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Abstract

I n t he current di ssertation, under
nanostructures for electrochemical energy conversion and storage
applicationso, a range of acandvi ti e

electrochemical characterization of carbon nanosiradt materials have
been carried out. Accordingly, the thesis has been divided into three
chapters and a summary of each activity will be presented in the following
as theobjective andesults of a chapter.

(i) Chemical vapor depositiorC{/D) direct growth of carbon nanotubes
(CNTSs) on stainless steel (SS) and their application for the bipolar plates of
proton exchange membrane fuel c PFEMFCSs) in this part, a systematic
study of the parameters affecting the direct growth of CNTs on SS is
presentedard the suitability of the resulting material faworking in
electrochemicalenvironmentsis investigated. CNTs were successfully
grown on SS via a simple CVD methaahd without application of any
external catalysafter fine tuning all the surface charactécs of SS as well

as the growth parametert. was found out that during the controlled
atmosphere heating of SS up to CNT growth temperature, its surface
undergoes narigcale modifications and the type of the subsequently grown
filamentous carbon showas direct relation to the size of surface riano
features formed as a resultadrtainpretreatmerst on SS such gmlishing,
etching, heatingcondition and atmosphereCNTs were the dominant
growth products where the average sizeS8 surfacenanad featureswas
below 60 nm.Due to the surface modifications of the SS during the high
temperature CVD treatment in carbonaceous atmosphere, a reduced
corrosion resistance of the $&s found tooccur. In particular, chromium
depletion of SS due to chromiucarbide formation and an accelerated
sensitization caused an infirbehaviorof the materialin electrochemical
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medig appearing in the form ointergranularcorrosion Accordingly,
although problems such as electrical contact resistance of bare SS in
corrosive environment (that is feeble mainly due to passive oxide layer)
were addressed, the CNT coating provided by this method was evaluated
insufficient as for a corrosion barrier in the electrochemical mediéh as
bipolar plates oPEMFCs

(i) Investigaion on different carbon nanostructures as the catalyst support
of the PEMFCs in this part,fabrication of Pt electrocatalyst supported on
different carbon materials, namely, CNfeduced graphene oxidRGO)

and hybrid CNTI RGO is demonstrated using a id&pand single step
microwavé assistedpolyol process(MWAPP), and the activity of Pt
towards the oxygen reduction reactio®@RR) is studied on different
supports Due to direct relation of the abundance of defects on the support
and Pt concentrativ and dspersion, inherently art CNTs showed the
lowest and RGOwith large number of defectshowed the highest
concentration of the deposited catalystcordingly, a Phanoparticle (NP)

size trend as follows was found on different supports: RAG< CNTI
RGO Pt < CNTi Pt. XPS studies, demonstrated the highest content of
oxygen on RGOPt and the lowest on CN'Pt while the composite support
had an intermediate oxygen content, resulting in a C/O ratio trend of the
supports in the following order: RG®t (7.26) < CNTRGGO Pt (17.49) <
CNTi Pt (21.32). These observations supported the assumption of the higher
conductivity of CNT support than the RG®oreover, the high resolution
XPS results, demonstratetle highest content of $gomponentof C 1s
spectraon CNT compared to otherswhereas all the oxygen functional
groups were more abundant on RGO. In particular, the biggest jump in the
content of a certain functional group from CNT to RGO was realized for
HOi C=0 (carboxyl)groups.The chemical state of the catstywas also
found to be affected by the support type and in particldgrits initial
oxygen content, so as the highest and lowest metallie®}tqontens were
observed orCNTi Pt and RGO Pt, respectively.In almost all these XPS
studies, CNTRGG Pt shaved concentrations betwe@NTi PtandRGOl

Pt Area specific activity evaluation of the samples towards ORR showed a
clear outperformance of all the lbade samples compared to the
commercial Vulcan XC7230%Pt over the entire kinetic region. In
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particular,the specific activities of RGIPt, CNTIRGO Pt and CNT Pt
samples at E = 0.90Ry, were 2.25, 2.3 and 3.13 times higher than the
commercial sample, respectively. Regarding the mass specific activity, the
effect of electrical conductivity found to becomena important and RGO

Pt showed the pooredtehavior. However, CNiTPt and CNTRGGU Pt
showed 58% and 80% improvements compared to the commercial sample at
E = 0.90 \kue: CNTIRGGO Pt support showed particularly high mass
activity due to simultaneous benefitlji from theconductivty of CNTs
working asnand interconnects between RGO sheetad wettability and
surface area factors of RGO. It was finally concluded tlyatitizing the

1D and 2D support families (CNRGO), shared the features of individual
comporents of the hybrid, so as tesult at the same time in high area and
mass specific activitiesoutrunning the performance of commercial
catalysts.

(iii) Investigation on different carbon nanostructures as the active materials
for the supercapacitors: this part is mainly concentrating on the
electrochemical behavior @NT and RGQas the active materiafsr the
electrochemical double layer capacitors (EI3) or supercapacitars
compared to @ivated carbon (A.C.as the commercially available material

for this application Furthermore, different combinations of these three
carbon species were investigated to have a clearer understanding of the
potentials and risks of hybridization strategy for preparation tbk
supercapacitor carbon based active materidlkng with thorough
microstructural characterizationglectrical conductivity measurements
were also carried out on all materials using a-rfewe fadity,
demonstrating orders of magnitude higher conductivities of CI8B2 S

m') and RGO (1S m'") compared to A.C.10 uSm'"). Supercapacitor
electrodes were prepared viathés@a | | ed fipaste met hodo
compositions of active materials inree main classes including AICNT,
A.C.iIRGO and A.Q.CNTi RGO. Electrochemical characterization of the
electrodes was carried out usiogclic voltammetry (CV), cyclic chadj
discharg@ (CD) and electrochemical impedance spectroscopy (EIS)
techniquesin a 1 M NaSQO, solution and parameters related to EDLC
performance such as specific capacitance), (Dternal resistance (R
energy densitfEy), power densityPs), r el ax ag, idenlity of theme ( U
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performanceand Ifetime were evaluatedSpecific capacitance and energy
density studies showed that a big contribution in the deficiency of pure A.C.
electrodes was originating from the lack of electrical conductivity. Addition
of more conductive species (i.e., both CNT and RGO) could addriess th
problem. In A.CL.CNT class a maximum was observed in @eand E in

the intermediate compositiof€NT contentspelow which the composite
suffered from low conductivity and above which, the lower specific surface
area CNTs was limiting the capacitandn A.Ci RGO class however, a
continuous increase of both specific capacitance and energy was observed
by RGO content due to simultaneous improvement of conductivity and
almost similar surface area. AICNTi RGO class showed the lowest
dependence on theompositon of the added constituents since a good
conductivity(supplied by the constant 25% CNT conjearid an acceptable
surface are§provided bydifferent contentlRGOand A.C.) guaranteed and
almost always high capacitanc8tudies on the rat capabity, power
performance frequency responsand internal resistancef the electrodes
showed a superior behavior of pure CNT electrqdd$=0.19s, R=0.83 q

and a0y =22 kWkd' at matched impedance conditiomy those
containing a high contef CNTs. RGO(with a(}=6.31s, R=6.38q and a

0y =5.6 kWkd* at matched impedance condition for pure RG@s
behaving better that A.Ga (§>100 sand a0 ; =4.1kWkg'' at matched
impedance condition)n this respect, but still moreensitive to rate
compared to CNTSComposite three component electrodes of ARGDNTI

RGO classdhenefitedfrom low ionic diffusivity resistance of mesopore$
CNTs along with high surface area of RGO, presenting high rate capability
and energy density ah¢ same timé(} 1 s R 1.4q and a0, 10
kWkg'* steadly all over therangecomposition. Moreover, the A.G.CNTi

RGO class also showed the highest degree of ideality in performatice
ideality factors (IF) 8.9 over the entirecCD currentrange(quite close to
unity as the ideal capacitor). Finally, durability studies showed one of the
few infirmities of the composite electrodes compared to pure ones. The
negative effect of hybridization on durability was considered to be
originating from the integrity loss of the active film, including mechanical
and electrical interconnections of the constituents, generating heterogeneity
in electronic and ionipropertiesof the entire electrode. In this respect, the
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larger the morphological dissimilags of the initial constituents, the higher
the susceptibilityto durability shortcoming. From another point ofigw,
however, this can be looked at as a technical problem in the electrode
preparation process that can be improved by optimization of the pas
treatment and binder materials as well as possibly some stabilization post
treatments.
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1 Direct growth of carbon nanotubes
on stainless steel

1.1 Introduction

Carbon nanotubes have arrived in such popularity and have been paid so
great attention by researchers in two last decades that trying to enumerate a
full and detailed list of theircharacteristics,synthesis techniques and
possible applications is out ofigint and sight of thisvork. Consideration

of numerous synthesis methods, each with its own features and parameters,
makes us to suffice ta review of the literature finely related to the
approactcorresponding to the scope of our work

Amongst various a®on nanotubiiber (CNT/CNF) synthesis methods,
chemical vapor deposition (CVD)as been recognized as a versatile and
robust methoddue to several advantages such as capability to produce
dense and uniform deposit, reproducibility, good adhesion, abjasta
deposition rates, ability to control crystal structure, surface morphology and
orientation of the CVD products, reasonable cost and wide scope in
selection of chemical precursddd. Although new research directions have
been established under the topic of
to grow CNTs on unusual substrates such as noble nj2i&l ceramics
[7,8] and semiconducting nanopartic[€ 12], the 3d transition metaldike

iron, cobalt and nickel are predominantly used as catalyst for CNT growth
[13i 15]. Researches in this area can beiddig in two main groups: 1)
Indirect growth of CNTs on a noble substrate decorated with transition
metal catalyst particles and Z)irect growth of CNTs on a catalytic
substrate. Different substrates such as alumiflij, copper[17i22],
silicon [23i 28], ceramics and ceramic templatg9i 33], and different
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substrate decoration techniquésuch as varieties of physical vapor
deposition techniquef34i 39], electrodepositiorf16,17], solgel [40,41],
co-reduction of precursorgl2,43] impregnation44,45], incubation[46],
thermal decomposition of carbonyl complex§$7,48] metatorganic
chemicalvapor depositiofd9i 54]i have been westigated in the soalled
indirect method.

On the other hand, attempts to investigate the direct growth of CNTs on a
catalytic substrate are a negligible proportion of the literature. Few attempts
on cobalt substrat§s5,56], some on nicke[27,55,5759] and some on
stainless steel with iron as the main catalytic elenjedit70] form the
relevant literature.

Basically, CVD uses a controlled atmosphere containing a carbonaceous
species at a suitable temperature to decompose the carbon precuesor
catalytic surface and subsequently, by supersaturating the catalyst particle,
make the extra carbon to precipitate in a certain crystalline form, namely,
graphite[71]. In this regard, proper preparation of the catalyst layer on the
surface of the substrate to be covered by CNTs isaastiép. Accordingly,

the availability of substrate materials showing catalytic activity for CNT
synthesis translates into an effective facilitation of the synthesis by
elimination of a crucial step, namely, catalyst preparation, and therefore, to
economicjustification as well[72]. Considering potential applidans like
electrodes for supercapacitgrsi 76] and fuel cell77i 81], electrodes for
capacitive deionizatiofB2,83] and capacitive mixing for extracting energy
from salinity difference of water resourcg®li 86], field emission probes
[23,55,87 89], sensord90i 92], catalyst support for wastewater treatment
[66] and low friction applicationf93i 95], stainless steel can be considered
as a potential candidate for direct growth of CNT, due to its high content of
iron as he catalyst element. Direct growth of CNT on a catalytic substrate
may offer in principle important advantages, in particular a strong bonding
to the substrate and consequently lower contact resistance and improved
electron/thermal transport propertiegnhpromising improved efficiency in
many of the above mentioned applications.

Direct growth of CNTs on stainless steel has been recently studied by using
enhanced CVD methods such as direct current plasma enhanced CVD
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(DCPECVD) [93], radio frequency plasma enhanced CVD (RFPECVD)
[96,97], microwave plasma enhanced CVD (MWPEC\B%] and plasma
enhanced hot filament CVD (PEHFCV[®5]. These methods benefit from
the possibility of relatively low operating temperature and rely on surface
treatment by msma for the formation of nanoparticle like roughness
providing catalytic sites. Obviously, PECVD systems are more costly
compared to traditional CVD equipment.

Vander Wal et al. tried to grow CNTSs directly on 304 stainless steel meshes
with different suface pretreatments such as oxidation, oxidatemuction

and laser ablation oxidatid®7]. They investigated the effect of different
types and flow rates of precursor gases such as acetylgg (Benzene
mixture and CO/benzene mixture on the CNT formation and showed that
CO was less active than the othefbey also showed that the oxidation
pretreatment followed by adequate reduction is a critical point in the
synthesis of uniform CNTs. The effectiveness of oxidat&sfuction
pretreatment on CNT growth was also confirmed by otli66és68,69]
Chemical etching of the stainless steel substrate was another preparation
method used successfully for CNT growth by several researf8iré4].
Nevertheless, possible pretreatments are not limited to chemical etching and
alternatives such as micshotpeening[70] and ion bombardmeni65]

were also tested with good results in terms of CNT growth. Recently,
attempts have been made to directly grow CNTs on stainless steel without
any special pretreatment by CVD using acetylene as precurs@@@as

this respect, the industrial application of the CVD technique is confronted
with safety and health issues raised by the use of dangerous carbon sources
such as acetylene, xylene and benzene which are the precursors most
frequently used in the literature. Using species such as ethylene can
significantly decrease the associated risk, though not eliminating it
completely. However, the lower relative reaittivof ethylene compared to
gases such as acetylef®8,99] is a serious drawback to be overcome by
optimizing the growth pragss parameters.
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1.1.1 Objective

In this work we intend to directly grow CNTed CNFs on stainless steel
using ethylene as the carbon source via a simple CVD method without use
of any extra catalyst layer. Will be shown that pretreatment steps such as
ion banbardment, etching, oxidatieneduction, etc. are not necessary to
achieve simple growth of entangled CNT layers. Growth mechawiim

also bestudied and elucidated relying on detailed topographic and statistical
investigation of the surface naffeatures. As a complementary step,
different pretreatment methods reported in the literatureeapplied and
experimentally tested, characterizing the results of each pretreatment in
terms of both modification of the surface nanostructure, before the growth
step, and the influence of each treatment on the structure of the final
products, after growth.

The other side of our motivation behind this work, is directed towards the
suitability of the produced material for one of the major field of interest for
application of this material, namely electrochemical energy conversion and
storage. As briefly reviewed beformany of thepotentialapplicationsfor
CNTsare related tdhe electrochemical performance of the electrode made
of CNTs (in our particularstainlesssteel/CNT electrode that in any
instance, may imply exposuref the electrodeto an electrochemically
aggressive environments. Accordingly, the investigation on the corrosion
behavior of such materials is a necessary step to confirm their viability for
those applications. However, to the bestoof knowledge, an idepth
study on the corrosion response of stainless steel/CVD grown CNT has not
been performed yeThus, in his workwe alsoaim to explore the changes

in the substrate caused by the CNT gitowvhich then may affect its
corrosion behavior, as expected in view of the v@sthblished vulnerability

of stainless steel to corrosion upon high temperature exposure to carbon rich
environments [100i 103]. More precisely, this work is intended to
investigate the corrosion behavior of 316 stainless steel coated with
different types of filamentous carbon materials, namely, CNT and CNF,
directly grown on the substrate by CVD method. Since these types of
conductive carbon do not form a dense and compact layer, the occasion is
offered for studying the effects of CNT/CNF growth conditions on the
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corrosion behavior of stainless steel. Electarultal testing for corrosion
assessment was conducted under conditions simulating the working
environment of bipolar plates (BPs) in polymer electrolyte membrane fuel
cells (PEMFCs)81]. Actually, the highly corrosive environment in which
BPs should worknamely high acidity and relatively high temperature,
makes this instance stand out as an upper limit in terms of the severity of
the corrosion conditions within the aforementioned applications. Hence, any
possible weakness of the system which could nosiplysappear in milder
corrosion conditions was more likely to be revealed herein.

1.2 Experimental

1.2.1 Materials and preparation

Stainless steel (type 316) sheets cut into the size 15x15x1 mm were used as
catalytic substrate. Different pretreatment procedurere wsed, including:
grinding and polishing, etching with hydrochloric acid solution, and
oxidatiori reduction process.

The preparation of mirror polished samples was performed by sequential
grinding with SiC abrasive paper, 600 , 800, 1200 and 2000fgjtdyved
by a final polishing with alumina pov

For those samples planned to be used in the etched state, dipping into
concentrated hydrochloric acid (Sigmdal dr i ¢ h, puri ss. p .
different durations of 5 and 10 min was carried outthieve different

etching levels and test their effects on subsequent CNT growth.

Careful cleaning including 10 min sonication in acetone and 10 min
sonication in distilled water followed by nitrogen drying was applied to all
of the samples (a®ceived, nrror polished and etched) to remove organic
and inorganic contaminants. Then, samples were transferred to the CVD
reactor.
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1.2.2 CNT/CNF Synthesis

The reactor was a horizontal quartz tube (ISO 47930, diameter 20 mm,
length 880 mm) heated in a temperaturentoaled electrical furnace
(Carbolite, mod. Endotherm VST 24). The tube was coupled to a gas
flow control system (flow meter, Brooks Instrument BV, Model 5878). 316
SS substrates were fixed on an alumina stage and then placed into the quartz
tube at docation calibrated for temperature control.

As the shielding and carrier gas, nitrogen was used in all tests. Except for
the case of oxidatiereduction pretreatment, in all other tests the tube
containing the samples was first purged with the carrier gas (continuous
flow of 100 sccm) and hydroget® (sccm) at room temperature and then
heated up to 760C. The heating rate was 16/min and the temperature
was checked with a thermocouple (Delta Ohm HD2108.1). The temperature
profile in the flow direction along the furnace axis was evaluated by point
by point measurement, showing a trapezoidal shape. Accordingly, the
central zone of the furnace, of about 20 cm length, was isothermal and then
selected as the convenient place for sample location. After reaching the
desired temperature, a 10 min hold timas allowed to achieve a stabilized
temperature. During the whole heating up and holding time, the nitrogen
and hydrogen gases flowed constantly (for brevity, this step will be referred
to in the following as fredungitheg at m
temperature, ethylene £8,) was fed into the tube with a flow rate of 20
sccm. Following the admission of ethylene, the process time was set to
either 10 or 20 min to assess the effect of growth time.

The samples subjected to the oxidatfeducton pretreatment were placed

in the appropriate location in the tube, as noted above, and heated up to the
desired temperature in air at atmospheric pressure. The tube was then
connected to the nitrogen line (100 sccm) and all connections sealed. Tube
reacbr was purged with nitrogen for 10 min to fully remove the air and then
hydrogen was introduced (50 sccm) for 20 min to reduce the oxidized
samples. After this step, ethylene was allowed to flow in the reactog alo
with the other gases similtr all othe samples.
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By the end of the growth period, the ethylene flow was interrupted while
hydrogen and nitrogen were left to flow continuously to prevent oxidation
during cooling down.

Table1-1 summarizes all of the preparation and synthesis conditions for the

different samples referred to hereafter. For reference, A stands-for as
received samples without etching, AE for-raseived and moderately
etched (5 min) samplesES for asreceived and strongly etched (10 min)
samples, P for polished samples without etching, PE for polished and
moderately etched (5 min) samples, PES for polished and strongly etched
(210 min) samples and OR for oxidizeglduced samples.

Table :1List of the samples with different preparation steps used in this work. During
the growth step of either CNT or CNF, the flow rate of N H, and GH, was maintained at
100, 5 and 20 sccm, respectively. Duogi the reduction step after oxidation in air for CNF
synthesis, the flow rate of N and H, were 100 and 50 sccm

#1 1 AEOEI Surface E‘Ch”?g Oxidation - Growth
T finish tme in HCl | ooduction | time (min)
3AI b1 AO 32% (min)
Al As-received | NA No 10
A2 As-received | NA No 20
AE1 As-received | 5 No 10
AE2 As-received | 5 No 20
AES2 As-received | 10 No 20
P1 Mirror NA No 10
polished
Mirror
P2 polished NA No 20
PE1 Mirror 5 No 10
polished
Mirror
PE2 polished 5 No 20
PES2 Mirror 10 No 20
polished
OR As-received | NA Yes 10

The mass gain of the samples (hereafter referred to as deposited carbon)
was calculated from the mass difference before and after the CVD treatment
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by using a Sartorius M2P electronic microbalance with an accuracy of 0.001
mg.

Finally, to study the effect of the CVD process temperature on the
electrochemical behavior of the sample in the absence of any carbonaceous
gas, a series of 316 SS samples were treated in the tubular furnace under the
same thermal and atmospheric condisianentioned for CNT growth, but
without ethylene admission.

1.2.3 Microstructural characterization

Deposited carbon layers were characterized for phase analysis by grazing
incidence Xray diffraction (XRD) technique using an 1830 PW Philips X

ray generator egpped with a PW 3020 Philips goniometer and a PW 3710
Philips control unit. The radiation
0.50 s and step size (2d) of 0.02A
geometry arrangement at 0.5° glancing angle and withimgteetector.

Surface topographic characterization was performed using aMDT
Solver Pro Atomic Force Microscope (AFM) instrument operated in contact
mode with dedicated software. Evaluation of the surface-featares was
performed based on the DFL (deflection tethsignal) images of the AFM.
DFL signals which are the difference signal between top and bottom halves
of the AFM photodiode can be used to perform a more precise topography
imaging. Contact silicon cantilevers (CSG 10) with tip radius of 10 nm
curvaturewere used to probe the surface. Further elaboration and analysis
on AFM data was made by WSXM (v5.3) softw§té4].

Microstructural characterizations of -eeceived, agrown and corroded
samples were carried out using scanning electron microscope (SEM, using
either a Zeiss EVO 50 EP equipped with energy dispersitayXEDX) or

a Stereoscan 360 Cambridge SEM instrutnésanostructures of CNTs and
CNFs were further characterized with a transmission electron microscope
(Philips CM200 FEG TEM). CNT and CNF specimens for TEM analysis
were obtained by scratching-geown samples while being immersed in a
small volume of dtanol and sonicating the suspension for 60 min.
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1.2.4 Electrochemical characterization and corrosion
measurements

The corrosion behavior of coated and uncoated samples was studied by
performing potentiodynamic and potentiostatic tests, using a standard three
electrode cell setip, in 1 M HBSO, + 2 ppm HF solution, at 80°C. As the
working electrode, different samples were used, namely, the bare as
received 316 SS, nitrogen heat treated 316 SS\$Sand CNTs or CNFs
coated 316 SS. A platinum coated titanium sheas used as the counter
electrode and a saturated calomel electrode (SCE) as the reference
electrode. Electrochemical tests were conducted using a Modulab system
(Solartron Analytical).

Potentiodynamic experiments were performed in the potential raoge f

0.5 to 1 V vs. SCE at a scan rate of 1 nVia deaerated electrolyte
saturated with nitrogen. Potentiostatic tests were carried out at potentials of
10.1V and 0.6 V vs. SCE in anpldr O, saturated electrolytes, respectively,

in the attempt to simlate the polarization conditions of the cathode and
anode in a real fuel cell systd05i 107]. Before each experiment, samples
were left immersed in the electrolyte for 60 minattow equilibration with

the corrosive environment. Open Circuit potential (OCP) measurements in
all cases showed a steady trend.

1.3 Results and discussion

1.3.1 Synthesis of CNTs/CNFs

1.3.1.1 Effect of surface morphology

Fig. 1.1 (a) and ) show the SEM micrographs of bare 316 SS in the as

received (a) and mirror polished (b) states. According to the micragiaph
Fig. 1.1, protruding grains could be distinguished at the surface -of as

received samples, while after polishing the surface appears obviously
smooth and featureless.
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Fig.11SEM surface micrographs of (a) sample Al and (b) sample P1 before CNT growth.

For confidence, a polished sample was subjected to metallographic etching
wi t h Ber ahaNjsO: 100 ml, HCGE 2@ &in KS,0Os 615 g,

NH HF,: 2.4 g) [108] and observed under the optical microscope. The
etched sample reveal#ite same granular morphology as in theexeived
sample.

For a more thorough investigation on the effects of surface features on CNT
growth, low and high resolution AFM scans were performed and the results

are shown irFig. 1.2. In order to clarify the role of the heat pretreatment

under controlled atmosphere on the evolution of the morphology of the
catalytic substrate, AFM characterization was accompanied byledetai
statistical analysis of narfeatures lateral sizes which will be discussed
herein. According to AFM results, prior to reducing atmosphere heating, a
very fine nanoscale roughness characterizes the surface of group A samples

(Fig. 1.2 (b)) while these features are eliminated to a great extent in the case

of group P samples-{g. 1.2 (d)). Fig. 1.3 shows the normal (Gaussian)

distribution of nandeatures lateral size for asceived and polished
samples before and after the reducing aphese heating. Apparently, the
asreceived sample had a very narrow distribution of Haille diameter,

with the frequency peak the range of nm, while the polished sample had
almost thoroughly lost its surface features and no meaningful statistical
analysis could be performed. The AFM analysis also confirms the strong
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effect of polishing on the original sampldsid. 1.2 (c and ¢). Obviously,

concerning the effct of the substrate surface morphology on the CNT
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AFM images of the samples of groups A andbfore and after the reducing atmosphere
heating; (a, b) group A samples before reducing atmosphere heating, (c, d) group P

samples before reducing atmosphere heating, (e, f) group A samples after reducing
atmosphere heating, (g, h) group P samples afteraducing atmosphere heating.

EECE j

growth, mainly the nanoscale features are of interest rather than micro or
macro scale features. In this regard, the granular microstructure with large

grainsizesof 20 e m and grain boundar-y
received samplesHig. 1.2 (a)), will not be considered further in this study.
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Fig.13 Nano+ills diameter distribution for as-received and polished samples before (A
and P) and after (A Red and P Red) reducing atmosphere heating.
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Fig. 1.4 shows SEM micrographs of Al (a, b) and P1 (c, d, €) samples. Both

at low and high magnificatian(Fig. 1.4 (a and B), sample Al shows a

uniform and homogeneous coverage of CNTs. On the contrary, in the case
of sample P1, some bare areas can be distinguished (for instance, within the

area encircled by the ellipse drawnHkig. 1.4 (¢)). Comparing CNTs of

samples Al and PFig. 1.4 (b) and(d), respectively), smaller diameter and

greater homogeneity along the tubes length could be recognized for sample
Al. Furthermore, sample Al shows an almost exclusive formation of CNT,
while in sample P1 the presence of carbon nanofiber (CNF) is not
negligibe.

Since most of the nanoscale roughness of the surface was removed by
polishing, formation of proper sites for filamentous carbon growth relies
mainly on the surface evolution during the preliminary steps of synthesis.
Attention should be paid to the mpiological evolution caused by the heat
treatment in flowing hydrogen in order to clarify the differences in CNT
growth on polished and unpolished samples. As AFM images suggest, while

the microstructures of samples of group A andFR).(1.2 (e) and (g),

respectively) did not show remarkable changes, the nanostructures of these
samples Kig. 1.2 (f) and f), respectively) experienced significant

modifications. Fine and uniform granular features with an average lateral
diameter of 55 nm formed on group A and a sgmanular less uniform
nanostructure formed on group P samplesraiduction under hydrogen.
Nanchills of group P possess an average diameter of 75 nm which is larger

compared to group AHg. 1.3).

The surface restructuring vealed by AFM and leading to nanostructure
formation is apparently a complex phenomenon resulting from the interplay
and compromise between different competing and concurrent factors. The
environmental conditions, i.e. high temperature and reducing atex@sph
will probably activate surface reconstruction proce$sasa result of oxide
reduction and associated with hydrogen adsorptieading to atomic and
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Fig.14 SEM micrographs of thesamples (a) A1, (b) higher magnification of A1, (c) P1, (d)
and (e) higher magnifications of P1.

nanoscale chemical and structural rearrangement at the surface. Surface
energy driven processes will nonetheless overlap with thermally activated
processes, shh as phase separation and transformaiion particular,
carbide precipitation and recrystallization, which in turn are particularly
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sensitive to the thermmechanical history of the substrate material. The
rather elusive and definitely complex natuffetttese phenomena require a
devoted and focused investigation, which was outside the scope of the
present work.

Since these nanfeatures would serve as the catalytic sites for the CNT
growth [60,61,65 68,96] there would be a direct relation between the
diameter of the tubes and those of the catalyst particles. Largethiiisno
would favorthe growth of thicker CNTs or, rather, CNFs. Further, if in
some regions these nahdls are not formed or there are relatively large
flat zones, the growth of filamentous carbon is disfavored in those areas.
Non-catalytic sites will instead be covereddayorphous carbon or graphite
[67,89]

Fig. 1.5 shows the SEM images of A2 (a, b) and P2 (c, d) samples

experiencing 20 min exposure to carbon source. It can be seen that by
increasing the growth time, theniformity of the coverage was maintained

for unpolished samples and improved for the polished ones. Furthermore,
the diameter of carbon filaments increased compared to 10 min growth time
CNTs, which complieswith both an increase in the number of walfs o
CNTs and an increase in the proportion of CNFs in the total product.

Fig. 1.6 shows the XRD patterns of stainless steel before and after growth

of different filamentous carbon products. Bare stainless steel shows
characteristic peaks of a%uws0Randt e
74.40 corresponding to (111), (200) and (220) planes of FCC austenite,
respectively. Weak peaks corresponding to a thin oxide layer on the pristine
steel can also be recognized. After growth of CNT/CNF, characteristic
peaks of hexagonal graphite were observed @2 d angl e sSSandq u a |
4457 corresponding to (002) and (101) crystallographic planes,
respectively, along with weaker peaks such as (004) plane at’5@.02)

plane at 50.79and (100) plane at 42.2ivhich are all present but not
marked to awid confusion. According to the peak at 26,0@e interplanar
spacing of (002) planes in the CNT (s341 nm.Although some recent
theories such as-+@dering of chaotic carbon even discussghbssibility of

p h
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Fig.15 SEM micrographs of the samples (a) A2, (b) higher magnification of A2, (c) P2, (d)
higher magnifications of P2.
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Fig.16 XRD patterns of bare stainless steel, CNT on stainless sté&l) and CNF on
stainless steel (OR).
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formation of carbon nanocrystals with preferred orientation within the
amorphouscarbon matrix seeding the growth of crystalline carbon species
such as CNTH109], evidences such as presence of metals and metal
carbides peaks in XRD patterns, suggest more likely growth mechanisms as
follows. Notably, XRD pattern of the OR sample showed the presence of
cementite and possibly a small fraction of chromium carbide, though
overlapping of carbides peaks (and of graphite) does not allowed
unequivocal conclusions. The presence of very weak reflectiansdld

be attributed either to iron or chromium carbides was also recognized in the
Al sample. Metallic carbides are formed during the exposure of stainless
steel to ethylene at high temperature. Similar combination of iron and
chromium carbides with fimentous carbon and £eQ, has been reported

in the literature concerning the metal dusting corrosion of stainless steel
[110i 112]. Moreover, iron carbide, cementite, was reported to be the
effective nature of the catalyst in CNT growth by different authors
[98,113,114] Applicability of either of these viewpoints to our case should
be discussed on the basis of the TEM images.

Fig. 1.7 shows the TEM micrographs of carb nanostructures in group A

samples. It confirms that MWCNTs with up to 30 walls are formed with
inner diameter less than 10 nm and outer diameter up to 50 nm. However,
the products are not limited to CNTs and some CNFs are formedridso (

1.7 (a)). Generally, without using a precisely engineered catalyst, avoiding
the formation of CNFs seems to be difficult. Interplanar spacing of 0.33 nm
can be observed between the tube walig.(1.7 (d)) in good agreement
with the value calculated from the XRD peak of (002) planes of hexagonal
graphite. Two different types of catalyst particles could beeplked in the
micrographs. The first ond-ig. 1.7 (b)) is a thin conical shaped nanorod
with an average diameter less than 10 nm similar to the inner diameter of
CNTs. The second typeFig. 1.7 (c)) includes relatively large particles

encapsulated at the tips of CNTs with an average diameter of 50 nm similar
to or slightly largethan the outer diameter of CNTSs.
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Instances of the first typé-ig. 1.7 (b)) are believed by several groups to be

the proof ofbase growthmode[60,115] In our case, catalyst naihndls

which are naturally parts of the substrate surface seem to have injected these
shoot shaped materials either by partial breplor by undergoing a quasi

liquid transformation resulting in catalyst transfer into the tci@nnel. In

either case, the catalyst particle inside the tube seems to be in diquidsi
[60,114] or fluctuating crystallind113] state after standing out from the
surface, making it easily deformable under the stretching forces of the tube
walls.

Fig.17 TEM micrographs of carbomanostructures in group A.
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Regarding the second typeFig. 1.7 (c)), the presence of catalyst

nanoparticles at the tips of CNTs is mainly interpreted as an evidétipe o

growth mode in the literatur@41,116,117] Based on proposed explanation

in an early work by Baker et dlr1] as well as in some later works, growth

mode depends mainly on the interaction of the catalyst and the support and

low adhesion would favor catalyst particle detachment from the substrate

and sticking to the CNT tip giving rise to the tip growth mode. Haein

our case the catalysubstrate interaction is supposed to be strong since the
catalyst is actually the same as and integrated with the substrate. Therefore,

the question can be as follows. How could relatively large particles be
detached from theubstrate to pursue the tip growth mode? There are very
early discussions on the phenomenol oc¢
il ocalized or gener al overall sur f ac
reducing gas environments with or without oxygém the temperature

range of 4508 00 ACO with a variety of damag
mixed with metal, metal carbides and metal oxides, generally called as dust
[118]. Although this type of damage is categorized as a gaseous corrosion

with localized damage (e.g., deep pits), its sidelong symptoms such as
graphite coverage on the surfafEl9], breakup of the bulk metallic

structure into powder or du$i20,121] formation of metallic carbides

[112] and growth of filamentous carbdh22] are all present in this work
suggesting that the very elementary stages of dusting are involved in the
formation of nanoscale catalyst particles brokenfrom he substrate.
According to Szakélogl10], a sequence of dusting mechanisms can lead to
CNT/CNF formation. Namely, in the case of austenitic steels which cannot

form cementiteprimarily graphite nucleates and deposits on the austenite
surface. Then, by carbon interstitiafffdsion into the subayer, graphite

tends to grow within the near surface material. Consequently, graphite
saturation will cause deformation and bregk of the metal surface. This

graphite deposition and particle breap was descr i b-ed as
me hani smo of dust i ng-:upudes ecanplayg the | vy ,
role of catalyst particles for-the f
mechani smo according to Szak§8Il os n o

required catalyst particles for the tipowth mode observed iRig. 1.7 (c),



AOOOASG AI O wl AAOOT AEAT T

(@]}

MK #AO0ATT . ATT06060

could have been formed by successive recurrence of type Il and type IV
dusting mechanisms. Further evidence for this hypotleesikl be found in

SEM micrographs. In the bare areas of samples likd-B11.4 (€)) sparse

presence of particles with a size range ofl80 nm is observed (poed by
arrows) implying surface breakp and particle removal. Some of these
particles also show CNTs attached to them demonstrating their role in the
catalysis of CNT growth. Furthermore, in samples with longer growth time

(like Fig. 1.5 (b and d) a blur view of an outspread granular layer can be

distinguished beneath the thin CNT layer. This feature can be attributed to
the graphite covering primarily brokemp particles removed from the
surface as well as amorphous carbon. Longer exposomes to the
carbonaceous atmosphere could have extended the surfaceupreak
particle removal period. Reminding the catalytic effect of these particles,
the same feature can be the reason why increasing the growth time,
decreases the uncovered area.

1.3.1.2 Effect of surface etching

In order to investigate the effect of etching on the CNT growth, topographic
and compositional characterizations were performed on the etched samples.
Fig. 1.8 shows the AFM images of the etched samples. In terms of

morphology, the effect of etching can be realized as the formation of
granular nandeatures on the surface that tend to enlarge by increasing the
etching time. Two by two compaons of high resolution AFM images of

AE-AES samplesKig. 1.8 (b and d, respectively) or PIPES sampledHg.
1.8 (f and h, respectively) demonstrate the formation and size change of

these nandeatures.

Fig. 1.9 shows the distributioof nanafeatures lateral size for A, AE, AES,

P, PE, and PES samples. Formation of Haifis with an average diameter
of 28 nm is observed for both-esceived and polished samples after 5 min
etching (samples AE and PE, respectively). However, by inogabe
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etching time up to 10 min, na#ulls average diameters increased up to 35
and 57 nm for AES and PES samples, respectively.
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Fig.18 AFM images of aseceived and polished samplesfter different etching

durations. AE (a, b) and PE (e, f) samples are etched in HCI for 5 min and AES (c, d) and
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Fig.19 Nanohills diameter distribution for A, AE, AES, P, PE, and PES samples.

To investigate any chemical effect of etching on the surface composition
and elemental distributiosDX elemental mapping was performed on a 10
min etched sample. Apparently, no obvious change in the elements
distribution occurred upon etching. In particular, iron remained
homogeneously distributed on the surface without any localized
concentration or d#etion zones. Samples were then processed for
CNT/CNF growth and subjected to SEM analysis for the assesment of the
type of filamentous carbon.
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Fig.110SEM micrographs of samples AE1 (a, B2 (c, d) and AES2 (e, ) in different
magpnifications.

Fig. 1.10 shows the SEM images &E1 (a, b), AE2 (c, d) and AES2 (e, f)

samples. As it can be seerFig. 1.10 () (the area encircled by the ellipse),

some areas are not covered by CNTs and 5 min of etching has resulted in a
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uniformity loss in the coverage comparedhe Al sampleKig. 1.4 (a and

b)). According to the SEM images of samples AE2 (10c, d), it is seen that
although by increasing the growth time a decrease in tle &oea of
uncovered regions occurred (compéig. 1.10 (c, d (AE2) andFig. 1.10

(a) (AE1)), they are still present. In contrast, higher etching time is likely to
be a more effective way to decrease the uncovered aré&&g. 4s10 (e ard

f) suggest.
Fig. 1.11 shows growth results on PE1(a, b), PE2 (c, d) and PES2 (e, f)

samples. Asig. 1.11 (a and b suggest, the growth on PEs.poor and the
coverage in this sample is even worse than AE1. Growth is quite sparse and
filaments are short. It is worth mentioning that accordingitp 1.9, both

these samples (AE1 and PE1) had an averagemfitateral size of 28 nm
which should expectedly give rise to CNT growth.

The effect of increasedatting time in polished samples is analogous to that
of the asreceived samples as can be seeRign1.11 While bare areas can

still be seen for samples subjected 3 min etching even after 20 min
exposure to carbonaceous g&&(1.11 (c and d), in the case of strong

etching of polished samples (PES2) an almost full coeeraigcarbon
filaments is achieved{g. 1.11 (e and ).

In order to obtain a deeper understanding of the reasons behind such
behavior, AFM measurements were performed on 5 and 10 min etched
samples of group A after the reducing atmosphere heating step to explore
any probable alteration of the surface topogragaysed by subsequent heat

treatment. Results are shownhig. 1.12. It is seen that after the heating

cycle surface nanostructure changed considerably and two different types of
features with different sizes are observed. Some large grains with an
average lteral size above 200 nm which contain smaller granular features

with an average lateral size below 80 nm within them can be distinguished
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in both AE and AES samplefif). 1.12 (b and ¢, respectively)Therefore,

a bimodal size distribution can be recognized for samples treated by etching
and subsequent controlled atmosphere heating.
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Fig.111SEM micrographs of the samples PEL1 (a, b), PE2 (c, d) and PES?2 (e, f) in different
magpnifications.
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AFM images of thesamples of groups AE and AES after the reducing atmosphere

heating; (a, b) group AE samples after reducing atmosphere heating, (c, d) group AES
samples after reducing atmosphere heating.
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It is interesting tonote that all these changes occur at the nanoscale and
could not be observed just relying on the microstructural features as

revealed by low resolution A% (Fig. 1.12 (a and c).

Fig. 1.13 shows the statistical analysis of lateral size distribution of nano

features for A, AE, AES samples after both etching and heating up. A
bimodal distribution is confirmed for etched sampléthva sharp peak at

72 and 62 nm (for AE and AES samples, respectively) and a wide peak at
220 and 200 nm (for AE and AES samples, respectively). These
observations give some evidences for a restructuring hypothesis. It seems
that the surface of catalytisubstrateundergoes different extents of
rearrangement depending on the type and intensity of the primarily applied
treatment. This restructuring appears by the formation of-hdisowhich

tend to grow to a certain extent determined by the origin of the
restructuring, e.g., chemical etching, reducing atmosphere or other factors.
After a certain degree of growth, restructuring will recur and result in
breaking of large grains and formation of finer grains at the expense of
gradual vanishing of the overgrowones. This should be considered as a
dynamic and cumulative phenomenon in which the effect of different
restructuring promoting factors, such as etching and reducing atmosphere
treatment, can be superimposed to or pursued by the other. From this
viewpoirt, bimodal size distribution of etched samples after heating can be
reread. Primarily formed nartlls by etching will continue to grow under
hydrogen atmosphere heating and after passing 200 nm border, tend to
break into refined grains due to restruatgriIn this regard, 10 min etched
samples that have formed larger ndniés compared to 5 min etching,
would arrive to the stage of restructuring sooner under heating and
symptoms of previous large grains would vanish faster relative to 5 min
etched sampk. This effect can be seen by lower average size of the larger
grains in AES (second peak: 200 nm) compared to AE (second peak: 220
nm) after heating. Moreover, visual evidences of high resolution AFM also
confirms the higher number of fine grains fornadter restructuring in AES

(Fig. 1.12 (d)) compared to AE Kig. 1.12 (b)) and testify a longer

restructuring period. It seems that the presence of features with a size over
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200 nm is responsible for the naked areaSign1.10 andFig. 1.11 and, by
appearance of the restructured fine grains, those uncovered areas would
minimize.

1.3.1.3 Effect of growth time

Basedon the result presented abowbe effect ofgrowth time can be

evaluated by two comparison of SEM images of similar samples differing
only in exposure time to ethylene (e.g., Al vs. A&y(1.4 (b) andFig. 1.5

(b), respectively), AE1 vs. AE2F{g. 110 (b) and Fig. 1.10 (d),
respectively), P1 vs. PFig. 1.4 (d) andFig. 1.5 (d), respectively), and PE1
vs. PE2 Fig. 1.11 (b) and Fig. 1.11 (d), respectively)). Accordingly, two

main results would apply to all of these pairs caused by longer growth time
and are summarized as follows:

1- Increasing the diameter of CNTs which can be traedlaither into the
increase in the number of the walls or the formation of CNF rather than
CNT.

2- Decreasing the percentage of bare areas on the surfaces not covered by
CNTs in shorter growth durations due to the increased surface uypeatk
longer expsure times.

1.3.1.4 Effect of surface oxidatioreduction

As another preparation method, oxidati@duction pretreatment was
performed on 316 SS followed by CNT growth cydféy. 1.14 shows the
AFM images of an unpolished sample which was subjected to oxidation and

reduction pretreatments. Effect of oxidation can be seen as the formation of
relatively large granular structure while, reduction step restructures the

grains tosmaller sizeFig. 1.15 shows the statistical analysis of lateral size
distribution of nanefeatures for oxidizededuced samples. It is seen that

oxidation provides an average namt lateral size of 137 nm and
subsequent reduction step reduces this average size to 111 nm.
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Fig.114, i x j XP@XP i OAATh 1 AEOG Ai10iTq ATA
AFM images of the samples of groups OR; (a, b) after oxidation treatment step and (c, d)
after reduction step followed by the primary oxidation.
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Fig.115Nanc+hills diameter distribution for OR samples.
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Nevertheless, even the size obtained after the restructuring effect of
hydrogen reductiors higher than that reéped for CNT growth

Fig. 1.16 shows the SEM images of OR group samples after synthesis step.

Carbon filaments grown by this pretreatment should be characterized by
two main features:-la full coverage with a thick layer of carbon filaments
all over the surface, -2formation of micrometer scale straw stack like

carbon filaments Kig. 1.16 (a). Fig. 1.16 (b) shows the higher

magnification of the plain area between the stacks and it can be clearly
observed that carbon fibers formed thereanalra wide range of diameter

sizes from 100 nm up OFip1ll6@.showshe t hi

more clearly, are not smaller than-800 nm in diameter. On traher side,
higher magnification image of the stacksg. 1.16 (c)) shows that they are

intertwined bundles of CNFs. However
of them since a considerable fraction is in the range of30@nm. Higher

magnification image of this parFig. 1.16 (d)) shows that in some cases a

tree like morpblogy of carbon fibers can be distinguished with a stem in
the diameter range of micrometers and branches in the order of hundreds of
nanometers. More interestingly, at the end of the branches, formation of tiny
CNT leaves can be realized. Similar morplgidal characteristics has been
reported by Szakalogl10] to be a result of successive break of metal
particles. Primarily detached large particle can catalyze synthesis of large
fibers and subsequent breaks of the samewaeld result in formation of
thinner fibers and tubes. Almost in all areas of samples of group OR, the
presence of catalyst particles on the tips of fibers and tubes is evident
complying with the particle breakp activation mechanism.

Referring to AFM images Fig. 1.14) revealing nandeatures larger than

100 nm, formation of CNFs instead of CNTs seems reasonable.
Nevertheless, pronounced presence of catalyst |gartam the CNF tips
elucidates another aspect of this pretreatmeatnely its potential to
facilitate robust surface brealp and particle removal in subsequent steps
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of synthesis and growth. Deeper understanding of this phenomenon requires
further invesigations.
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Fig.116SEM micrographs of sample OR in different magnifications.
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1.3.2 orrosionevaluation

1.3.2.1 Microstructural characterization before corrosion

Fig. 1.17 (a and b presers the SEM micrographs of CNT and CNF

samples, respectivelgirectly grown on the stainless steel subsiréie a

closer comparison purpose, regarding their subsequentsworrbehavior

the will be discussed lateit. is seen that CNTs are thin and their diameter

size does not vary in a wide range. However, the presence of a small
fraction of CNFs can be seen as individual filaments of larger diameter.
Small catalyst partiels can also be observed on the tips of CNTs as tiny
bright spotsAccording to TEM studiesijt is confirmed that the number of

walls of CNTsis about 25 to 30, with inner diameter of 10+2 nm and outer
diameter of 40£10 nm. CNFs, in contrast, show a rasfggiameter size,

from 60 to hundreds of nanometers, and are characterized by the presence
of a large number of catalyst particles at the tip of the filaments. The
deposited carbon mass was measured to be 0.5 MfganCNTs and 24

mg cm? for CNFs. TheCNF carpet was quite thick (30 e m) whi | e
CNT one was much thinner-@ & m) . Al t hough individ
long as several micrometers, their entangled arrangement did not result in
the formation of a thick layer.
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Fig.117SEM micrographs of agrrown samples showing (a) CNTs and (b) CNFs.

Fig. 1.18 shows the XRD patterns @NT/CNF samples similar to what

presented irFig. 1.6. However, some further patterns are included here
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referring to stripped samples for the purpose of checking the structural
changes taking place on the substrate material regardless of the CNT/CNF
layer. It is seen thahiaddition tographitic carbon peaksharacteristic of
both CNTs and CNFEst can be inferred from the XRD patterns that the
high temperature synthesis in theepence of ethylene resulted also in the
formation of chromium and iron carbidéghe latter more obvious for the
case of CNF growth. In this respect, it may be inferred that the surface
modifications caused by the oxidatioeduction pretreatment used BGNF
synthesis resulted in an enhanced formation of iron carbide. Actually, at
variance with CNT samples, XRD pattern of CNF samples showed
relatively strong reflections of chromium and iron oxides.
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Fig.118XRD patterns of ageceived and aggrown samples.

In the event that RE and possibly other carbides particles were trapped in
the CNT/CNF layers, as it may be in view of their potential involvement in
the mechanism of carbon nanotube and fiber gr¢98t113,114,128127],

an attempt was made to separate the possible contribution of carbide
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particles within the layer, e.g. at the tip of carbon filaments, from those due
to substrate carburization. For this purpose, the carbon layer was removed
by gently shaving the surfacwith a plastic blade, followed by mild
cleaning of the stainless steel surface with a tissue. This procedure was used
for both CNT and CNF samples in order to perform the XRD analysis on
the stripped substrate after exposure to the CVD processing eneinbn

The absence of graphite peakig.1l8n t he

confirms that the carbon layer was effectively removed from the substrate,
though as revealed by SEM surface micrographs of the sampl&sgin

1.19, a small amount of filaments remained in the grooves, but apparently
could not be detected by XRD

_..»')“-,‘6 2

Fig.119SEM micrographs of 316 SS substrates stripped from (a, b) CNT and (c, d) CNF.

A further remark is that while chromium carbide was still detected after
stripping of the CNT | ay&ig.118sime pat't
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and chromium carbides reflections disappeared from the XRD pattern of the
CNF sample. Hence, notwithstanding the possibility of the presence of
traces of carbide in the CNT Strippedrgae i undetectable by XRD due to

the low amount or the masking effect of a surface dxidtecan be safely
concluded that the B€ formed during the synthesis of CNF was to a large
extent incorporated within the carbon layer in the form of particles ®n th
tip of filaments, which is in good agreement with the SEM observations

(Fig. 1.17 (b)).

1.3.2.2 Electrochemical characterization
1.3.2.2.1  Potentiodynamic tests

Fig. 1.20 shows potentiodynamic curves for the different samples in

deaerated 1 M $$0, + 2ppm HF electrolyte at 8C. The potentiodynamic
curves show obvious and marked differences.aAweliminary remark, it

can be noticed that there were only relatively small changes in the free
corrosion potential for coated samples, compared to the bare substrate (E =
710.328 V vs. SCE for bare 316 SS, E&325 V vs. SCE for S8IH, E =i

0.314 V vs SCE for CNT on 316 SS sample and E0=280 V vs. SCE for

CNF on 316 SS sample). The observed corrosion potential is apparently the
potential resulting from the coupling of the hydrogen reduction and iron
oxidation reaction, irrespective of the presentdhe filamentous carbon
coatings and the surface modifications of the substrate during the growth
process. This observation can be understood in the light of the porous nature
of the layers. The slight higher value measured for the CNF sample is
probablyrelated to the oxidation of the surface, as revealed by XRD.

The Tafel extrapolation methdd28] was used to calculate the corrosion
current density (c.d.). The c.d. derived from this method is higher for both
the CNT and CNF coated samples compared to that of the bare steel,
namely: about 15 10“, and 20 10* A cm'?, compared to 5 10*A cm'?,
respetively. Moreover, over almost all the anodic region above the free
corrosion potential, coated samples show a much higher anodic c.d. which
is indicative of high susceptibility to corrosion. In this regard, at both
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Fig. 120 Potentiodynamic curves of 316 SS, 316 SS+CNT, 316 SS+CNFNH&&Sples in
1 M HSQ + 2 ppm HF solution at 8TC.

potentials ofi0.1 V and 0.6 V vs. SCE, corresponding to the anodic and
cathodic polarization of BPs, respectively, sbematerials will be liable to
rapid attack.

Interestingly, the anodic c.d. of 984 in the passive region lies between
that of the pristine 316 SS and those of CNT/CNF coated samples. This
increase of the dissolution rate in the passive potential region obviously
points to the susceptibility of S8 sensitizatiorj129] upon exposure to the

high temperature of CNT growth, independently of the presence of a
carburizing environment. However, the increase of the c.d., though
remarkable compared to bare 316 SStilsfar below the high anodic c.d.

of CNT/CNF coated samples, suggesting that the carburizing atmosphere
strongly aggravates the effects of heat treatment in CNT/CNF coated
samples.

1.3.2.2.2 Potentiostatic tests

The electrochemical behavior was further characterized by performing
potentiostatic experiments, séey. 1.21, under conditions similar to those

used to simulate ad@& and cathodic environments in polymer electrolyte
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fuel cells, i.e., in 1 M SO, + 2 ppm HF electrolyte, saturated with bf

O, and ati0.1 V or 0.6 V vs. SCE, respectively, at 80°C. For the sake of
brevity, these will be referred to in the following anodic and cathodic
conditions or environment.

a —SS
SS+CNT
015 o SS+CNT Stripped
[N - = SS+CNF
N - = = SS+CNF Stripped
0.01 5
C Level 3
1E-3 4 C Level 2
-
§ 1E4]
<
T 1E-54
C Level 1
1E-6 4
1E-7 4
T T T T T T T T T T T d
o S S =} S S =} S S =} =} S
S =} S S ~) S S ~) =} S S
N A R R R
t(s)
b —SS
0014 | SS+CNT
N - = = SS+CNF|
e, .
™S e (5 Level 3
1E-3 4
C Level 2
& 1E4 4
IS
o
<
— 1E-54
1E-6 4 C Levell
T T T T T T T T T T T d
S S R~ T ~ S S S S SR S S S
S & & & & & & & & & 8
S F F FE &L S $° ,:7?

t(s)
Fig.121Potentiostatic curves of 316 SS, 316 SS+CNT and 316 SS+CNF samples,8C01:+M H

2 ppm HF solution at 80C, (a) saturated with H, atz0.1 V vsSCE, and (b) saturated with
O, at 0.6 V vs. SCE.
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The results of the potentiostatic test under anodic conditions are presented
in Fig. 1.21 (&), also for a stripped sample along with bare stainless steel,

and CNT or CNF coated 316 SS samples. The anodic c.d. of the bare 316
SS decays rapidly at the beginning reaching a valukenange of 16 A

cm ? after 1000 s. A steady state is then established, followed by a slow

gradual decrease of the c.d. through an oscillating behavior and a faster
reduction after about 10000 s, when the c.d. decreases down to a5\t 10

cm? (level 1in Fig. 1.21). CNT or CNF coated samples, as well as the

corresponding sealled stripped samples, show c.d. almost three orders of
magnitude higher, in the rangé D0'3 A cm'?, with minor but significant
differences. Namely, two different levels of dissolution c.d. can be

observed: for the CNT coated and stripped samples (levelF&yirl.21);
and for the CNF coated sample (level Fig. 1.21).

Fig. 1.21 (b) shows the results of potentiostatic tests for the cathodic

environment. The general behavior of the samples is similar to that
observed in the anodic environment, meaning that there are three different
levels of c.d., the lowest referring to pristine 38 (in the range of 10A

cm?), and orders of magnitude higher values for both coated samples. The
highest c.d., about 2xT0A cm'?, is found for the CNF on 316 SS sample
(level 3), while the CNT on 316 SS sample stands somewhat lower at about
5x10% A cm? (level 2). SSNH samples subjected to potentiostatic tests
(not shown here) confirmed the behavior revealed by the potentiodynamic
polarization; namely, a steady dissolution c.d. of about 1/546m'? and
8.0x10° A cm'?, respectively under the nditions simulating the cathodic

and anodic environment, was observed for théN&BiSsample.

1.3.2.3 Microstructural characterization aftercorrosiontests

The effects of potentiostatic polarization tests were looked into by
performing XRD and SEM characterizatioh the samples. XRD patterns
of asprepared and stripped CNT and CNF samples on 316 SS after testing

under anodic conditions are collected in the graghigf1.22.
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Fig.122XRD patterns of corroded samples.

CNF sample which had the maximum amount of filamentous carbon shows
depressed peaks of graphite even after corrosion, which means that in some
areas the CNFcarpet still remains on the surface. The CNT sample,
however, seems to have lost almost the entire CNT layer. Furthermore,
XRD results indicate that oxides (typically,Cg and FgO,) formed at the
surface of all these samples. Apparently, the oxidatios stieonger on the
unstripped CNF corroded sample, particularly due to formation §d/fe
Significantly, the FgC phase disappeared after anodic testing, suggesting
the formation of iron oxide by dissociation of the carbide under the
aggressive corrosionoaditions[130]. In support of the latter view is the
observation that only CNF samples showed clear evidenteegiresence

of FgC. Besides, since the & was found only on the surface of
unstripped samples, the &esource responsible for its formation had to be
already present in the CNF layer.
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In the light of the XRD results of corroded samples, the behabiserved
under potentiostatic polarization can be explained in more detail. The about
three orders of magnitude increase of the c.d. (so called level 2) compared
to pristine 316 SS (level 1) is mostly related to the effect of the
carburization of the steéesubstrate on its corrosion resistance. Further
evidence in this respect is given in the following section. A further increase
in the dissolution c.d. (level 3) is mainly caused by the oxidation of the
Fe,C incorporated in the CNF layer over the 316 Si$ssate. Though the
presence of oxidizable particles in the CNT layer cannot be ruled out, it is

reasonably assumed, according to SEM resiig. (L.17 (a)), that treir
overall mass, and consequently their contribution to the c.d. during

potentiostatic tests, was negligible. Accordingly, the c.d. for CNT sample
corrosion remains at level 2 and only CNF sample with a significant amount

of iron carbide and possibly meétgarticles trapped in the layeFify. 1.17
(b)) will show higher c.d. (level 3).

SEM micrographs of 316 SS after potentiostatic test in simulated anodic
environment are shown kig. 1.23. Although strong, the electrochemical

attack was homogenesand uniform all over the surface and local deep
attacks could not be observed.

3 ; = - BER S
Fig. 123(a) SEM micrograph of 316 SS after 10000 S potennostatnc test under anodic
environment conditions, (b) higher magnification of (a).

Fig. 1.24 shows the SEM micrographs of CNT on 316 SS after 10000 s

potentiostatic corrosion test under the anodic environment conditions.
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corrosion test under the anodic environment conditions showing three different zones
and different magnifications of each zone.

Fig. 1.24 (a) shows a general view of the surface of the sample with three

different areas highlighted: in area 1, the boundary between corroded and
uncoroded regions; in area 2, the surface of the substrate beneath the CNT
layer; in area 3, a severely damaged region with evidence of penetrating
intergranular attack and grain removal from the substrate. From the
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magnified view of area 1 ifrig. 1.24 (b), the accumulation of corrosion

products within the CNT layer is apparent. The substrate beneath the CNT
layer (area 2, shown ifrig. 1.24 (c)) exhibits obvious features due to

preferential attack at grain boundary and in fact, locally, grain removal. A
magnified view of area 3 is shown iRig. 1.24 (d), with highligheted
regions fAeod anHg. 12 @) apdi(fe espectivelyd The n
preence of a layer of corrosion products can be noticed on the surface of
the grains, within the area where grain removal has not occurred yet (like
t he one ma Fig.&.24 (dg. Fhisiisfa@ordusmand relatively thick
layer apparently enveloping the grains, thus allowing for a comparatively
faster intergranular attack and the ensuing grain removal. Besides, this film,
which forms below the CNT layer, is likelyesponsible for the loss of

adhesion of the CNT layer and fisogressive detachment from the surface.
The appearance of the grains in the damaged area (like the one marked as

fi e 0 Fig. h24 (d)) can be understood as a result of the relatively slow

formation of the surface layer following the detachment of grains.

Fig. 1.25 shows the SEM micrographs of a CNF sample after 10000 s

potentiostatic corrosion test under the anodic environment conditions. As

can be seen ifig. 1.25 (a), the three regions characterizing the effects of
corrosion on the CNT sample are present also in this sample. However, an
extra |l ayer marked as A00 is noticed

CNT coated sample. This layer, which appears rather thick anbitsxa
kind of spongy morphology, is therefore a type of corrosion product only

found over the CNF layer. Magnified view of this regidfig( 1.25 (b))
shows indivdual grains obviously removed from the stainless steel

substrate and trapped within the layer. Referring to the large humber and
size of the nanoparticles present in CNF and absent in CNT samples, it is

quite likely that layer O is formed by oxidation diose particleskig. 1.25

(c) shows the CNF layer (layer 1) below the topmost corrosion products
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corrosion test under the anodic environment conditions showing four different zones
and different magnifications of each zone.
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(layer 0). The substrate bexte the CNF carpet is seen Hig. 1.25 (d) in

which grain removal and surface oxidation can be recognized. The area
mar ked as fed i n thi sachedngoypeof grdine ws
which are magnified ifrig. 1.25(¢). The r egi on Fima25ked
(d) concentrates on a sddyer beneath the removed grains (area 3) and, as
can be seen in the magnified viewid. 1.25 (f)), it possesses eleaner
surface compared to the primary layer right below the CNF carpet.

However, surface oxidation and formation of feather like oxides on this sub
layer is obvious. Finally, the corrosion products formed on the primary

surface beneath the CNF carpig( 1.25 (g)) shows similar characteristics

to the same area (i.e., area 2) of CNT sample.

In order to confirm the hypothesis pointed out above, a detailed
microstructural analysis was also conducted on one of the stripped samples
after potentiostatic teskig. 1.26 shows the SEM micrographs of a CNT

sample, stripped and subjected to potentiostatic corrosion test during a
duration of 10000 s, under the anodic environment conditions. Both images

of secondary and baedcattered electron&ig. 1.26 (a andb), respectively)
reveal the same features as observeHign 1.24 and Fig. 1.25 for regular

samples. Darker areashig. 1.26 (b) suggest the formation of oxides. For a

more precise evaluation of elements distribution, EDS analyses were
conducted in three zones as indicateBim 1.26 (c). Zone 1 is the top layer

of corrosion products formed on the surface that was marked as area 2 in
Fig. 1.24 andFig. 1.25. Zone 2 indicates a region where the corrosion film

of zone 1 was removed but not the grains. Zone 3 represents a region where
the topmost layeof grains was removed and grains from the-sulface

layers are appearing (area 3Fig. 1.24 andFig. 1.25). Fig. 1.26 (d) shows

the EDS analysis results for elemental distribution of these three regions. As

expected, region 1 shows the highest contents of chromium, carbon and
oxygen and the lowest iron conte These results, accompanied by the
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information provided from XRD patterns, suggest that this layer is mainly
composed of iron and chromium oxides. Moreover, the relatively high
carbon content detected by EDS in combination with the identification of
Cr;3Cs peaks in XRD patterns, demonstrates the presence of chromium
carbide in this region. Region 2 shows a much lower carbon content while
the oxygen is still high, suggesting that oxidation is still considerable in this
region. Region 3, which stands fdnet sublayer beneath the removed
grains, shows the lowest oxygen and highest iron content demonstrating the
gradual decrease in oxidation intensity toward the depth of the sample. As a
further remark, it is noted that the carbon content is not much dedreas
compared to region 2 as an indication of its penetration into the steel.

ao%
sefrnc g trie 545 SAMIM

Region 1
[C_1Region 2
[l Region 3

Pristine SS|

EDS Composition (at. %)

Elements

Fig.126 SEM micrographs of 316 SS+CNT stripped sample after 10000 s of potentiostatic

corrosion test under the anodic ewironment conditions. (a) Secondary electron mode,
(b) back scattered mode, (c) point analysis locations and (d) EDS results at three different
zones, compared to pristine 316 SS.

To further assess the type and intensity of the corrosion attack, thgedtrip
CNT sample was sectioned before and after anodic potentiostatic test,
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mounted and etched with Nital 2% and subjected to SEM and EDS analysis.
Since 316 SS cannot be etched with Nital 2% in normal condition, any
probable etching would be a sign of cadicompounds formatiorkig.

1.27 (a) shows the cross section SEM micrograph of the uncorroded, Nital
etched sample which reveals a grain boundary etching down to the depth of
about PygolL2&(pshows the sample after potentiostatic test without

metallographic etching. It is seen that the characteristics of intergranular
corrosion including boundaries dissolution and grain removal are all
present.
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Fig.127 SEM micrographs of cross sectioned stripped 316 SS+CNT samples (a) etched

with Nital 2% before corrosion test and (b) without etching after 10000 s of potentiostatic
corrosion test under the anodic environment conditions.

Fig. 1.28 shows the etched cross section of a stripped CNT sample before

corrosion test. As it can be seenFig. 1.28 (a), a lamellar microstructure

formed in the grain boundaries near the surface. To assess the elemental
characteristics of this microstructure, a line scan was performed from point
A to B intersecting the lamellar structure. The results are presentéd.in

1.28 (b) showing a local modest increase in the chromium content and a

decrease in the iron contewith considerable and almost constant carbon
content inside and outside the grain boundary. These observations reinforce
the speculation that due to a sensitization like phenomenon, chromium
carbide has been formed in the grain boundaries with a lans¢ilasture
resulting in localized and accelerated corrosion.
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Fig.128(a) SEM micrograph of an etched (Nital 2%) cross section of a stripped CNT
sample before corrosion test and (b) EDS line scan resafrom point A to point B.

According to the results of the above discussed microstructural
observations, it can be concluded that during the CNT/CNF synthesis
process, the topmost surface layer of the stainless steel substrate undergoes
carbon saturatiorand probably carbide formation leading to CNT/CNF
growth on supersaturated sitgd,98] However, carbon can diffuse quite
deep in the bulk and, of course, this diffusion would be accelerated through
shortcut paths, namely, grain boundaries. These high cadraent regions
would encourage chromium carbide formation in specific areas such as
grain boundaries during cooling down in a quite similar way to what
happens during sensitization of austenitic stainless st¢&R9].
Consequently, the areas depleted from chromium due to carbide formation
will lose their corrosion resistance and will undergo rapid attack. Grain
boundaries as the most likely places for chromium carbide precipitation
would experience the fastest cai@n rate resulting in intergranular
corrosion and grain remov@l31i 134]. This kind of strong corrosion can

be acknowledged as responsible for the large differencesbatdissolution

c.d. of levels 1 and 2 in potentiostatic curvésg( 1.21). Since level 1

represents the corrosion rate of untreated 316 SS and level 2 represents th

corrosion rate of carbon treated sample, the difference should be caused by
faccel eratedd intergranul ar corrosi
heat treated in nitrogen, in the absence of carbonaceous gas, supposedly
susceptible to normal sensitiin of austenitic SS, lies well below -so
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called level 2. Level 3 adds up the effects of both intergranular corrosion
and oxidation of carbide and possibly metal particles trapped in the CNF
layer.

1.4 Conclusion

Different types of filamentous carbon wegeown directly on 316 SS
without application of any external catalyst. Different pretreatment
procedures were applied to the substrate surface and their effects on
products were investigated. It was found that:

1- Type of filamentous carbon shows a direglfation to the size of surface
nancfeatures formed as a result of each pretreatment. MWCNTs were the
dominant products where the average size of +li®was below 60 nm.

By increasing the average size above this level, the balance shifts in favor of
CNFs. However, in any condition the final synthesized layer is a mixture of
both and exclusive control over the type of the product is not trivial.

2- Since all of the samples experienced a reducing atmosphere heating step
to arrive at the desired synthedemperature and this heating step had
certain effects on the arrangement of surface +ieatres, the influence of

any pretreatment should be assessed in conjunction with subsequent impact
of heating. Polishing, as an instance, largely removed the celeasurface
features, which should supposedly result in growth suspension. However,
considering the next step of reducing atmosphere heating, the effect of
polishing is likely that of enlarging the surface ndeatures and forming

local plateaus which cabe translated into larger CNF fraction in final
product and some uncovered areas. The investigation of the underlying
mechanism controlling the surface restructuring phenomenon revealed in
the present work, calls for a devoted and in depth study focusintpe
effects of environmental parameters, composition and microstructure of the
steel substrate on the morphology evolution and surface chemical
modifications during the prgrowth period of CNTCNF.

3- Two different growth mechanisms, namely base gnoand tip growth
modes, were observed. Base growth mode was originated from the catalysts
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nanchills formed on the surface due to pretreatment steps. A-jgagl or
semicrystalline state of catalyst was found to have been active in this case.
Tip growth mode was inferred to be caused by surface hupakssociated

with type Il dusting mechanism followed by filamentous carbon growth on
catalytically active removed particles, i.e., type IV dusting mechanism,
according to the classification of metal dugtimechanisms proposed by
[110]. Increasing the growth time was found to increase the number of the
walls of MWCNTSs, to increase the CNF percentage, and to decrease the
uncovered areas due to prolonged surface bupak

4- Compositional changes made by etching pretreatmehndi seem to
have a negative effect on CNT/CNF synthesis since chemical attack did not
degrade the main catalytic element of 316 SS, iron. Rather, main effect of
etching followed by controlled heating should be considered as the
formation of a bimodal disbution of lateral size of nanbills on the
surface resulting in degradation of filamentous carbon synthesis. Shorter
etching times (5 min compared to 10 min) resulted in larger average sizes in
both of the frequency peaks of the lateral size distdbutind therefore,
resulted in larger uncovered areas and larger CNF contributions. It is
anticipated that applying different etching times or trying different etchant
compositions followed by adequate heating cycle, proper nanostructured
stainless steel sfiaces can be created for controlled growth of CNT.

5- Oxidationreduction pretreatment brought about surface faatures

with an average lateral size larger than 100 nm resulting in dominant CNF
growth. Full coverage of carbon filaments accompaniedpimnounced
presence of relatively large particles on tips of CNFs reinforce the idea of
strong surface breakp and tip growth mode. Therefore, the high potential
of oxidationreduction pretreatment for amplification of surface brepk
should be concluded

Furthermore, He corrosion behavior of the prepared materials was
investigated under simulated anodic and cathodic working conditions of
BPs of PEMFCs. Based on the electrochemical and microstructural results,
general corrosion behavior of such materiaes be summarized as follows:
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1- Potentiodynamic results show similar free corrosion potential for 316 SS,
316 SS+CNT and 316 SS+CNF samples confirming that the porous carbon
layers cannot provide a barrier type protection. The three samples, 316 SS,
316 SS+CNT and 316 SS+CNF, showed corrosion current density of about
5.0i 10% 15 10“and 20 10* A cm'? respectively.

2- Potentiostatic results showed three different levels of stabilized
dissolution c.d., the lowest of which (level 1) was for pristine S3$6 First
increase in dissolution c.d. (to level 2) was related to the activation of
intergranular corrosion; the final increase in the dissolution c.d. (level 3)
observed only in 316 SS+CNF sample was related to the oxidation of large
catalyst particlesn the tips of CNFs.

3- Based on XRD, SEM and EDS results, corrosion products are mainly
chromium and iron oxides. Iron carbide formed during CNF synthesis, and
possibly also during CNT synthesis, though to a much minor extent, appears
to undergo dissoci@n under strong acidic attack resulting in the oxidation

of iron. On the other hand, chromium carbide formed during CNT/CNF
synthesis seems to be stable, and can be observed in the XRD patterns after
corrosion.

According to all above, it is concluded ththe application of CNT or CNF
coatings on sensitizable stainless steel by CVD direct growth method is not
beneficial in terms of corrosion resistance. Since no evidence was observed
suggesting the presence of a passive film, application of high tenmeratu
carbon coatings could be risky even for dense andpoeoous layers
especially for portable and transportation applications which are subject to
mechanical shock and possible coating damage. Investigations on the
growth of CNTs on heat resistant stagdesteels such as high chromium
content grade 310 and duplex stainless steels or stabilized grades 347 and
321 should be considered as a future research direction, to face the risk of
severe damage of the base material due to carburization. Grade 310 or
duplex stainless steel with high chromium content and consequently lower
likelihood of grain boundary chromium depletion are supposed to provide
better resistance against sensitizatifir85i 137]. Moreover, stabilized
grades 347 and 321with strong carbide forming additives such as titanium,
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niobium, or tantalum, could further reduce the risk of sensitization and
intergranular corrosiofl38].



2 Carbon nanostructures as catalyst
support of fuel cells

2.1 Introduction

2.1.1 Fuel cells and materials challenges

Fuel cells, as alternative energy sources for traditional methods based on
fossil fuels are attracting progressiveattention by the start of the 21
century, not only due to worrisomd@iminution of the energy resources
along with the increasing energy demandrldwide [139], but also with
regardto the environmental concerns reachingianing limit based on the
international reports on the greenhouse gasesssion andconcentration
[140]. Although the initial reports on theperation of the hydrogen fuetlls

date back to 175 years ago in the workWilliam Robert Grove[141],
serious attention to the competence of this technology for the real world
applications did noarouseuntil the second half of thed" centurywhen the
world space prgrans relied on fuel cell power for the first manned
spaceflights.

The basic principle offuel cell operation is not compleXhe chemical

energy of a fuel, in particular hydrogen in varieties of hydrogen fuel cells,

and an oxidanfoxygen),is electrochenically convertednto electricity and

heat along the water formation reaction. In practice however,
accomplishment of this fisi mpl&& reac:
cost associated with the preparation of the catalyst that is mainly made of
precious metaldrom one hand142i 146] and the durability of the entire
electrochemical system from the other hadd7i 149] put the main

obstacles on the easy industrial use of this technoldgy.can be
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understood by research communities of the fiefdablishmenof pathways
to address both problems are mainly associated dithelopmentof
appropriate materials or manufacturing routest would enable the cost of
electricity tocompee with the existing technology.

Concentrating on the Aheart of the
reactions take place and the electrocatalyticeru is generated, namely,
the catalyst, &hof the mentioned problems has been tried to be addressed
through a series ofaterials basedtrategiesranging from the catalyst
species, state, size, moghbgy, distribution and amourtb the catalyst
envirnment including the support type and its interactiavith the
catalyst, humidity, temperature, working pdieh and many other
parametersRegarding the focus of this work, the importance and varieties
of support materials will be discussed here.

In search for solutions to reduce the precious metal catalyst content of a fuel
cell, ;e of the most obvious metholdas conventionally been tliwcrease

of the specific surface area of the catalyst by spreading it over a conductive
support in the fornof fine particles.Supported catalysts not only possess a
hi gher specific surface area, but
provided by their attachment to the support. This way, access to a much
larger number of catalytically active yet stable sites ivigdexl compared to

the corresponding bulk metal, even when the latter is ground to a fine
powder[150].

Electrocatalystgor fuel cells are commonly supported on certain materials
with special features. The critical requirements for the ideal supmiute

but are not limited toa) high electrical conductivity, b) large surface area,
¢) good electrochemical stability amrrosion resistance in the fuel cell
environment and d) strong attachment td areraction with the catalyst, €)
ease of the recovery of the precious catalyst in the sigggiort and f) water
management capabilities to forbear flooding

2.1.2 Support materids

Regarding the requirements mentioned for the catalyst support, a wide
range of candidates have been proposed and studied by the researchers.
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Through various possible classifications for these materials, there is a good
agreement on a division based the presence of carbon family in the
support [151,152] On this basistwo broad groups are considered: a)
carbonaceous supports and) bnoncarbonaceous supportsThis
classification is mainly influenced by the evolution history of support
materials andhe great contribution of carbon family indahprocess

2.1.2.1 Carbonaceousupports

It can be said with confidence that carbon, as a material, plays the most
pronouncedole in different components of a fuel cell, from bipolar plates
and gas diffusion layett® catalyst supportcatalyst itselfand even as a fuel
[153]. Regarding the support materialsarbonhas been used for many
years as a support for iastrial precious metal catalysfd50,154] and
activated carbon, carbdslack, graphite andraphitizedmaterials have all
been appliedin various catalytic processe#long the good electrical
conductivity that is an obvious benefitakility of carbon in in both highly
acidic and bhsic media is a great advantage over other frequently used
supports such asetal oxidesand carbidesMoreover when the turn comes

to recover the active precious metal, carbon can be burnt off without
difficulty and with minimumenvironmental and ecolagl concern$l53].

2.1.2.1.1  Carbon blacks and graphite materials

Carbon black dlso caléed furnace blackif prepared by oil-furnace
processedike Vulcan XG72, andacetylene blackf prepared viaacetylene
processedike Denka Black is a materiamanufactured by the pyrolysis or
incomplete combustionf hydrocarbons angetroleum productdn terms

of crystallinity, his materialis a paracrystallinecarbon, meaning that it
possesses shortor medium range ordering iits lattice but lacking long
range orderingCompared to a graphite perfect single crystal with long
range ordering, carlmoblackis in the formof turbostratic graphiteThis

form of carbon looks very similar to graphite except that, although there
may be some degree of perfection within the planes, the adjacent planes are
out of registry with one another aruhsal planes & slipped out of
alignment That is, in the hexagonal graphite structure, there is an atom in
each adjacent plane that sits directly over the center of the hexagonal ring.
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In turbostratic graphite, the adjacent planes are shifted with respect to one
anotter and are out of registry. This results in an increase in the interlayer
spacing, which can increase from 0.3354 nm (for perfect graphite) to more
than 0.345 nm. Heating to temperatures in excess of 2800 K provides
energy for mobility and can convert tadiratic graphite to single crystal

graphite in a process called graphitizatid@®5]. In Fig. 2.1, the typical

nearspherical morphology of carbon black particlessually <50nm in
diameter, $ shown.The source material and the process of its thermal
decomposition largely determine the morphology and particle size
distribution of carbon black. Accordinglyhe surface area of this material
can vary from 50 to 1500 7! and can satisfy the requirements of the fuel
cell catalyst support in this respedte most popular support material is
Vulcan XG72 carbon blackiith a surface area of 250°gh [151,152]

Fig.2.1Primary particle of carbon black. (Grivei, E., TIMCAL Belgiyim

Due to its low cost and high availability carbon black has been widely used
and studied as a cost effective catalyst support for the fuell&8il 165].

Most of these works have been devoted to the effect of carbon black
characteristics on the dispersion of supported metals and on their
electrocatalytic activity.Depending on the synthesis method used to
decorate thesupport with catalyst particlesither impregnation ocolloidal
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method, different support characteristics have influenced the morphology,
distribution and electrocatalytic activity of the catalyBly the former
mechanism, uniformly impregnated catatysare available because an
equilibrium between adsorbed and free ions exists and diffusion into the
core of each individual support particle can occur. The latter mechanism can
give rise to egghell distribution. The colloid particles adsorb on the
exterral surface of the support particles and in their macropores. Owing to
the size of the colloid particles, the accessibility of the inner pores is very
limited, leading to egghell distribution of the platinurfL59]. In general,
specifc surface area, pore sizhstribution and surface properties of the
carbonwere recognized to play role on the mentioned properties of the
catalyst. Platinum amount and distribution obtained by the impregnation
method were found to be related to oxygenctional groups on the carbon
surface, while in case of colloidal method, it depended on reaction
conditions such as synthesis temperature, the suaftoee agents used,
and on the specific surface area of the carborsupports with low pore
size, cadlyst size and morphology showed the highest dependence on the
preparation method (compared to low surface area ones) and above all, very
low pore sizes{ 3 nm) showed nceffect onfuel cell performance. In fact,

the ultimate effect of pore size and distition was determined by a
compromise between the accessibility of catalyst particles by the fuel
through ionic conductive pathways, namely Nafioironomes, from one

side and the availability of useful sites for diffusion and storage of the fuel
from theother side Since the size of Nafion® micelles 0 nm) is larger
than manyrecesses in thearbon black metal nanoparticle@NPs)in pores

with diameter lower than the micelle size aensidered iaccessibleto
Nafion® andshould showno contributiorto the electrochemical activitin
contrast, those narrow poreése(, 3i 8 nmwhich is in fact thdower bandof

the mesoporosityi.e., 250 nm sizg are useful for the fuel diffusion.HE
pores with size less than 8m no positive effect onfuel cell performance

This result indicates that, when the pore size is too small, supply of a fuel
may not occur smoothly and the activity of the catalyst may be limited
[159,166]

Another concern with the catalyst support, as mentioned earlier, is the
electrical conductivity.When the conductivity becomes a critical issue,
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conductivity shortage of carbon black can be addressed by moving towards
highe degrees of graphitization of this materi@raphitized carbon black is
another support materialvith high surfacearea that isobtained by
recrystallization of the sphericalrbon black particles at 2508000 °C.

The partially eciystallized material pssesses wetirdered domains. The
degree of graphitization is determined by process tempelaeée

High surface area graphites (HSAG) that are prepared from graphitized
materials by special mechanical modificatioke lgrinding process, leading

to less condensed graphite layers than usual and thus possession of higher
surface area (around 1BDO m?g'Y), are from the other graphitic materials

of interest as catalyst support for fuel c§ll67i 171].

Finally, in spiteof broaduseof carbon blaclas catalystsupportthere are a
number of poblems with this material to be enumerated: aglf
agglomeration of the carbon particles that limits the approacheofuel
and oxidant to the active sites, and therefore the electrocatalyst efficiency of
the fuelcell electrode will be reduced, te presence dmpurities such as
organesulphur origination from the production method and precursor
materials that canomtaminate the fuel cell environmen},large fraction of
deep micropores(< 2 nm) trapping the catalystNPs making them
inaccessible toNafion® ionomer andreactants andl) thermochemial
instakility of carbon black leading to accelerated corrosion ef ghpport
and consequently detachment of the catalyst particles.

Accordingly, serious need has been felt for new carbonaceous supports to
cover the shortages of carbon black. Some of the results of these efforts will
be following in the next sections.

2.1.2.1.2 Adivated carbon

Activated carbor{activated charcoal, activated coal,carbo activatusis a

form of carborthat isprocessedh such a way tgenerate a large amount of
small, lowvolume poresin its structure and therefore, iacrease the
surface areavailable for adorption or chemical reactioffi$72i 174]. Two
general methods are established for manufacturing activated carbon
chemical ativation andphysical activatiorj175]. Through these activation
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processes, the primary imperfect pstaictue of the precursor material is
developed byontrolled burroff the tarry anchongraphiticpart ofcarbon,
leaving behind a porous network of highly disordered graphitiaterial

bearing surface oxide groupsig. 2.2 shows a typical TEM micrograph of

the activated carbon.

Fig.2.2 Microstructure of activated carbon (Norit®)

Chemicalactivaion is usually achieved bgimultaneous carbonisation and
activation of theraw material at 6000 °C. The activating agent fahis
process, e.g. #P0, or ZnCb, is incorporated intahe raw material before
heating starts. In this wayarticularly woodbased activated carbons are
made from sawdust.In contrast,Physically or secalled steam activated
carbons ar@reparedrom a precarbonised matesathich areobtained by
thermal decomposition of a carbonacepuscursor at00i 800 °C in the
absence ounder controllechdmission of air. The activation stepusually
performed in the presence of steam an@@s at 80G 1100°C. Wood, coal,
lignite, coconut shell and peat are thest important raw materials for the
production ofactivated carbonglthough other materials such fasit pits,
synthetic polymers or petroleum processiagidues can also be uga&0].
Finally, washing with pure water or acids mig carried outo removethe
ash ontentand pore plugging material¥his becomes more important for
applications like catalyst support where poisoninghef catalyst could be
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critical, in addition to difficulties thaa highash contentay bring aboutat
the recovenstageof the catalyst from the used support.

Regarding the application of carbon materials as catalyst support in fuel
cells, the most important feature or modification developed in activated
carbon, is the introduction of surface functional groups to carbon. Although
remakable enhancement of the surface area and porosity is the main
purpose of activation treatment, in the framework of catalyst support
application, presence of functional groups could be considered even more
important due to inclusion of a large fraction thie pores of activated
carbon in the micro and lower band of meso siage

In this respect, most of the works done on the activation of carbon, either
starting from the original precursors (wood, peat, etw.)doing the
activation on carbon blaair other preformed types of carbaand whether
using chemical[154,176 182Jor physical [181,183,184] methods, are
devoted to assessment of the effects of functional groups and surface
chemistry of activated carbon. This aspect ofwlek will be reviewed in

the sectior2.1.3 Interactiors between carbon support and catalyst

2.1.2.1.3  Mesoporous carbons

Mesoporous carbon materials are defined as porous carbon materials whose
pore size is in the range 20 nm. Mesoporous carbon materials can be
classified into two categas according to their preparation methods and
final structures as followq185i189] & Ordered mesoporous carbon
(OMC) and b) disordered mesoporous carbon (DOMC).

OMCs are synthesized by casting ordered mesoporous silica (OMS)
templates or by direct templating triblock copolymer structurghe
resultirg mesopores are uniform and arrangedodically Fig. 2.3 shows a

typical microstructure of OMC.

DOMCs with irregular porestructurecan be prepared through any tbg
following methods: thermal activation at high bwoffi temperatures,
catalytic activation using several metals or metal oxides and carbonization
of mesoporous organic aerogels or polymer blends.
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The general procedure for synthesis of these mater@gadshe summarized

as follows: a template with appropriate pore size and architecture is
infiltrated with a carbon precursor (furfuryl alcohol, sucrose, acenaphthene
and mesophase pitch, etc.), after which, the carbonization of the precursor is
conducted flowed by the template removal/dissolution. Obviously, if the
primary template exhibits ordered thydienensional pore structurehd
resultant carborwill have ordered mesoporousity, otherwise disordered
micro/mesoporous carbon will be formed.
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Fig.2.3 Microstructure of ordered mesoporouscarbon[187]

Generally, all OMC supported metals present higher metal dispersion and
higher catalytic actity, both for oxygen reduction and methanol oxidation,
than carbon black supported metdl80i 195]. This has been attributed to

the high surface area and uniform mesopore networks of @NtClower
amount or absence of micropords. a mesoporous carbosupported
catalyst, the metal catalyst particles are distributed and supported on the
surface orn pores of the mesoporous carbon. A large mesopore surface
area, particularly with pore size >20 nm, gives rise to a high dispersion of Pt
particles, whichresultsin a large effective surface area of Pt with a high

catalytic activity.The schematic showin Fig. 2.4 represents the ideal pore

size for easy access of the reactants to the catalyst while keeping the surface
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area as high as possiljli96]. Therefore ordered 3d pores of mesoporous
carbons have been shown to improve the mass transport of reactants and
products during fuel cell operatidt93,196 198]. Possibility of synthesis

of bi-metallic catalyst systentsn OMC has also been demonstrated without
problem[191,199 202].

W i

% carbon & flow of oxygen

polymer electrolyte = flow of electrons

. platinum particles <— flow of protons

Fig.2.4 The ideal pore size of OM@r easy access of the reactants to the cataly$196].

Along with the advantages and positive points noted about OMC catalyst
support, there are a number drawbacks mentiondtkliterature including

its limited electrical conductivitydue to the poor contribution of carbon
connections among the rofike particles[203]. Some researchers found
out that this problem can be partially addressed byagrieg a more
graphitizable carbon at higher carbonization temperatg2&3,204]
Another point worthmentioningis the low content of oxygen surface
groups in this material, making the anchoring of the catalyst particles
difficult. While functionalization can probably, introduce appropriate
amount functional groups, the risk of disintegration of the ordered 3
network of mesoporesan be considered aschallengg166].
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21214 Carbonfibers andnandfibers

Carbon nanfibers and carbon nanotubes have been introduced properly in
chapter 1 of this thesis. Accordingly, in this section we suffice to review the

history and examples of application of these types of carbon as catalyst
support for fuel cells.

Carbon fibers, ¢er in micro or nano size and either as prepared or
activated and functionalized, have been widely studied as sUppaonttals
in different application§205,206]

Carbon fibers (CFs) that are distinguished from carbon nanofiGE<)
based on their diameter size, ranging from hundreds of nanometers to few
micrometers have relatively low surface area and hence, have rarely been
studied as the catalyst support for fuel cells, where possession of a high
surface area is prerequidie. However, attention has been paid to the
potential of this material after activation treatments. In this respect, CFs
either in the form bundles of individual filaments or in the form woven
cloths and feltshave undergone activation treatment for idtrction of
porosity, excess surface area and surface functional groups, making them
alternative candidasefor traditional catalyst supportsf fuel cells. The
earliest attempts to study the possibility of deposition of Pt particles on
activated carbon fdrs (ACFs) dates back tomid-n i n e &ng Bigh
reductionradsorption capacity of ACF for Pt(IV) was conclud2@7]. First
studies on the application of such ACF as support for Pt in catalytic
reactions appeared few year 1af208,209] Neverthelessapplication of

ACF as catalyst supporoff fuel cells dil not happen before Z2Xkentury
[210,211] In general, good capacity for reduction of the metal ions and
formation of strong bondinp catalyst particleghe flexibility of electrode
andlow resistance to flow of liquid and gases through a bundle of fihers
macroscaleare of the advantages mentioned for AGfewever, the large
fraction of micropores thats the characteristic of all activatethrbons
makes the mass transport issue and accessibility of the catalyst particles a
challenge.

In contrast to CFs and AFCs, CNFs have received more attention as catalyst
supports for fuel cellOne of the early &&mpts to use CNFs ascatalyst
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supportcan be seen in the work ®&odriguezet al., where theatalytic
activity of Fe-Cu particles supported on CNFs was studigith respect to
hydrogenation of ethylen12]. The degree of crystallinity of the support
compared to traditional active carbon or alumina supportsditiaad to the
possibility of strong interaction of metal crystallitesth the crystalline
support that might induce preferred crystallographic orientation of the
particles was realized as the possible explanations for the superior activity
of this catalyssupport systemt-oogenraact al. also explored the viability

of application of CNFs for liquid phase catalysisydrogenation of
nitrobenzene[213,214] In a series of worksBaker et al.studied the
deposition of nickel onto the modified CNF for hydrogenation of light
alkenes[215i 217] It was found that not only the activity but also the
selectivity of nickel crystallites could be dramatically altered GNFs
compared to conventional supmit was suggested that differences in the
behavioral patternsfdhe catalyst systems are related to the modifications
in metal particle morphological characteristics induced by the chemical and
structural properties of the support materials.

The first repors of application of CNFs as catalyst supports for fuelscell
was in 2001[218,219] In Besseb svork electrodes consisting of 5 wt P&
supported on graphite nanofibers, which exposenipadge sites to the
reactants, were found to exhibit activities comparable to that displayed by
about 25 wt% platinum on Vulcan carbon, with significantly less
susceptibility to CO poisoninf218]. Steigerwaltet al. did the first studs

on deposition of PRu bimetallic catalyst on I[gFs for fuel cell4219,220]
Precursr composition and support structure were tuned in their work and it
was concluded that a HRwu/narrow tubular herringbone graphitic CNF
nanocomposite shows the highest electrocatalytic performance.
Comparative testing of their nanocomposite and an unstgzpd’tRu
colloid of similar surface area and catalyst particle size as anode catalysts in
a working directmethanol fuel cell (DMFC) revealed a 50% increase in
performance for the FRU/GCNF nanocomposite.

Zhang et al[221] prepared Pt/CNF catalyst through in situ polymerization
acryclonitrile in a porous anodic aluminium oxide (AAO) template in
presence of 1 wt%Pt(ll) acetylacetonate [Pt(agad)fter removal of the
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AAO template, the deposited RPshad a reasonably low average size and
a good dispersion showing a superior catalytic activity compared to that of
Pt/C catalyst.

And from then, continuous work on different aspects of thégerialsuch
as microstructural effecf@22 224), functionalizatioreffects[225,226]and
many other parametef®27i 230] on the catalyst activityand fuel cell
performancéiave been carried out.

In general, CNFs proved advantages such good electrical conductivity and
low mass transfer resistance. Mistructural features like availability of
dangling bonds on the surface of CNFs, facilitates the anchoring of the
catalyst particles and thus, a good dispersion. Moredkerfact that the
catalyst particles adopt specific crystallographic orientations emh
dispersed on the highly tailoregtaphitic nanofiber structures, allows for
exposure of preferred catalyst orientation to the fuel cell environment by
selecting the right CNF microstructure. However, drawbacks such as low
surface area of CNFs can be siered as limits on this type of carbon
support.

2.1.2.15 Carbon nanotubes

The earliest reports on application of CNTs as a catalyst support dates back
to 1994[231], just a few year after their discovery in 192B2]. In that

work, Ru wassupportecon CNTs and was used as catalyst for ligpihse
cinnamaldehyde hydrogenatioReports on possibility of usin@NT as
support for metallic catalyst continued to come out in the next y2ags

235]. Nevertheless, the first report on the applmwatdf CNTs as catalyst
support for fuel cells, was not published before 1998, in the wolkkaofin

et al.[236], where an ensembles of aligned and monodisperse CNTs was
prepared by a templating method that involved the chema@mbur
deposition of carbon within the pores of alumina membranes. The CNT
aray was then coated witNPs of electrocatalytic metals such & and
Pt/Ru alloys and used to electrocatalyse @duction and methanol
oxidation In 1999, an improved charge transfer at CNT based electrodes for
fuel cells was demonstratgd37]. Then, a massive interest was attracted
towards CNTs as support for catalyst by the start dfc@htury as the few
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following example reference can repres§ifi2,230,238248]. Currently,
there are a couplef comprehensive reviews of tlieevelopments in CNT
supported catalystior fuel cells including thevarious catalyst deposition
techniques, electrocatalytic activity, functionalization and catalyst support
interactiond151,152,166,206,242,249,250]

In most of the comparative studies of CNTs and carbon black as support for
catalyst in fuel cells, a better activity of CNT support has been reported
[210,238,239,243,25260] A number of reasons can be named for this
among various reports in the literature that can in the meanwhile, be
considered as the aatages of this support:

a) high conductivity of CNTs, due mainly to thenystalline naturg240],
though, this good conductivityals a reverse relation with the degree of
functionalization of CNT$261].

b) efficient pore size and wide internal hollow channel facilitating the
access of gasses and reactants to the support and da2@®}st

¢) a decreased hydrogen adsorption energy for Pt on the surface of CNT due
to flat disposition of Pt crystallite caused by structural and chemical
differences of CNTs with conventional carbon supports. This decreased
hydrogen adsorption energy can be fiesdi by a lowered d band center
induced by the reduction of the Pt lattice constant, or by the charge transfer
improvement from the anchoring sites of Pt to the sud@68].

d) availability of specific sitegedge sitespn CNTs, due to theitubular
archite¢ure, on which, Pt crystallites will nucleate and anchor to the
support. These sites are believed to be more active than the conventional
equipotential sites of carbon black63].

e) the likelihood ofpresencepreferred crystallographic orientations for
anchoring ofPtto CNT and thus, presence of preferred crystallographic
orientations to be exposed to the electrochemical environment that e mo
active, in particular, RtL10)[254].

f) corrosion resistance of carbon nanotubes. Multilayer tubular structure of
CNTs, with each layer beingkik a rolled up sheet of graphene with
minimum number of dangling bonds and defects, makes the attack of
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different oxidizing agents to this structure difficit64,265] Moreover,

when attacked in corrosive environments, the damaged will be mainly
limited to the external tubes in direct contact with the oxidants. Therefore, a
primary relatively rapid attack can be expected on the outside shell
especially onto the structurdefecs and aedgedl alllosvefier ,
further advance of the corrosion front will be banned by the intact interior
walls, that is difficult[266]. Furthermore, this electrochemical stability can

be incrased even more if a graphitization pretreatment has been done on
CNTs[267].

Apart from these points that encourage the application of CNTs as the
catalyst support, there are some concerns that impose cautionspometlye
positive adjudication of CNTsSome of these concerns will be discussed
here.

The current technology of large scale synthesis of CNTs is not economic yet
compared to conventional carbon blackiatwithstandingthe remarkable
costs reductionof mass production of CNTSn the recent yes,
development of more cosffective methods is still a demand.

In addition, #hough variouscatalyst synthesimethods like impregnation

and precipitation[240,268 270], polyol and microwavessisted polyol
process [230,271281], sputter deposition [282,283] colloidal
[269,284,285] ion-exchange [286] and electrochemical deposition
[242,287,288]have beerused to deposit theelectrocatalysNPs on CNTs

for fuel cell applicationsthere is agreement on tlimrinsic inertness of
pristine CNTs that makes the anchoring of the catalyst to support difficult.
Therefore, successful deposition of catalyst GNTs is consitently
believed to depend upon a functionalization treatment to introsiudace
groupsto support that serve as nucleation and anchoring sites for catalyst
NPs. Regardless of the complexities that the functionalization treatment can
add to entire procede, it will necessarily result ihe introduction of
defects to the atomic structure of CNTs and consequently, will decrease the
electrical conductivity of the CNTs, that was one the benefits of its
application.
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2.1.2.1.6 Carbon nanohornsnono onionsand nanocois

Along with conventional carbon blacks and newer carbon family members
such asCNTs CNFsand graphene that have been extensively studied for
application as catalyst support of fuel cells, thereadher members that
have yet to be explored more. Carbon nanohorns (CNE&9], carbon
nanocoils (CNCs)[290], carbon nan@nions (CNOs)[291] are some
examples of this latter group

Carbon onions consist of spherical closed carbon shells and owe their name
to the concentric layered structure resembling that of an onion. Carbon
onions are sometimes called carbon nranimns (CNOs)or onionlike
carbon (OLC)[291]. One can also consider CNOs asltinshell fullerenes

[292]. Fig. 2.5 shows a real and a simulated nanostructure of CNOs.

Fig.2.5 (a) HRTEM images of CNOs produced by the arc discharge in wd#93], (b) The

icosahedralquasicrystatike model of an onion carbon particle constructed with the
classical molecular dynamics techniquf294].

The term arbon nanohormvas coineddy lijima and colleagues in 1999 to
hornshaped sheath aggregate of graphene sf2@%$ However, @milar
structures had been observed in 1994other researcherf®96]. Carbon
atommonolayersnot only are stable as isolated objects (graphene), curved
cylindrical geometries (nanotubes) or quasispherical geometries
(fullerenes), but also there are intermediate states between a sheet and a
fullerene, i.e., the carbon nanocone, wherein a single pentagonal ring or
assembly of nearby pentagonal rings defines a conical apex, which is then
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extended by a pureexagon graphenic network into a larger conical
structure[289]. Fig. 2.6 shows the TEM micrographs of aggregated CNHs

forming flowerlike morphologies.

aph of CNOwith inset representing a simulated
single CNHand (b) lower magnification of the same, showing an aggregate of Qi
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The structure of @arbon @nocal is similar to that of MWCNTSs, except

helical shape. It can be therefore said that a carbon nanocoihatical

MWCNT. CNCs can be either in the form of fibers or tub&®paration of

coiled carbon fibers was first reported Motojima in 1991 by catdytic

pyrolysis of acetylend297]. The existence of helically coiled carbon
nanotubes was first predicted by Ihara etaall Dunlap in1993[298i 300]

and a few years later a Belgian research group reported their experimental

observation[301]. Fig. 2.7 shows theTEM micrograph of a CNC with

multi-walled tubular structure.

The studies on applicability of these materials as catalyst support for fuel
cells is scattered and just few works are available about ¢B25303]
CNHs [304,305]and CNOS[306i 309] in this context. Although based on
these few works, a good catalytic activity of the catalyst oretsepports

has been reported, it is better to avoid early affirmation on general
superiority of these materials over conventional supports.
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Fig.2.7 TEM micrograph of a CNC with inset on right showing the ufti-walled structure
of the coil (from [310) and the inset on left, showing a simulated model of the cof298].

2.1.2.1.7 Nanodiamonds and doped diamonds

The first production of anoscale diamond particlesok place by
detonation in the USSR in the 196[@41], but serious research work on
them did not continuantil the end of the 1980812,313] A number of
promising achievements starting fronteld 990showever, put this material
under the spotlight agaiRreparation otolloidal suspnsionsof nanosized
diamonds, application dfuorescent nanodiamondisr biomedical imaging,
development of nanoscale magnetic sensors, discovery othibical
reactivity of the surface of nanodiamonasre parts of these achievements
[313].

Diamond, with sp hybridization of carbon atoms and aiainond cubic

crystal structure, caalso be formed in nanoscalehe term anodiamond is

referred toa broadrange of diamondsonsising of facets less than 100 nm

in size. However, s econd term Aultrananocryst a
introduced to make the range narrower just referrirdjamondswith grain

sizes less than 10 nm. Theorphologicaldifferencesbasicallyoriginate in

the growth processA wide range of synthesis methods haveoabeen

proved for nanodiamonds, includindetonation techniqydaser ablation
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high-energy ball milling of high-pressure higltemperature (HPHT)
diamond microcrystals, plasragsisted chemical vapour deposition (CVD),
autoclave synthesis from supercritical fluids, chlorination of carbides, ion
irradiation of graphite, electron irradiation of carbmmons and ultrasound
cavitation, with the first three of these methods being used commercially

[313]. Fig. 2.8 (a) shows the TEM image of formation of a nanodiamond

encapsulated within the shell of a CNi®14]. In Fig. 2.8 (b), the crystalline

nature of the nanodiamond is shown in a HRTEM image.

v S = = ; .
Fig.2.8 (a) 4 I /£ AvallédicdnCearic fulleienefike1 6 j | O1 OE
balls) into a diamondusing particle beams A growing diamond is seen inside concentric

graphitic layers[314] (b) a nanodiamond crystal.

The sp hybridization present in bonding of carbon atoms of diamond, make
it an electrical insulatoincapable of being used in catalyst support of fuel
cells, where the electrical conductivity is a necessity. However, different
degrees of electrical conductivitan be given to diamond when doped with
appropriate dopants. The common dopants include boron -ffigpep and
phosphorous or nitrogen (fortgipe). Intensive studies on electrochemical
properties of boromloped diamondBDD) thin-film electrodes had stiad

in 1990s[315,316] By late 1990sand beginning of Zlcentury, fuel ell
directed works started to appear based on nanodiaratadlystsupports
[3171 322]. Through those works as well as the more recent (&3 332],

a number of advantages of BDDtalgst support can be concluded. BDD



2.Carbon nanostructures for fuel cells. p A

has ahigh electrochemical stability and corrosion resistance uadiglic
and alkaline conditionsgood thermal stability a wide electrochemical
window in aqueous as well as nagueous mediand finally, low and
stable voltammetric and amperometric bgrckund currents.

Nonetheless, this support has also its own drawbacks without thinking about
solutions for which, wide application of BDOa fuel cells will remain
unlikely. The most important concern is the electrical conductivity of this
support. Althagh doping improves theonductivity of the diamonds, this

will be at the expense of igability. In fact, electrochemical stability that is

the biggest advantage of BDDs, will deteriorate upon excessive doping with
the intention of improving the condiagty. The other concern, is the
strength of adhesion of the catalyst particle to the crystalline facets of the
diamond. Actually, this can be translated to weak stability of the catalyst
support interaction, in contrast to high electrochemical stabilftythe
support. Current researches have shown however, that this effect can be
solved to some extent by reducing the size of supyiest

2.1.2.1.8 Grapheneand reduced graphene oxide

Graphene is the enabling material of the 21st centurytlaexd are high
expectations for its potential applicatiohsjust 10 years from its discovery
[333,334] graphene has become a lodestar for researchers all over the
world [335]. Moreover, the interest in twdimensional, shedike or flake

like carbon forms has expanded beyond monolayer graphene to include
related materia with significant variations in layer number, lateral
dimension, rotational faulting, and chemical modificatif886]. This
interest has been so intense and the mass of the research carried out has
been so remarkable that even a precise nomenclature in reference to
different members fothe f ami 'y of figraphene mater
concern.Accordingly, it is tried here tetart this section with a precise
definition and classification of this material, according to which, the rest of
this work will bebuilt up. All the definitions inthis part are adopted from

an editorialproposednomenclature for twalimensional carbon materials
[336].
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Graphend a singleatomthick sheet of hexagonally arranged®bpnded

carbon atoms that is not an integral part of a carbon material, but is freely
suspended or adhered on aefgn substrate. The lateral dimensions of
graphene can vary from several nanometers to the macroscale. With this
definition, other members of graphene family of 2D materials cannot be
simply <called figraphened but-wardust be
term that distinguishes them from the isolated monolayer.

Graphene layet a singleatomthick sheet of hexagonally arranged?-sp
bonded carbon atoms occurring within a carbon material structure,
regardless of whether that material structure has 3D order (graphitic) or not
(turbostratic or rotationally faulted). THgraphene layéris a conceptual
structural unit that has been used many years to describe the structure
and texture of 3D carbon materials with primar§-spbridized bonding.

Multi-layer graphene (MLG]j a 2D (sheetike) material,either as a free
standing flake or substratmund coating, consistingf a small nurber
(between 2 and about 10) of wekfined, countable, stacked graphene
layers of extended laterdimension.

Graphite nanoplates; graphite nanosheets; graphite nanofl2kegraphite
materials with ABA or ABCA stacking, and having a thickness and/or
lateral dimension less than 100 nm. The use of nanoscale terminology here
can be used to help distinguish these new ultrathin forms from conventional
finely milled graphite powders, whose thickness is typicallp0 nm.

Graphene oxide (GO) chemically modified graphene prepared by
oxidation and exfoliation that is accompanied by extensive oxidative
modification of the basal plane. Graphene oxide is a monolayer material
with a high oxygen content, typically characterized by C/O atomic ratios
less than & and typically closer to 2.0.

Graphite oxidei a bulk solid made by oxidation of graphite through
processes that functionalize the basal planes and increase the interlayer
spacing. Graphite oxide can be exfoliated in solution to form (monolayer)
graphenexide or partially exfoliated to form fedayer graphene oxide.
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Reduced graphene oxide@®) i graphene oxide (as above) that has been
reductively processed by chemical, thermal, microwave, ptinémical,
photathermal or microbial/bacterial methods &mluce its oxygen content.

Based on such attempts to define rational morphological descriptors for
graphene familystructural characteristicef this family have also been

classified by other scholars as shown briefl¥ig. 2.9 [335].
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Fig.2.9 Classification grid for the categorization of different graphene types according to

three fundamental properties: number of graphene layers, average lateral dimension,
and atomic carbon/oxygen ratio[335].

In general, characteristics such as high conductivity, very fast electron
transfer capabilitieand large surface area propagsaphene family amleal
materiak for catalyst support of fuel cellAppearance of the graphene
family in the context of catalyst support materials for fuel cells started four
years after its discoverin the works of Si [337] and Xu [338].
Interestingly, both these workeave used th&GO and not graphen&his
implies along with other things the potential difficulties of large scale
production of high quality defedtee graphene that is necessity for any
industrial apfication. So far, various methods have been proposed for
synthesis of graphene including exfoliation and cleavage (mechanical
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[333,334,339] shear induced liquid pha$840], sonication indced liquid
phase[341], wet ball milling[342] and porphyrinexfoliation[343]), CVD
synthesis[344], arc discharge[345,346] epitaxial growth on electrically
insulating surfaces such as S&27], unzipping CNTg[348] and reductn

of graphene oxid¢349]. Although methods such as shear induced liquid
phase exfoliation or arc discharge are claimed to be @bscale up the
production of graphene, the majority of the literature of graphene family
exploitation in fuel cell catalyst support is based on reduction of GO
[337,338,350354,354 363,363]along with a less intense interest on CVD
method[3641 367]. In contrastto defect free graphene synthesis methods,
reduction of GO gives rise to a defective structure of graphene which
behaves in a quite different way from the ideal graphene. Obvidtgy,
scaled up production of graphewia reduction of GO isat the expense of
perfectness of the atomic structure amgistallinity, thatin turn, can be
translated t@remarkably decreased electrical conductivity.

Overall, although graphene is still a relatively new material, the impact it
has made in the fuel cell support materials is significant. The general output
of exploitation of this material as the fuel cell support has been promising
and has shown superiority in many aspects over other suppaftnced
electrocatalytic activitfoward oxygen reduction reaction (ORR353] and
methanol oxidation reaction (MOR368], enhanced electrochemicattive
surface area ECSA), higher CO poisoning tolerand869], Enhanced
durability [353,370] tunablity of surface chemistry and functional groups
through a variety of functionalization proces§&sl] and thepossibility to

be used as a methke fuel cell catalyst upon proper dopif8$4,372]are

just some of the positive feedbacks found in the literature. Characteristics
suchas what comes in the following halseen mentioned to be responsible
for suchimprovements in their behavior:

a) high surface aretheoretical specific surface area2&30 nig'!) andthe

lack of micrepores and deep cracks whehe catalystwould be isolated
from the ionomer phase and thus unable to form electrochemically active
triple-phase boundaries (TPBSs)

b) availability of boththe edge planes and basal platemteract with the
catalystNPs due to he 2D planar structure of the carbon sheet
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c) the fast electron transport mechaniand high conductivity (in case of
defect free graphene),

d) strong interactions of the support and the catalyst especidhg icase of
RGO or functionalized graphene whengchoring sites for the catalydPs
are provided by the surface functiogabups.

Notwithstanding the benefits enumerated for the graphene support and its
impact on the fuel cell technology, there are anbar of cautions to be
considered when thinking about this material as a catalyst support of fuel
cells.

First of all, the majority of literature on this topic, have used RGO instead
of defect free graphene either due to its ease and scalability or due to
conceivabilityof the catalyst synthesis on RGO. In any case, at least one of
the biggest advantages of graphene suppottat is high electrical
conductivity andelectron transportate, is sacrificed in suctchoice of
synthesis methodn this respecta deep shortage is felt about synthesis,
characterization and electrochemical performance of defect free graphene as
the catalyst support of fuel cells.

Properties and behavior of graphene depends fundamentally on its synthesis
method and therefore, artain behavior observed in a given report (like

CO poisoning tolerance observed on RGO toward MOR) cannot be simply
generalized to all graphene preparation methods.

Another llusory point about graphene that should be looked at with care is
the concept obpecific surface area. Although for graphene, the theoretical
specific surface area of graphene is more than 26@0"nbut the specific

area ofmultilayer graphene decreases. The limiting case is graplaiéng

a specific surface area of only hfg'*. Therefore a wide range of surface
area iconceivableand only if the restacking problem of graphene sheets is
addressed through a sophisticated engineering of the nanostructure, the high
surface area of graphene can be expected.

Finally, further workis required to develop the mostitable methods for
preparing either pure graphene arodified graphenes for fuel cell
applications. Thalevelopment of cost effective and high quafitpcesses
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for synthesis, doping, layer number contasfect optimizabn, and surface
functionality modificationof graphene will be the key factors in future
research. Also, systematic studies for a fundamantderstanding of the
chemical and physical mechanisntkat govern the electrochemical
properties ofgraphenebasel catalysts are essential. This will requae
diverse contribution from many research fieldscluding chemistry,
physics, electronics, mechaniesid material science.

2.1.2.2 Composite carbonaceous supports

One of the strategies to overcome the limitationsidividual carbonaceous
materials conventionally used as the catalyst support of fuel cells, is the
opportunity of using different materials together. Composite materials,
made from two or more constituent materials with different physical or
chemical propeies, that when combined, produce a material with
characteristics differenfrom the individual components, can be potential
alternatives tdenefit the positive points of different supports in the same
time. Moreover,the weaknesses of eacbnstituentcan be coveredelying

on theother one Although for a composite support any two or more kinds

of materials (carbonaceous, metal oxides, conducting polymers, etc.) can be
combined consideringonly all-carbonaceous constituenjgst fewattempts

have been reportesb far with a narrow variety of constituenBegarding

their superior behavior and impact in the research community, CNTs and
graphene have been studied slightly more as components of a composite
support[373i 383]. Although promising results have been reported thnoug
these works, furtheiinvestigations arestill required to discover more
precisely different corners of this field atalrecognize the potentiats this
strategy for development of modern catalyst sufsp

2.1.2.3 Non-carbonaceous supports

Notwithstanding the great impact of nanostructured carbon on the
performance of the catalyst supports used in fuel céilste are still
challenges to be addressed for their carefree application in fuel cell. Most
important concern, is the corrosion of carbon that in spit@romising
advances in improving its stability under fuel cell working conditions, can
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still take place anyway€orrosion of the support inherently leads to further
issues like loss of catalyst, which drastically affects the overall performance
of the el cell.

Basically, this very concern, has been the motivation of a wide and robust
research on corrosion resistant materials for catalyst support applications.
Obviously, a candidate fulfilling all the requirements can hardly be found,
and the absence af group of desirable characteristics of carbon in such
alternatives should be taken for grantedany condition the requirement

of more corrosion resistant support materials tmsedintereston inert
supports such asetal oxidesand carbide$384] and conducting polymers
[385]. Since a detailed review of all attempts in these fields is out of the
scope of this work, only a brief mention of the examples of each category
will be followed here.Most studied metal oxides and carbide supports
include titanium oxides[386], titanium nitride [387], titanium diboride
[388], aluminum oxid€g389], tin oxide[390], indium tin oxide (ITO)391],
silicon dioxide[392,393] tungsten and tungsten oxid&84i 396], tungsten
carbide [397,398] sulfated zirconium oxid¢399,400] and cerium oxide
[401]. On the other hand, most studied conducting polymers for this
application includepolyaniline (PANI) [402], polypyrrole (PPy) [403],
Polythiophene (PTh) [404,405] poly(3,4ethylenedioxythiophene)or
PEDOT [406] and composites such asly(3,4ethylenedioxythiopheng)
poly(styrene sulfoni@acid) or PEDOTPSS[407], poly(N-vinyl carbazole)

and poly(9-(4-vinylphenyl) carbazole) [408],
poly(diallyldimethylammonium chloridedr PDDA [409].

2.1.3 Interactionsbetween carbon support and catalyst

The role of carbon in @arbonsupported catalyst systeim more than
merely an inert ground for the catalyst to sit dany crucial parameters
such ashape, size and dispersion of the cata¥Rd, stability or the degree

of mobility of the catalyst particles as well as the strength of their bonding
to the sipport, theGalvani potentialof the catalyst systenits electronic
density and Fermi level, andtherefore,the electron conduction of the
system are all strongly influenced or even dictated by the characteristics of
the suppor{162,410 413]. Most importantly,the surface chemistry of the
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support including the degree of inertness, or rather, the extent of oxygen
surface groups or any other functional groups introduced to the surface, in
addition to thesuface area and porosity of the suppare the parameters

that determine how the catalyst, in a broad sense, will be interacting with
the support, or in narrower senses, how strongly it is attached to the support,
how finely and homogeneously it is dispsison the supporthow
stabldunstable and how sessitedbile it is on the support, how fast it can
exchange the electrons with the support and how active it is for
electrocatalytic reactions.

Although carbon is considered to be an inert mateaiatl itssurfaceis,
generally, assumed to be amphoteric in nature with acidic and basic centers
coexisting thereonn the context of suppedatalyst interactions, different
chemical characters have been attributed to different regions of graphitic
carbon crysta

Defect freebasal planeof graphite that are energetically uniform and
homogeneous, are considered to possess a basic [#tdieThe type of

sites resposible for the basic properties of carbon surfaces has been the
subjectto many debates and different models have been proposed to explain
it. However, the moswidely agreed model tries to justify the carbon
basicity based on the following equation:

6 ¢O06° 8§ 00 O

(29

where 60 is defined as a graphitized carbon surface platglet, basal
plane)[415]. Further worksalsoconfirm the potential obasal planes to act

as Lewis base centefgl15i418] Therefore, when for instance a high
surface area carbon black is subjected to an inert atmosphere heat treatment
in at elevated temperatures, due to graphitization, a decrease in surface area,
an increase in csjalline ordering and crystallite size and consequently, an
increase in the basicity of the carbon will be observed which cannot be
explained by basic surface functional groups.

On the other hand, graphitic carbon surfacegehaso regions where the
continuity of crystalline structure isnterruped. Such regions are mainly
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constituted by unsaturated valences at the edges (dangling bonds) and
defects of the graphitic hexagoralstallites. Moreover, treatments on the
surface that are accompanied by the introductiomedéroatoms (mainly
oxygen, hydrogen and nitrogeae othesources of defect generation in the
crystalline structure. flere is general agreement in attributanggdic nature

to crystalline defects of graphite including the edges, steps, defects and
functional groupsObviously, increasing the porosity and surface area of the
carbonsource that translates to more edge sites available, along with the
functionalizaton treatmentswill increase the proportion of these acidic
sites.

Considering the synthesis and subsequently, catalytic behavior of the
catalyst on carbon support, the role of acidic and basic carbon surface sites
becomes more obvious. Based on the amofithe edge and defective sites

as well as the extent and types of functional groups on different regions of
carbon surface, both negatively and positively charged surface sites exist in
the synthesis mediundepending on the pHThen, a certain pH caneb
considered(the isoelectricpoint, pHgp) at which the net overall surface
charge will bezerg at pH > pHep the carbon surface, covered bggative
charges will attract cationsfrom solution; at pH <pHpp it will attract

anions[419]. This isschematically indicatedy Fig. 2.10. Accordingly, the
intensity and type of negative and positive sites of carbon surface can

determine the pjg and consequently, can dictate the synthesis condition
(pH in this case) at whictie desired form of catalyst precursor (anions or

boundary layer
l particle surface

PH<pHigp  PH=pHEgp PH>pHep
Acidic medium Basic medium

Fig.2.10lllustration of the amphoteric character of carbon materials[419].
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cations of preference) can be selected for deposition on the surface. This is
just a simple example to show how the knowledge of the probable
interactions of the suppiband the catalyst can be used to tune the chemical
accessibility of the support and thus, the catalyst disperBimninstance,

the electrostatic repulsion forces between anionic catalyst precursor species
in solution and a negatively charged surfaceyrba stronger than the
nonspecific dispersion forces of attraction, resulimghnhomogeneous and
unpredictable dispersion of the catalyst, regardless of the extent of the
specific surface area of the suppdrtn g e n e maximym chtalyst A
dispersionis favored when theentire carbon surface is chemically
accessible, i.ewhen there is electrostatic attraction betweenpibstively
charged surface (belopHep) and thecatalyst precursor anions or between
the negativelycharged surface (aboveHzr) and the catalyst precursor
cat i[4lé]s O

Apart from the electrostatic models for explanatidrihe suppoitcatalyst
(carbori Pt) interactions, the adsorption process of platinum onto carbon has
been tried to be explained through other mechanisms, especially in cases
where a simple electrostatic mechanism cannaive a sufficient
explanaion. For instance, the evidenced Pt reduction in the impregnation
catalyst synthesis methofll80,181] implies a redox procesin the
interaction ofhexachloroplatinic aciqH,PtCk) with the carbonn which

the metal complex is stabilized a$'Rin thecarbon surfac§20].

The proposedmodel to explain these observations is based on a primary
reduction ofPt(IV) complex to a Pt(ll) compleky carbon which is then
coordinatively bound to the carrier, as:

H,Pt(IV)Ck + zCzH + HOY Pt(INClL*% 2cf+ zCF +5H"
(22
Pt(INCLY S+ S Y Pt(II)CLS® + CF

(23

where thdigand site S is assumed to be either-aomplex structurer an
oxygen surfacgroup. A model for an oxidized carbsarface would be
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based on independent acid and basic grampih ionize according to the
following equilibria:

HAZ A+ H'

(24)
B+Hz BH

(25)

where A and Brepresensites of the carbon solid matrix or surfame/gen
groups.Accordingly, the combination of the mod@roposed inEq. (2-2)

and (2-3) with the model for the ionization of the carbon surface based on

independent acid and basic grougs.((2-4) and (2-5)), results inthe

conclusion that the acid oxygen surfageupsare behaving likeweak
ancloring sites. Onthe other handbasic sitesof carbon surfaceact as
stronganchoring sites fothe hexachloroplatinic anidmondingon carbon.

Alternatively, an explanation based on Lewis type character of basic sites of
carbon surface which are assoethtith " -electron rich regions within the
basal planeshas been proposddr the strong adsorption of Pl using

the mechanism of innephere adsorptio21]. In this modelan electron

donoii acceptor complex made of protonation of oxygkae basic carbon

sites, namely, [G OH3]" (seeEq. (2-1)), plays a major role in adsorption of

PtCI6 , asdescribedn the following:
Hth(IV)CgLIJ €y [C‘zOH3]+\"{ [CZOHzPt(IV)CL]*
+ HCI &dsorption of PtC* without reduction)
(2-6)
HPt(IV)CEY + [GZOHY" Y [CZOzPt(ICH?
+ 3HCIl 4dsorption with simultaneous reductioh

(21)
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In thismodel, surface groups would replace soofighe original ligands
(CI') of the transition metgkatalyst)in solution.In Eq. (2-6) a water ligand

is inserted and in E§2-7) a Q Oi Pt linkageis formed.

After the brief introduction about the catahgtpport interactions and the

role of surface chemistry of the support in those interactions, a summary of
the modfication methods ofthe surface affecting its chemistry and
crystallinity and therefore, influencing the interactions, can be help&il.
explained before, the carbon support can be characterized as a mixture of
basal and edge planed/hile a surface builtup of only basal planess
consdered as a homogeneous surfagemixture of the edge and basal
planes is considered as a heterogeneous sugfadea wide range of
investigations confirm that a heterogeneous surfemeld serve better for

the stability ad dispersion of the catalyst on suppgda@3,422]

The choice of the typand extenbf the defects/edge sites available on the
support surface can beade upon a number of factors such as ype of
the supporf210,246,258,423]functionalization (acidibasicand oxidative
[162,168,177179,181183,410,420,424,425] nitrogen doping
[262,354,426430], sulfur-modification [431,432] sulfonation and
phosphonationtreatments [433i439] and so oh and heat treatment
[181,184,440442].

2.1.4 Objective

In summary of what reviewed so far, a wide range of carbonaceous
materials for the dalyst support of fuel cells have been used and
investigaed. Traditional carbon blacks itlw benefits such as high
availability and low cost, have been tried to be modified for improved
supporicatalyst interactions to promote metal loading and dispengin
chemical activationNevertheless, intrinsic problems of activated carbon
such agnajority of microporesredudng the accessibility of the reactants to
catalyst along wittiow thermal and electrochemical stabiligre inevitable.
Therefore, the search for new materials has been continued leading to
development of supports such as OMCs, CNFs, CNHs, CNOs, CNCs,
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CNTs, doped diamonds and graphene family. Although any of them has its
own virtues and liabilities, they have opened newzoms over the fuel cell
technology as a more efficient and cost effective alternative for the world
energy demands.

In particular,discovery and exploitation of CNTs and graphene as catalyst
supports, has revolutionized the entire field and added aveastne of
information to the present literature making our understanding and
knowledge of thearbon support clearer and more comprehensive.

Accordingly, it is intended through this work, with focus on these two
premiercarbonmaterials, taconduct a systmatic and comparative study on
the behavior of each species as the Pt catalyst support for ORR in the
cathode of PEMFCsA thoroughly laboratory based program has been
designed and followed for preparation of the of support materials, synthesis
of the caalyst and microstructural and electrochemical characterizations.
CNTs were prepared through fluidized bed CVD method and the graphene
type used was prepared by reductidrgraphene oxide, both being the most
likely candidate methods for scaled productioh the corresponding
materialsCNTs are known to havgigh electrical conductivity, high degree

of crystallinity, efficient pore size distribution and good corrosion
resistance In the meanwhile, drawbacks such as intrinsic inertness of
pristine CNTs andhe necessity of introduction of catalyst anchoring sites
by some degree of functionalization along with relatively low surface area
are the concerns of CNTs carefree application in this field. In contrast,
RGO, features high specific surface area aimurdance of catalyst
anchoring sites caused by rabwxidative preparation method. On the other
hand relatively reducedelectrical conductivity of RGO originating from the
structural defects and also the risk of restacking of graphene sheets and loss
of suface area, are the main issues of wide application of RGO in the
industry. As seen, theros and cons of each candidate are exactly the
opposite sides of a coin. Therefore, such comparative study can help
understanding the degree of importance of eachpetea and the extent to
which, each parameter is benefiting or suffering from the presence or
absence of a key feature, respectively.
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Furthermore,such combination of strengths and weaknesses in CNT and
RGO, isinciting a big temptation for thinking aboat composite support
made of these two. In theory, the composite of CNT and RGO should
benefit from thepros of both and should recoverfrom the cons of each
relying on theprosof the other.Therefore, along with CNT and RGO as
individual electrodes, conggite CNTFRGO electrode was prepared and
underwent all the required characterization.

The synthesis of the Pt catalydPs on the supports was carried out by
microwave assisted polyol process that along with environmentally friendly
characteristic, bend§i from short duration and easy operational features.
Moreover, in the case of RGO and CIRIGO supports, the reduction of
graphene oxide is simultaneously taking place with the synthesisSN®P<t
Accordingly, there is no need for separate reduction of the GO that is a
further advantage of this method.

Finally, in the interpretation of the electrochemical performance of the
catalystsupport systems toward ORR, a variety of characterization methods
have been sl to elucidate the role different supports and their physical
and chemical characteristics in the overall behavior of the system and
thereby, to cast light on potentials and limitations of each as a practically
feasible candidate for real world exploitaticompared to the commercial
carbon supported Riectrocatalyst§Vulcan XC72 30wt%Pt).

2.2 Experimental

2.2.1 Carbon supporspreparation

2.2.1.1 CNBsynthesis

The experimentasetup for CVD synthesis of CNTs was as based on the
established procedure explained invioes works[443,444] A metallic
ironrbased catalyst s-alymma (Sigreatlidricd)nwasn e ut r 3
prepared with a quantity of metallic Fe amountin®@ 186 of the weight of

the ALO;. The alumina obtained from the retail@as characterizedising

the B.E.T. method and found to have a surface area of P& this
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aluminawassubjected to a prealcination treatment in air at 750 °C for two
hours. A second B.E.T. measurememisobtained on a part of the resulting
alumina powder, from whicht iemergéd that, after the treatment, the
alumina hd a surface area of 130°gh’. The averagearticle size ofthe
alumina after the heat treatment was measured tolbe um. 20 g of
alumina thus selectediere immersed in 7.5ml of ethanol and mixed to
facilitate impregnation. The first impregnation generates heat, so the system
wasleft to cool before a further 718l of ethanolwereadded. A solution of

an iron precursor sallvas separately prepared by dissolving 16.07 g of
Fe(NO3)3.9H,0 in 9.4ml of ethanol, and stirring. The iron salt solutiwas
poured into a balloon flask in a rotary evaporator, then the solvent
containing the aluminavasadded to the solution. The aluminasleft to
become impregnated with the iron sait bne hour at 30 °C, stirring the
system by rotation at 30 rpm. Thetme solventwas removed from the
alumina, operating under a partial vacuum of 30 mbar at 30 °C for one hour
and continuing to turn the rotary evaporator at 30 rpm. The nearly dry
produd recoveredwas then completely dried in a quartz tubular reactor
positioned horizontally in a tubular furnace, operating under a flow of
nitrogen of 10Gsccm at 78 °Gor one hour.

The dried product was then calcined in a quartz tubular reactor (2 cm in
diameter and 75 cm in length), positioned horizontally in a tubular furnace.
The heat treatment took place in a dynamic environment, in the presence of
a flow of air, in the following working conditions: temperature gradient of
10 °C min* from room tempetaire up to 700 °C, isotherm of one hour at
700 °G continuous air flow of 100 sccm all the treatment time.

For eachsynthesis batch, 3 gf catalystmaterials werdoaded onto the
porousdistributor plateof a vertical reactoforming a fixed bed of 0.8 cm
in height. The reactor was a quartz tube (ISO 42980, inner diameter
2.28 cm, length100 an with a 40 cm hot zoneheated in a temperature
controlled electrical furnace (Carbolite, mod. Endotherm VSTL&Y4 The
tube was copled to a gas flow control system (flow meter, Brooks
Instrument BV, Model 5878)The arrangement of the tube in the furnace
was vertical so as to provide the conditions of fluidized bedigeThe 40
cm hot zone wadivided into twopartsby a distribuion plate: a preheating
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zone of 10cm and a second fluidization zomé 30 cm. The reactor is
heated at a rate of dfo °C min'* from room temperaturep to 650 °C
under an atmospheoensisting of 20@Gcem of hydrogen(H,) and 200sccm
of nitrogen(N,) to establish the fluidized bed conditioridpon arrival to
650 °G an isothermal phasef 45 minutesis followed at the same
atmospheric conditiondn this step, the calcined iron catalgstpported on
aluminais activated by hydrogen reductioBubsequentlya flow of 50
sccmof ethylene(C,H,) is added tathe said mixture for60 min.the total
gas flowing into the reactor is thus, 450 scfMy: H,: CH, = 4: 4: 1).
These conditions correspond gyowth of CNTs on the activated iron
catalyst. After the 60 min growth time, the reactor is cooled ddwn
ambient temperatunendera flow of N..

2.2.1.2 CNTs purification

In a typical purification treatment, 5 g of synthesized CNTs waspended

in 250 ml of an acid mixture consisting of sulfuric and nitrildladH,SOy:

4 M and HNQ: 1 M). The suspension was then refluxed at 1CGor 5 h.
during this stepgdissolution of alumina suppotiton catalyst particlesand
amorphous carbon phastakes place resulting in purification of CNTs.
Moreover, CNTs underga degree of functionalization mainly due to the
presence of HN@ By the end of 5 h high temperature treatment, the
suspension was quenched in a room temperature water bath followed by
dilution of the suspension with distilled water up to a volume &f Zhe
diluted suspension was stirred for 1 h and sonicateah inlteasonic bath
(Ultrasuonic Bath Falc Starsonic )3fer 30 minfollowed by filtration. The
filtered products were again immersed in distilled water and stirred and
sonicated under the same ddions. The washing treatment was continued
until the pH7 arrived, after which the final filtration was carried out. The
products were then dried overnight in an oven at°@0

2.2.1.3 GO synthesis

GO was prepared from natural graphite powder by usinmaodaified
Hummer 6s o0 X i d[44b]i 1® rg ofp mataral eggahite Sigma
Aldrich) and 7.5 g of NaN©(SigmaAldrich, purity 99%) were placeth a
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flask and were added 350 ml of concentratésS5O, (purity 96%). The
mixture was stirred under cooling in an ice water Batt80 min and then,

45 g of KMnQ, (SigmaAldrich,purity 99%) was gradually addeaver
about 1 h, while the system was kept under the cooling conditions. In 2 h
the moling was completed and theixture wasthenallowed to standinder
stirring for five days (120 h) at room temperature. Gradually, highly
viscous liquid was formed. By completion of 120 h stirrinige tiquid
obtained was added to 1000 of 5 wt% H,SO, aqueous solutiorver
about 1 h withstirring to avoid sever effervescencedanncontrollable
temperature rise. e resultant mixture was further stirrft 2 h. Then25

ml of H,O, (30 wt% aqueous solutiomyas addedlowly (dropwise)to the
above liquid and the mixture was stirriat another2 h. In order topurify

the oxidizedgraphite from oxidizing agergspeciallymanganese ionshe
following washing procedure wasepeatd 10 times: centrifugation,
removad of the supernatant liquidaddition of 1000 ml mixed aqueous
solution of 3 wt% HSQ/0.5 wt% HO,, 30 min stirring and30 min
sonication. Thigurification proceduravas similarly repeated further10
times except that the liquid tbe added was replaced with water. The
resultant mixturewas then used as the reservoir of GO. For each
experimentthe required amount of suspension was vacuum filtered and the
productwas dried at 40C before being used.

2.2.2 Catalyst synthesis

Catalyst synthesis was based on microwas®isted polyol process
(MWAPP) proposed bgharma et al[369]. For the synthesis of the catalyst
on each class of supporg., CNT, GO and CNIGO, 40 mgof the support
was suspended in 20 ml of ethylene gly@®) and ultrasonicated for 60
min. In case of the composite support, GI&D, a weightratio of 1:1 was
consideredbetween the constituent®0 mg each) The appropriate amount

of aqueous solution of potassium hexachloroplatinatét®l, 0.05 My,

e.0., 29.9 mg K,PtCl; dissolved in1.23 ml watey was addedto the
suspensiorbased on stoichiometric ratios so as to have a final 30 wt% of Pt
present in the catalysupport (Pt+C) systenand the solution was stirred.
Then, the pH of the mixture was adjusted to 8 by dropwise addition of a
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0.4M KOH aqueous solutionAfter another60 min ultrasonication the
yellow/brown suspensiorwas moved to a domestic microwave oven for
MWAPP to synthesize the Pt particles on the supplre mixture was
heated for50 sinside the microwave oven #te maximum powel(700 W)
and then cooled dowio ambient temperature under the fume hood.

The black precipitate obtained wasshedhreetimes byultrasonication in
acetone for 5 min followed by centrifugation at 3000 rpm for 15 min to
decant the acetone and replace it with a fresh one. The clpametérs
were ollected after dryingit 50 °C overnight in vacuum.

A commercially available Pt reference cataly? wt% Pt on WlcanXC-
72 carborblack from Alfa Aesar, called hereafter REC) wasused as the
control sample for the purpose of companiso

2.2.3 Microstructural characterization

Catalystsupport systems wereharacterized for phase analysis byray

diffraction (XRD) technique using an 1830 PW Philipsray generator
equipped with a PW 3020 Philips goniometer and a PW 3710 Philips
controlunitThe radiation( &sed 1, whhdsércCsiep KU
timeofl00 s and step size (2d) RBrdgg 0. 02 A
Brentano configuration

Nanostructure ofsupports before and after the catalyst synthesse
characterized with a tramsssion electron microscopeTEM, Philips
CM200 FEG)equipped with dield emission gun with Schottky emitter
operated a200 kV.

Thermo gravimetric analysis (TGA) was performed in Oxygen by using
PerkinElmer Simultaneous Thermal Analyzer (STA 6000) l¢ating rate
of 10 °C mift* up to 900 °C.

X-ray photoelectron spectroscof¥PS) was carried out by usiragn AXIS

Nova (Kratos Analytical) equi pped wi t h monochr ol
( h 3 = 1%9e¥)6X-r& sourceThe Kratos charge neutralizer system was

used for dlanalysesSample preparation for XPS studies consistedrof-

drying of the suppoitcatalyst ink (ink preparation is described in the
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Electrode preparatiosection) before addition of Nafion, onto a silicon
wafer and subsequent drying under an infrdeedp. XPSanalyses were
performed on samples in thfitm configuration.

XPSlow resolutionspectra fiarrow scanswere acquired through Sveeps
with pass energy of 166V and acquisition time of 362 Scan steps were
adjusted tdl000.0meV and stepwell time to 100 ms

XPS high resolutionspectra (surveys) were acquired through 10 sweeps
with pass energy of 28V and acquisition time of 666 s. Scan steps were
adjusted td.00.0meV and stepwell timeto 332 ms.

2.2.4 Electrode preparation

In order to evluate the electrocatalytic activity of different suppoatalyst
systems, proper electrodes for rotating disk electrode (RDE) based cyclic
voltammetry (CV) were prepared based on the standard practice proposed
by Garsanyet al.[446].

The gener al procedure for evaluating
the RDE methodology involves the casting of a catalystftiimof known
concentration on the surface of a glasaybon electrode (GCE) substrate.

The GCEused had a glassy carbon disk with a diameter of 5 mm and
geometric area of 0.196 émembedded in a Teflon cylinder (Pine
Instruments).

Before casting each catalyst tHim, the GCEs were polished witthree

di fferent al umi na particl e inssiLe pensi
respectively) on moistened polishing cloth (Buehler, MiCtoth) to obtain

a mirror finish.The polished electrodeere therrinsed well withdeionized

water andsonicated for5 min in deonized water, followed by a final

deionized water and ethanol rinsing andm temperaturdrying. Based on

the intended catalysts concentration (30 wt% ¥&tro the entirecarbon
support-catalys}, a Ptloading of17.5egs cm'? was selected to be casi o

GCEs {n the standard range @f30¢ g cm ? for such Pt concentrations

A typical catalyst ink was consisting &f7 mgsupportcatalyst (arbon+Pt)
and 2 ml of a solvent composed of 24.7 voidpropyl alcohol IPA, 0.494
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ml), 74.8 vol%H,0O (water, 1.469 ml) an@.5 vol% of a Nafion ionomer
solution (0.01 m| Nafion solution of 5 wt% For the supports containing
CNTs, due to hydrophobicity of CNTs, formation of a homogeneous
suspension was not possible with a water based electrolyte. dieereéme
ethanol was added to such inks andirtttmmpositionwas modifiedas
follows: 1.7 mgsupportcatalyst (arbon+Ptimmersed in 2 ml of a solvent
composed of 12.35 vol%aopropyl alcoholIPA, 0.247 m), 37.4 vol%H,0
(water, 0.748 ml), 49.75 vol%ethyl alcohol(ethanol 0.995 ml) and0.5
vol% of a Nafion solution Q.01 m). The detailed instruction on the
calculations for planned and obtained Pt concentrations and loadings on
different samples calme found inAppendix A

After having thesupportcatalyss immersed in the right composition of the
solvent, a sonication step of 15 min was followed for homogenization of the
ink, after which a well dispersed suspension was formed.

Based on the planned concentration of Pt (30 wt% Pt over the entire carbon
supmrt+catalyst), and the desired Pt loading on GCE&5egp, cm ?),
13.45¢] of the ink was cast on th@.196 cm area of theclean, polished
GCEusing a micro pipetteuch that it completely covered the GCE disc but
did not cover any of the Teflon. Thekinvas thendried underan infrared

lamp.

2.2.5 Electrochemical characterization

Once the thirfilms of supporicatalyst were prepared on the GCE, the
catalyst electrocatalytic activity was evaluated in a standard-¢heetode
electrochemical cell with catedy coated GCE as the workirgy,Pt mesh as
the counter, andh reversiblehydrogenelectrode(RHE, consisting of a high
surface area Rheshplatinized with Pt black, immersed intdaturated 0.1

M HCIO, electrolyt§ as the reference electrode obtain CVsin a de
aerated electrolyte and ORRolarization curves in an faturated
electrolyte[446]. For the working electrolyte, the standard electrolyte that
simulates a perfluorsulfonic acid ionomer (low anion adsorption of bound
sulfonic acid groups) in RDE measurements, i.e., OHGIO, was used.
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Electrochemical measurements were carried out usiRGSTAT302N
potentiostat/galvanostat (Metrohm Autolabhe electrochemicalell was a

Pine RDE Cell (150 mL, with water jacketand was linked to a
thermostatically controlled bath. The cell was placed in a Faraday cage to
avoid any electrical interference from surrounding equipment. A-R5L0
Thermo Scientific circulating watebath was used to maintain the
temperature of the cell @6 °C.

The working electrodaevas alwayselectrochemically cleaneda potential
cycling prior to measuring the CVs for electrochemgaface areECSA
determination and the ORR. Fthis, the verking electrodewas cycled
betweerD.05and1.20 V versus the RHE f&00cycles at 30 mVs ™.

The CV measuremenfer ECSA determination of the catalyst were carried
out by cycling 4 times at 20 m{/sbetween 0.05 V and 1.20 V in the
electrolyte (0.1 VHCIO,) de-aerated with nitrogen bubbling for 30 min.

After completion of theECSA measurements, the saturation gmas
changedand the electrolytavassaturated foB0 minwith O,. Then, ORR
measurements were carried out at differestation rates incluthg 400,
800, 1200, 1600 and 2000 rpm in order to have botrstidnedardrotation
rate for ORR measurement (1600 rpamdto have therequired data for
Levich-Koutecky curves. ORR easurementsvere carried outby linear
sweep voltammetry (LSVht a scan re of 20 mV§' in the potential
window of 0.05 to 1.10 V.The background currentvas measured by
running the ORR sweep profile the same scan rate and potential window
in the same electrolyte purged for 30 min with, Nefore the ORR
measurements to account fdre capacitive current contributionso be
subtracted from the electrocatalytic current measured during ORR.

2.3 Results and discussion

2.3.1 Supportspreparation

Fig. 2.11 shows the TEM micrographs of the synthesized CNTs by CVD

method after the purification treatment. It is seefim 2.11 (a) thatCNTs
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possess a homogeneous diameter size distribution in the rangel 5fntH
and the purification has successfully removed the Fe based catalyst particles
from the tips or inside the channels of nanotubesm the HRTEM image

(Fig. 2.11 (b)) it is realized that CNTs are muitialled type with 120

walls and interplanar spacing of 3Mthat is characteristic of hexagonal
graphite.

— ey Vg A ‘ol 5 nm | 2 x
7 £ e

Fig.2.11(a) high magnification and (b) high resolution TEM images of CNTs synthesized
by CVD method after purification.

Fig. 2.12 shows the TGAof CNTs before and after the acid purification. It

is clear that before purification, a high concentration of impurities
consisting of amorphous carbon and catalyst Fe based particles along with
their alumina support is present in the CNTs forming 42% wf the total
mass.However, after the purification, the impurity level has decreased to
almost 5 wt%,the constituents that have not burnt under the air heating
conditions of the TGA. Although the purity level of CNTs can be
considered appropriate for ghnext steps, the remaining content of
impurities will be taken into account when measurements of catalyst
concentration on the support will be carried out.
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Fig.2.12TGA of as synthesized and purified CNTs.

Fig. 2.13 shows the TEM micrograph of the synthesized GO. A sheet

composed of few layers of GO is shown part (8) of the image with
indications of local damage of layer (white arrows) probably due to strong
oxidative treatment and also some folding of the layer (black artowg.

2.13 (b), HRTEM of a wrinkle on GO is resolved and shows two times of

the GO layers available in this sheet (real number of layers, 3). Irregular
spacing of the layers can be realizedhis image.

—

Fig.2.13TEM micrograph of a few layered GO sheet.
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2.3.2 Catalyst synthesis on supports

In this work, synthesis of IPs on different supports, was done via-one
pot MWAPP as outlined ifig. 2.14.

Carbon Support Pt Source Synthesis
Microwave assisted Polyol process

Ethylene GIy?)I

pH:8
Microwave
50s700 W

Carbon

Fig.2.14schematic representation of Pt synthesis on different supports using MWAPP.

The mixture of the carbon support andP¥Ck in EG, forms the polyol
solution that is then heated rapidly the microwave oven leading to
formation ofreducing specieffom EG that simultaneously reduce the Pt
ions in the solutionThe produced fine metal particles find the nucleation
centers at t support material suspended in the solution, thus resulting in
the synthesis of metallic NPs supported on the suppothe meanwhile,

for supports such as GO, the saraducing speciewill be responsible for
reduction of the support as weltesulting in the formation of RGO
Regardless of the starting support material, the result of the MWAPP is a
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black suspension consisting of the support material decorated with Pt NPs.
It will be shown later that how and to which extent the simultaneous
reductionoxide supports such &0 is achieveavith MWAPP.

2.3.2.1 TEMstudies

Fig. 2.15 shows the TEM micrographs of tf@&NT supportedPt catalyst

with indications of homogeneity andrystallinity of both support and
catalyst. Fig. 2.15 (a) shows the distribution of MIPs on CNTs and

demonstrates homogeneous size MiPs and lack of agglomeration
However, some CNTs (indicated with white arrows) show less Pt

5.88 1/nm

Fig.2.15TEM micrographs of the CNT supported Pt catalysts (a) high magnification TEM

of the the distribution of Pt NPs on the CNTgb) HRTEM of Pt and CNT, (c and d) FFTs of
CNT and Pt, respectively.



AOOOASG AI O wl AAOOT AEAT T

(@]}

omnm #AO0AT1T . ATT106060

deposition. That is probably due to intrinsic inertness of CNTs that the
purification/functionalization treatment in acid solutions has adequately
solved it. In contrast, some other CNfhat do not suffer from this problem
and have obtained enough anchoring sites (indicated with black arrow)
show a good distribution of Pt particles with appropriate spacing which is
necessary for maximized ECSA and electrocatalytic activity of the catalys

In Fig. 2.15 (b) HRTEM image of both catalyst and support is shofum.

interplanar spacing of 2.4 that is characteristic of (111) planes fate
centered cubi¢FCC) Pt is measured in this image along with an interplanar
spacing of B A that is characteristic of (002) planes of hexagonal graphite.
Therefore, it is confirmed that the Pt synthesis has been successful and a
reasonable degree of crystallinity hasebeachieved.Furthermore, the
crystallinity of CNT support has not been damaged in the course of catalyst
synthesisAs a further evidencdast Fourier transform (FFTOf the high
resolution images of CNT and Pt crystals were prepared as shokig. in

2.15(c) and (d), respectivelCrystallinity of both structures is revealed by

the presence of the spots in the reciprocal lattices and the spacing of the
spok (5.88 and 8.92 nrhfor CNT and Pt, respectively) demonstrates a
interplanar spacing (3.40 and 2.84or CNT and Pt, respectivelyjientical

to those measured from the HRTEM imag8anilar studies were carried

out for GO and CNIRGO supports as wellpoth showing similar
characteristics.

As a complementary step, average Pt particle size synthesized on different
supports was evaluated based statistical anatysiEEM resultsas shown

in Fig. 2.16. Based on theGaussianfitting to size distributing of Pt

particles, center of the normal distribution fitted to different suppatalyst
systems was as followg8.04 + 0.00 nm (FWHM: 0.97+ 0.03 nm) for

RGO Pt, 3.62 + 0.05nm (FWHM: 1.76+ 0.16nm) for CNTi Ptand3.51 +

0.02 (FWHM: 1.08% 0.06 nm) for CNT RGO Pt It is seen that the finest
particle size and the narrowest distribution belongs to R&@nd largest
particle size and widest distribution to CNAt. This can be justified by the
abundance of the anchoring sites available for the nucleation of the catalyst.
CNT support with inert surface and partial functionalization, provides less
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anchoring sites for the nucleation of the catalyst and therefore, lower
number of catalyst particles with larger size will deposit on it. In contrast,
RGO withvast structural defecend functional groups, provides the
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highest number of anchoring sites for catalyst deposition. Reasonably, the
composite support has a mixture of both characteristics and its particle size
distribution is between the other two.

Another interesting feature found in the RE@® sample is itsdenser
catalyst arrangement compared to the otfi€ig 2.16 (c)). Obviously, this

is also accompanied by less spacing of the PT NPs and in many cases,
contacting particles and even agglomeratioNotwithstanding the
aforementioned reason for this, namely, abundance of catalyst anchoring
sites, it seems that overall cemtration of the catalyst is higher on this
sample. Validity of suclperceptionwas explored via TGA studies as will
bediscussed in the following section.

Finally, the composite supporfFif). 2.16 (c)) shows some interesting

features including, coexistence of CNTs and RGOs both deposited by Pt
NPs, lack of agglomeration of carbon supports, appropriate spacing between
the Pt NPs and minimized particle contdlthis sggests a good behavior in
terms of availability of ECSA for electrocatalytic activity. This behavior
will be discussed in details in the electrochemical characterization section.

2.3.2.2 TGAstudies

Fig. 2.17 shows the TGA of different catalyst support systems carried out in

air at a heating rate of 10 °C mtrup to 900 °CTGA analysis is reliable
method of measurement of catalyst concentration since it is carried out on a
bulk of the supportpowder and no special sample preparation is required
for that. Furthermore, along with the catalyst concentration, information
about the functional groups of the support species are also deducible from
TGA results.

Fig. 2.17 (a) shows the TGA of CNITPt systemAn initial weight loss of

almost 3.5%s observed below 20TC centered at 151.3%C that is dugo
the evaporation ohbsorbedvater molecules fron€NTs. After this, only a
single weight lospeakis observed centered at 592.7Q2 that refers to the
burning of CNTs. According to this testhe absence or insignificant
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presence of functional groups can be inferred since tisen® obvious
weight loss between that of the water evaporation and the one for carbon
burning. Also in the derivative plot of the weight minor indication of loss
betweenthose two can be observely the end of the analysis at 9@) a
residue of 28.39 % is remaining that refers to Pt. Moreover, as discussed in
the CNT synthesis and purification section, a residue of 5 % in CNTSs refers
to the remained impurities not remems by purification. Therefore, the
concentration of Pt is 23.39 %his value, although not exactly, but with
some degree of deviation is close to desired concentration of Pt to be
deposited on CNTs based on the stoichiometric ratios mentioned in the
expeimental part(i.e., 30%) Most probably, inadequate anchoring sites for
Pt deposition has a big responsibilitytivis shortage.
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Fig.2.17TGA studies on (a) CNPt, (b) RGQPt, (c) CNTRGZPt and (d) overlay of the
three systems.




























































































































































































































































































































































































































































