the eas er access of methanol
tothecataytic stes. Thedetail sof the synthetic proce-
durefor the preparation of template synthesized poly
(3-methyl) thiopheneand Pt incorporated template syn-
thesized poly (3-methyl) thiophene areillustrated in
Scheme 32.The HR-TEM image of poly (3-methyl)
thiophene (without Pt) shownin Figure 33 clearly re-
veals the nanocone morphology of poly(3-methyl)
thiophene with one cone inserted over the other
cone.Fg. 34 showstheactivity of CC/Naf/PM T Temp-
Pt and CC/Naf/PMT-Pt with respect to time at
+0.6V.The percentage decrease of the catalytic activ-
ity of CC/Naf/PMTTemp-Pt wasaround 14.3% at the
end of 2 h (359-305.7 mA/cm?), whereas the corre-
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sponding decreasefor GC/20 wt.% PY/C (E-TEK) was
25% (140-105 mA/cm?) and for CC/Naf/PMT-Pt was
44.6% (30-16.6 mA/cm?).Theinitial activity of CC/
Naf/PMTTemp-Pt ishigher by nearly 12 times com-

s Submicron-sphe B Nanofibers
34 ..l = ® Nanotubes
o Micrespheres + Submicron-spheres
- 4__:__-:-_';::-,5 4 Microspheras
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o on [ [

T T T T T
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Figure 36: Cyclic voltammogram curvesof polyaniline mi-
cro/nanostructuresin 1M CH30OH and 0.5M H2S04 solu-
tiong2
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thereaction solution!®4
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pared to CC/Naf/PM T-Pt and 2.5 times compared to
GC/20wt.% Pt/C (E-TEK) electrodes. The Pt loading
waskept at 80 pg/cm?for al the el ectrodes.

Huang et.a® synthesized a series of micro/
nanostructured polyanilines including submicron
spheres, hollow microspheres, nanotubes, and
nanofibers Figure 35 and investigated their morphol-
ogy dependent dectrochemical propertiesfor actingas
a catalyst supporter for direct methanol fuel cell
(DMFEC) applications.

Based onresultsintermsof e ectrochemical activ-
ity Figure 36 among the four micro/nanostructures,
polyaniline nanofibers (PANF) manifest their superior-
ity inhigheectrochemica active surface. Accordingly,
PANF isadopted asthe catal yst supporter. Compared
with Pt/XC-72, the Pt/PANF electrode possesses
higher dectrocata ytic activity and exhibitsdoubl e power
density Figure 37.
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Figure38: Polarization curvesof theDM FC using (a) XC-72
and (b) PANF supported Pt catalyssasanodeafter a continu-
ousdischargeat 0.3V and 50°C for 5 h. These catalysts were
produced by adding 10mg of PANF or XC-72inthereaction
solutionf24
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Moreover, PYPANFissuperior to PYXC-72inthe
aspect of operation stability based onacontinuousdis-
chargefor 5h Figure 38.

Furthermoremorerecently Zhiani et.a!® fabricated
anovel nanostructure membrane-el ectrode assembly
(MEA) prepared by employing of the polyaniline
(PANI) modified anodefor DMFC and characterized
by SEM and polarization curvesin DMFC under dif-
ferent conditions. Figure 39 aand b demonstratesthe
formation of PANI nanofiberswithin theanode catalyst
layer and confirmsthe PANI nanofibersformationwithin
theelectrode.

The DMFC test results under steady state condi-

SEM MAG: 2000 ks  Dod: SE Detoctor
SEM HU: 1500 kY W 0. 2037 e

2ym m
Figure39: Top view of scanning electron microscopy (SEM)
imageof the PANI modified anode(a). SEM imageof the PANI
modified catalyst layer (b)2*®!

= Review

tionsindicated that the novel nanostructure M EA ex-
hibited higher performance compared to the conven-
tiond MEA interm of maximum power density andre-
Sdtivity against methanol crossover fromtheanodesde
to the cathode side. Maximum power density of 105
mW /cm? was obtai ned by new PANI modified anode
compared to 75 mW /cm? by conventional anodein
thesame conditions Figure40. They attributed theen-
hanced performanceto the higher activity of the PANI
modified anode and | ower methanol crossover caused
by the PANI asbarrier inthe modified anode.

Compositenanostructurematerial -supported Pt
nanoparticles. Characterization and e ectr ochemi-
cal activity performance as anode and cathode
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Figure40: Performanceof thenovel M EA and conventional
M EA at 80°C and different methanol concentrations: 1,2 and
3 M, PO2: ambient, O2flow rate: 0.2 ml/ min, anode and
cathodecatalyst loading: 4 and 2 mg/ cm2, respectively2®!
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Figure41: Comparison of Cyclicvoltammogramsusing the

Pt/raw CNTs, Pt/AT-CNTs(acid-treated CNTs) and Pt/PPy-

CNTs(PPycoated CNTs) in 0.5M H2S04%8
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Figure42: Comparison of M EA performanceusingthePt/
raw CNTs, Pt/AT-CNTsand Pt/PPy-CNTd#3

catalystsfor PEM fuel cell

Summarizing, theuse of either carbon or ceramic
or polymer materiad sasfuel cell catalyst support isnot
absolutely satisfactory. Thus, inthelast years compos-
ite polymer—carbon, ceramic—carbon and polymer—ce-
ramic materia shave been proposed asfuel cell cata-
lyst supports. These composite materials can possess
more suitable propertiesfor their use as catalyst sup-
portsthan their individual components. It wasshown
that the combination of PAni with CNTswould offer an
atractive composite support materia for eectrocatayst
to enhanceitsactivity and stability based on morpho-
logical modification and/or e ectronic interaction be-
tween two components. Theresultsof theseworkshave
been congregated by Antolini ‘s review papers2%,

Among the hybrid of conducting polymers and
CNTs, the composites of PAni -CNT and Ppy-CNT
arethemost investigated hybrid supportsfor fuel cell
catalyst and numerous papers have been reported the
improved of electrode propertiesby use of these mate-
rialsasasupport by different authors?°-28 They as-
cribed theseimprovementsto theenhancethethermal,
mechanical, electrical and high available surfacearea
(thehigh catalyst dispersion to the chargefrom hydro-
phobic surface of pristine CNTsto more hydrophilic
polymer coated-CNTssurface) and easer chargetrans-
fer a polymer/dectrolyteinterfacedlowingahigh utili-
zation of deposited metal nanoparticles. These poly-
mers-CNT supported catayst showed high activity for
methanol, formic acid oxidation and oxygen reduction
reaction aswell. For example Oh and coworkerg?®!

flano Soienoe and flano Teohnology

prepared Polypyrrole-modified hydrophobic carbon
nanotubesas promising e ectrocata yst supportsin poly-
mer el ectrolytemembranefud cdls. Inther study, how-
ever, themodified polyol processwas used to deposit
Pt nanoparticles on PPy-coated CN Tswithout |ower-
ing the Pt utilization. In addition, thethickness of the
PPy coating was precisaly controlled and itseffectson
the performance of fuel cells and the sintering of Pt
nanoparticleswereexplored. Asan aternativeto oxi-
dative acid treatment, ahydrophobic graphitized car-
bon nanotube (CNT) wasfunctionalized with 1-4 nm
thick polypyrrole (PPy) prior to application ascatalyst
supportsin polymer e ectrolyte membrane (PEM) fud
cdls. Unlikeoxidativeacid trestment, the PPy coating
method convertsthe hydrophobic surfaceof aCNT to
ahydrophilic onewithout creating defectsonthe sur-
face of the CNT. Asaresult, Pt nanoparticles depos-
ited on the PPy-coated CNTs showed an improved
distribution, which significantly enhanced thefuel cell
performancewhilepreservingtheintrins c propertiesof
the CNTSs, i.e., resistanceto electrochemical carbon
corroson. TheESA of the Pt/raw CNTS, asdetermined
by aCV experiment in Figure41, wasca culated to be
39.4 m?/ g, whichislower than the others because of
the poor distribution of Pt nanoparticles. The ESA of
the Pt/AT-CNTswas 56.7 m? /g, and it was further
increased to a value of 65.1 m? g when the Pt
nanoparticlesweredeposited on the PPy-CNTs.Figure
42 showsthe performance of PEM fue cellsprepared
with thedifferent cathode catalysts, Pt/raw-CNFs, Pt/
AT-CNTs and Pt/PPy-CNTs. The cathode catalyst
loadingswere maintained at 0.4 mg/cm?. At acell po-
tentia of 0.6V, the current density of the P/PPy-CNTs
was 1.71 A /en?, whichishigher thanthat of the PYAT-
CNTs(1.61A /cn?) and significantly enhancedin com-
parison tothat of the Pt/raw CNTs(1.09A/ cm?). This
attributed to the improved distribution of Pt
nanoparticlesand high ESA for the P/PPy-CNTs.
The preparation of carbon-ceramic nanostructure
materialshasgenerated agreat dea of interest since
they demonstrate propertiesthat cannot beattained by
ther individual components. Asan example, theforma-
tion of nanocomposites with carbon and ceramic
nanomateria s has been found to enhancethe massac-
tivity and chemical properties of thelatter. Inthe ex-
perimentsthat conducted by Bauer and coworkergd?9
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platinum catalyst nanoparticles (20 wt.%) were depos-
ited on amixed support, which consisted of 25 at.%
Nb doped TiO, nanofibersand carbon agglomerates
Figure43.

The catalyst was characterized electrochemicaly
with respect to durability and oxygen reduction activity.
Based on cyclic voltammetry tests Figure 44, the Nb—
TiO,/C supported catalyst was more stable compared
toacommercially available carbon supported Pt cata-
lyst (E-tek) over 1000 cycles. The apparent active Pt
areadecreased by 5% dueto cycling, whereasin the
case of Pt/C the decrease was 23%. The oxygen re-
duction performance was comparablefor both cases.
For exampl e, during the anodic sweep the mass activ-
ity & 0.9V vs. thereversblehydrogen e ectrode (RHE)
was 19A /gPt and 20 A /gPt for the freshly prepared
in-house prepared and commercid catalysts, respec-
tively. After thedurability experiment both typesof cata-
lystsyielded amass activity of 17 A /gPt. They also
examinedfud cell testswithasinglecell configuration
withthe Nb-TiO,/C supported catalyst onthe cathode
side(gasdiffusion € ectrode). Themeasurementswere
yielded apeak power density of 0.34 W /cm?at 75 °C
when pure oxygen was supplied on the cathode side
Figure45.

Hu and coworkers??° have prepared Pd
nanoparticleson tungsten carbidesmodified multiwaled
carbon nanotubes (Pd-WC/MWCNT) cataystsby an
intermittent microwave heating (IMH) technique. The
Pd-WC/MWCNT catalysts were evaluated and
showed animproved kineticsfor theethanol oxidation.
It isrecognized that the significant increasein the cata-

——— Rev/ew

lyticactivity for ethanol oxidation on PAAWC/MWCNT
isattributed to both the synergistic effect between Pd
nanoparticles and the WC support and the structure
effect of the MWCNT. They proposed thistype cata-
lyst can be universally used asthe oxygen reduction
catalyst infuel cellsand sensorsbothin akalineand
acidicsolutions.

Metal oxide coated carbon nanotube (CNT) was
successfully used asasupport for fuel cell catalyst. On
this basis Du and coworkerd?? prepared a novel
CNT@3SNnO, nanocomposite (inwhich theinner layer
wascomprised of CNT and the outer layer was SnO,,
forming acore-shell structure) asastabilizing support
for catalysts of proton exchange membrane fuel
cells.Figure 46 presents a TEM image of the
CNT@SnO, nanocompositefor catalyst support ma-
terid of PEMFCs. Clearly, uniform dark SnO, sheath
could be observed on the surface of the CNT core,
reflecting that the CNT had been compl etely coated by
aSnQ, layer. The CNT@SnO, composite showed a
much lower anodic current thanthe CNT Figure 47,
especially at high potentials, representing the
CNT@SnO, wasmore corrosion resistant.

The P/(CNT@SNO,) catalyst was el ectrochemi-
caly active and exhibited comparableactivity for the
oxygen reductionreactionto the CNT supported cata
lyst (PYCNT). Moreimportantly, thelong-term stabil-
ity of the Pt/(CNT@SnO,) catalyst was significantly
higher thanthat of the PYCNT catayst, whichmight be
mainly dueto thefact that the CNT@SnO, wasmore
corrosion resistant and mesoporous SnO, was benefi-
cid torestrict the Pt migration and aggregation (Figure

Figure43: TEM micrographsof Pt disper sed on the mixed Nb doped TiO2 nanofiber—carbon substrate. The micrographs
show examplesof regimeswith rdatively low (a) and higher (b) carbon content, respectively!?°
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Figure 45 : Fuel cell polarization tests. Conditions. 100%
relative humidity, 75°C, oxidant flow rate = 11/ min, hydro-
gen flow rate=0.51/min, no backpr essur e applied®

100nm

Figure 46 : TEM image of the CNT@SnO2 cor e-sheath
nanocompositeprepar ed by thehydr other mal methodi %4

48). Based on these results they concluded that the
CNT@SNnO, would be apromising durable catal yst
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Figure49: (a) CV of anodiceectrocatalyst in 1 M methanol + 1M H2S04, Scan ratewas50 mV/s(b) Chronoamper ometry
curveof anodic eectrocatalyst in 1M methanol + 1 M H2S04222

support for PEMFCs.

Regarding the Graphene-CNT hybrid
electrocatalyst support material Jhaet.al? prepared
Nanostructured PtRu and Pt dispersed functionalized
graphene -functionalized multi walled carbon
nanotubes (PtRu/(f-Gef-MWNT)), (Pt/(f-Gef-
MWNT)) nanocomposites. Electrochemical studies
have been performed for themethanol oxidation using
cyclic voltammetry (CV) and chronoamperometry
technique. Fuel cell measurements have been per-
formed using PtRu nanoparticles dispersed onthe mix-
ture of functionalized graphene (f-G) and
functionalized multi walled carbon nanotubes (f-
MWNT) in different ratios as anode el ectrocatal yst
for methanol oxidation and Pt/f-MWNT as cathode
catayst for oxygen reductionreactionindirect methanol
fuel cell (DMFC). Figure 49 a shows CV of
electrocatal ysts after 50 cycles of activation indicat-
ing two methanol oxidation peaks, corresponding to
oxidation of methanol inforward scan and itsinterme-
diatesinreverse scan. Value of peak current and area
under the CV curves are proportional to methanol
oxidation activity of theeectrocatayst. Ratio of for-
ward anodic peak current (If) to reverse anodic peak
current (Ib) shows the tolerance ability of
electrocatalysts to accumulation of carbonaceous
products. Chronoamperometry has been performed
to measure catal ytic stability of the electrocatal ysts
Figure49 b. The current measured for PtRw (50 wt%
f-MWNT +50 wt% f-G) is much higher compared to
other electrocatalysts during the wholetesting time
indicating higher stability of the catalyst. Hence one

can concludethat the hybrid material withf-MWNT
andf-Ginequa ratioisthebest aternativefor anode
catalyst support.

CONCLUSION

Fud cellshavebeen knownfor alongtimeand till
areunder development. Several challengesto wide-
spread implementation of PEM fue cdll technology are
needed, although novel inexpensive and long-term
electrocatalysts materiad sarekey factorsindesignand
development. Indl fuel cdlsincluding low temperature
fud cdlstheoverpotentid for thereduction of oxygen
at operating currentsissignificantly high duetothedow
oxygen electrochemicd kinetics. Asaresult of thisdug-
gishkinetics, cell voltageisdecreased and therefore
fuel cells loss in efficiency. Therefore the high
overpotential for oxygen reductionisaforemost prob-
lem and, sofar, research onthefundamental processof
oxygen reduction and catalysishasnot yielded abresk-
through by the current fuel cell cathode catayst. Thus,
new aternatives for finding materials with lower
overpotentia are needed. Recent advancesin applica
tion of nanostructured carbonaceous-based and also
non carbonaceous-based materialshave suggested the
possibility of using these materials as novel
el ectrocatal ysts supports. Studieshave shown that Pt
nanoparticles supported on nanostructured carbon-
aceous-based and al so non carbonaceous-based ma-
teria sdisplay remarkably higher e ectrocatd ytic activ-
ity toward thereduction of oxygen than Pt nanoparticles
supported on carbon black, which would contributeto
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substantial cost reductionin PEM fuel cdlls. Thefinite
Szeof nanoscaemateridspogtively influencesthether-
modynamics and kinetics of oxygen reduction dueto
their length scale and specific properties. Ingeneral,
their uniquecharacteristicsencouragetheuseof nanosize
electrocatd ysts material sinstead of their bulk counter-
partsto enhancethe oxygen el ectroreduction perfor-
mance.

Thisarticlereviewed various non-carbonaceous
nanostructured based materialsasacatalyst support
including meta oxidesand carbides nanowires (NWs),
nanorods, the nanostructer of conductive polymerse.g.
PAnNi / PPy nanofibers, and PAni / PPy nanowiresas
well ascompositesof thesenanostructured catayst sup-
port materia sas substitute of carbon black toimprove
the performance and durability of electrodesthrough
increasing electrocatalytic activity and Pt
utilization.Various preparation methods for active
electrocatal yst have been examined with someconsid-
eration from practical pointsof view associated with
each preparation method. Types of catalyst supports
and their structure (al so.properties) along with some
synthetic strategiesfor sdected support typeshavebeen
a so explored based on therecent literaturefor low tem-
peraturefuel cell application. It was started by intro-
ducing NWsand nanostructure CPswith uniquestruc-
turesand excellent mechanical, thermal and electric
propertieswhich have been explored asnovel catayst
supportsfor PEM fuel cdl catayst. For the synthesisof
NWsand nanostructure CPssupported Pt catalyst sev-
eral synthesismethodswere discussed. Thesestudies
have revel ed that the morphology and cataytic activity
of Pt/NWsand Pt/CPs catalyst are serioudy affected
by their corresponding synthesismethods. Thesewere
al closdy related to the utili zation and performance of
thecatalystsinfuel cells. Wea so discussed about the
durability issuesof PEM fuel cell by using NWsand
nanostructure CPs based el ectrode which have been
considered of themajor barriersto the commercializa-
tion of fuel cell. Metal oxides(eig. tungusten oxides)
and metal (e.g Pt nanowires) based nanostructure also
investigated and have shown interesting resultsand have
strong potentid for further devel opment. It wasreported
that the nanowire-based el ectrode exhibited higher
el ectrocata ytic activity both for the oxygen reduction
reaction and the methanol oxidation reactionaswell as

flano Soienoe and flano Teohnology

enhanced the CO tolerance in comparison to astan-
dard Pt/C electrodd?. Therefore, it isexpected that
integrated three dimensional nanowire-based fuel cell
electrodeswill beided materidsfor providing ahigher
cataytic performance, higher catalyst utilization, effi-
cient masstransport, and alonger fuel cell operationa
life. Theuse of nanostructured morphology of CPslike
PAni and PPy NFsand NWsrecently have received
great interest. Nanostructure of CPsregardlesstheir
extraordinary propertiesthanking of their morpholo-
giesconsidering their capabilitiesof proton and elec-
tron conductivity, water and gaspermesbility, these sorts
of supportsmay be considered asidea supportsinthe
near future. It ishypothesi zed that the el ectrodesthat
aremade using CP nanostructure catalyst would need
less nafion in the catalyst layer. Interest in
nanothechnol ogy has greatly stimulated research on
carbonaceous materials, such as CNTSCNFs and
grapheneNPs. Development of nanostructuresafforded
by ceramic and CP proceeds independently and in-
cludesthenanotubes, nanofibersand nanowiresaswell
ascoding of varioussubgtrateswith athin polymer film.
Thecombination of both typesof materid sonananosze
level isthusan obviouschalenge. Sotheuseof hybrid
supports can bring the best of both carbonaceous sup-
ports. Thesegpproachesareillustrated by the coating
of CNT with CPand CNT-ceramic materialssystemin
thisreview.

In conclusion nanotechnol ogy isevident inthere-
cent devel opmentsfor PEM fuel cells. Whilst muchis
reported on the preparation of highly dispersed Pt and
Pt-dloy catays, itisrecognized that improvementscan
be madeto the nanostructured e ectrocata ysts support.
Inthiscontext non-carbonaceous nanostructured based
materials, e.g metal oxides and carbides nanowires
(NWs), nanorods, the nanostructer of conductive poly-
mers e.g. PAni / PPy nanofibers, and PAni / PPy
nanowiresaswell ascompositesof these nanostructured
catalyst support materials proved to be better alterna
tivesthan the high surface areaand conductive carbon
black.
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