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Abstract 
 

 

In the current dissertation, under the general framework of ñCarbon 

nanostructures for electrochemical energy conversion and storage 

applicationsò, a range of activities with main focus on synthesis and 

electrochemical characterization of carbon nanostructured 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 the objective and results of a chapter.  

(i) Chemical vapor deposition (CVD) direct growth of carbon nanotubes 

(CNTs) on stainless steel (SS) and their application for the bipolar plates of 

proton exchange membrane fuel cells (PEMFCs): in this part, a systematic 

study of the parameters affecting the direct growth of CNTs on SS is 

presented and the suitability of the resulting material for working in 

electrochemical environments is investigated. CNTs were successfully 

grown on SS via a simple CVD method and without application of any 

external catalyst after fine tuning all the surface characteristics of SS as well 

as the growth parameters. It was found out that during the controlled 

atmosphere heating of SS up to CNT growth temperature, its surface 

undergoes nanoïscale modifications and the type of the subsequently grown 

filamentous carbon shows a direct relation to the size of surface nanoï

features formed as a result of certain pretreatments on SS such as polishing, 

etching, heating condition and atmosphere. CNTs were the dominant 

growth products where the average size of SS surface nanoïfeatures was 

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 SS was found to occur. In particular, chromium 

depletion of SS due to chromium carbide formation and an accelerated 

sensitization caused an infirm behavior of the material in electrochemical 
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media, appearing in the form of intergranular corrosion. 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 media such as 

bipolar plates of PEMFCs. 

(ii ) Investigation on different carbon nanostructures as the catalyst support 

of the PEMFCs: in this part, fabrication of Pt electrocatalyst supported on 

different carbon materials, namely, CNT, reduced graphene oxide (RGO) 

and hybrid CNTïRGO is demonstrated using a rapid and single step 

microwaveïassisted polyol process (MWAPP), and the activity of Pt 

towards the oxygen reduction reaction (ORR) is studied on different 

supports. Due to direct relation of the abundance of defects on the support 

and Pt concentration and dispersion, inherently inert CNTs showed the 

lowest and RGO with large number of defects showed the highest 

concentration of the deposited catalyst. Accordingly, a Pt nanoparticle (NP) 

size trend as follows was found on different supports: RGOïPt < CNTï

RGOïPt < CNTïPt. XPS studies, demonstrated the highest content of 

oxygen on RGOïPt and the lowest on CNTïPt while the composite support 

had an intermediate oxygen content, resulting in a C/O ratio trend of the 

supports in the following order: RGOïPt (7.26) < CNTïRGOïPt (17.49) < 

CNTïPt (21.32). These observations supported the assumption of the higher 

conductivity of CNT support than the RGO. Moreover, the high resolution 

XPS results, demonstrated the highest content of sp
2
 component of C 1s 

spectra on CNT compared to others, whereas 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 

HOïC=O (carboxyl) groups. The chemical state of the catalyst was also 

found to be affected by the support type and in particular, by its initial 

oxygen content, so as the highest and lowest metallic Pt (Pt
0
) contents were 

observed on CNTïPt and RGOïPt, respectively. In almost all these XPS 

studies, CNTïRGOïPt showed concentrations between CNTïPt and RGOï

Pt. Area specific activity evaluation of the samples towards ORR showed a 

clear outperformance of all the lab-made samples compared to the 

commercial Vulcan XC72ï30%Pt over the entire kinetic region. In 
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particular, the specific activities of RGOïPt, CNTïRGOïPt and CNTïPt 

samples at E = 0.90 VRHE, 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 become more important and RGOï

Pt showed the poorest behavior. However, CNTïPt and CNTïRGOïPt 

showed 58% and 80% improvements compared to the commercial sample at 

E = 0.90 VRHE. CNTïRGOïPt support showed particularly high mass 

activity due to simultaneous benefitting from the conductivity of CNTs 

working as nanoïinterconnects between RGO sheets, and wettability and 

surface area factors of RGO. It was finally concluded that hybridizing the 

1D and 2D support families (CNTïRGO), shared the features of individual 

components of the hybrid, so as to result at the same time in high area and 

mass specific activities outrunning 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 of CNT and RGO as the active materials for the 

electrochemical double layer capacitors (EDLCs) or supercapacitors, 

compared to activated 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 of the 

supercapacitor carbon based active materials. Along with thorough 

microstructural characterizations, electrical conductivity measurements 

were also carried out on all materials using a lab-made facility, 

demonstrating orders of magnitude higher conductivities of CNTs (332 S 

m
ï1

) and RGO (1 S m
ï1

) compared to A.C. (10 µS m
ï1

). Supercapacitor 

electrodes were prepared via the soïcalled ñpaste methodò from the desired 

compositions of active materials in three main classes including A.C.ïCNT, 

A.C.ïRGO and A.C.ïCNTïRGO. Electrochemical characterization of the 

electrodes was carried out using cyclic voltammetry (CV), cyclic chargeï

discharge (CD) and electrochemical impedance spectroscopy (EIS) 

techniques in a 1 M Na2SO4 solution and parameters related to EDLC 

performance such as specific capacitance (Cs), internal resistance (Ri), 

energy density (Es), power density (Ps), relaxation time (Ű0), ideality of the 
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performance and lifetime were evaluated. Specific 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 address this 

problem. In A.C.ïCNT class a maximum was observed in the Cs and Es in 

the intermediate compositions (CNT contents) below which the composite 

suffered from low conductivity and above which, the lower specific surface 

area CNTs was limiting the capacitance. In A.C.ïRGO 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. A.C.ïCNTïRGO class showed the lowest 

dependence on the composition of the added constituents since a good 

conductivity (supplied by the constant 25% CNT content) and an acceptable 

surface area (provided by different contents RGO and A.C.) guaranteed and 

almost always high capacitance. Studies on the rate capability, power 

performance, frequency response and internal resistance of the electrodes 

showed a superior behavior of pure CNT electrodes (a Ű0=0.19 s, Ri=0.83 ɋ 

and a ὖȟ =22 kWkg
ï1

 at matched impedance condition) or those 

containing a high content of CNTs. RGO (with a Ű0=6.31 s, Ri=6.38 ɋ and a 

ὖȟ =5.6 kWkg
ï1

 at matched impedance condition for pure RGO) was 

behaving better that A.C. (a Ű0>100 s and a ὖȟ =4.1 kWkg
ï1

 at matched 

impedance condition) in this respect, but still more sensitive to rate 

compared to CNTs. Composite three component electrodes of A.C.ïCNTï

RGO class benefited from low ionic diffusivity resistance of mesopores of 

CNTs along with high surface area of RGO, presenting high rate capability 

and energy density at the same time (Ű0 1 s, Ri 1.4 ɋ and a ὖȟ 10 

kWkg
ï1

 steadil y all over the range composition). Moreover, the A.C.ïCNTï

RGO class also showed the highest degree of ideality in performance with 

ideality factors (IF) >0.9 over the entire CD current range (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 ionic properties of the entire electrode. In this respect, the 
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larger the morphological dissimilarities of the initial constituents, the higher 

the susceptibility to durability shortcomings. From another point of view, 

however, this can be looked at as a technical problem in the electrode 

preparation process that can be improved by optimization of the paste 

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 their characteristics, synthesis techniques and 

possible applications is out of might and sight of this work. Consideration 

of numerous synthesis methods, each with its own features and parameters, 

makes us to suffice to a review of the literature finely related to the 

approach corresponding to the scope of our work. 

Amongst various carbon nanotube/fiber (CNT/CNF) synthesis methods, 

chemical vapor deposition (CVD) has been recognized as a versatile and 

robust method due to several advantages such as capability to produce 

dense and uniform deposit, reproducibility, good adhesion, adjustable 

deposition rates, ability to control crystal structure, surface morphology and 

orientation of the CVD products, reasonable cost and wide scope in 

selection of chemical precursors [1]. Although new research directions have 

been established under the topic of ñstructural nanoparticle catalystsò trying 

to grow CNTs on unusual substrates such as noble metals [2ï6], ceramics 

[7,8] and semiconducting nanoparticles [9ï12], the 3d transition metals like 

iron, cobalt and nickel are predominantly used as  catalyst for CNT growth 

[13ï15]. Researches in this area can be divided in two main groups: 1) 

Indirect growth of CNTs on a noble substrate decorated with transition 

metal catalyst particles and 2) Direct growth of CNTs on a catalytic 

substrate. Different substrates such as aluminum [16], copper [17ï22], 

silicon [23ï28], ceramics and ceramic templates [29ï33], and different 
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substrate decoration techniques ïsuch as varieties of physical vapor 

deposition techniques [34ï39], electrodeposition [16,17], sol-gel [40,41], 

co-reduction of precursors [42,43], impregnation [44,45], incubation [46], 

thermal decomposition of carbonyl complexes [47,48], metal-organic 

chemical vapor deposition [49ï54]ï  have been investigated in the so-called 

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 substrate [55,56], some on nickel [27,55,57ï59] and some on 

stainless steel with iron as the main catalytic element [60ï70] form the 

relevant literature. 

Basically, CVD uses a controlled atmosphere containing a carbonaceous 

species at a suitable temperature to decompose the carbon precursor on a 

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 is a vital step. 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 

economic justification as well [72]. Considering potential applications like 

electrodes for supercapacitors [73ï76] and fuel cells [77ï81], electrodes for 

capacitive deionization [82,83] and capacitive mixing for extracting energy 

from salinity difference of water resources [84ï86], field emission probes 

[23,55,87ï89], sensors [90ï92], catalyst support for wastewater treatment 

[66] and low friction applications [93ï95], stainless steel can be considered 

as a potential candidate for direct growth of CNT, due to its high content of 

iron as the 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 properties, then promising 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 (MWPECVD) [55] and plasma 

enhanced hot filament CVD (PEHFCVD) [95]. These methods benefit from 

the possibility of relatively low operating temperature and rely on surface 

treatment by plasma 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 CNTs directly on 304 stainless steel meshes 

with different surface pretreatments such as oxidation, oxidation-reduction 

and laser ablation oxidation [67]. They investigated the effect of different 

types and flow rates of precursor gases such as acetylene (C2H2) /benzene 

mixture and CO/benzene mixture on the CNT formation and showed that 

CO was less active than the others. They also showed that the oxidation 

pretreatment followed by adequate reduction is a critical point in the 

synthesis of uniform CNTs. The effectiveness of oxidation-reduction 

pretreatment on CNT growth was also confirmed by others [66,68,69]. 

Chemical etching of the stainless steel substrate was another preparation 

method used successfully for CNT growth by several researchers [61ï64]. 

Nevertheless, possible pretreatments are not limited to chemical etching and 

alternatives such as micro-shot-peening [70] and ion bombardment [65] 

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 precursor gas [60]. In 

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 reactivity of ethylene compared to 

gases such as acetylene [98,99] is a serious drawback to be overcome by 

optimizing the growth process parameters. 
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1.1.1 Objective  

In this work we intend to directly grow CNTs and CNFs on stainless steel 

using ethylene as the carbon source via a simple CVD method without use 

of any extra catalyst layer. It will be shown that pretreatment steps such as 

ion bombardment, etching, oxidation-reduction, etc. are not necessary to 

achieve simple growth of entangled CNT layers. Growth mechanism will 

also be studied and elucidated relying on detailed topographic and statistical 

investigation of the surface nano-features. As a complementary step, 

different pretreatment methods reported in the literature are applied 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 before, many of the potential applications for 

CNTs are related to the electrochemical performance of the electrode made 

of CNTs (in our particular, stainless steel/CNT electrode), that in any 

instance, may imply exposure of the electrode to 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 best of our knowledge, an in-depth 

study on the corrosion response of stainless steel/CVD grown CNT has not 

been performed yet. Thus, in this work we also aim to explore the changes 

in the substrate caused by the CNT growth which then may affect its 

corrosion behavior, as expected in view of the well-established vulnerability 

of stainless steel to corrosion upon high temperature exposure to carbon rich 

environments [100ï103]. 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. Electrochemical 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 work, namely 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 not possibly appear 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 15×15×1 mm were used as 

catalytic substrate. Different pretreatment procedures were used, including: 

grinding and polishing, etching with hydrochloric acid solution, and 

oxidationïreduction process.  

The preparation of mirror polished samples was performed by sequential 

grinding with SiC abrasive paper, 600 , 800, 1200 and 2000 grit, followed 

by a final polishing with alumina powder 0.3 ɛm.  

For those samples planned to be used in the etched state, dipping into 

concentrated hydrochloric acid (Sigma-Aldrich, puriss. p.a., Ó32%) for 

different durations of 5 and 10 min was carried out to achieve 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 (as-received, mirror 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 4793-1980, diameter 20 mm, 

length 880 mm) heated in a temperature controlled electrical furnace 

(Carbolite, mod. Endotherm VST 24-16). 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 a location calibrated for temperature control.  

As the shielding and carrier gas, nitrogen was used in all tests. Except for 

the case of oxidation-reduction pretreatment, in all other tests the tube 

containing the samples was first purged with the carrier gas (continuous 

flow of 100 sccm) and hydrogen (5 sccm) at room temperature and then 

heated up to 760 
°
C. The heating rate was 15 

°
C/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 time was 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 ñreducing atmosphere heatingò). After stabilizing the 

temperature, ethylene (C2H4) 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 oxidation-reduction 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 

reactor 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 reactor along 

with the other gases similar to all other 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.  

Table  1-1 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 as-received and moderately 

etched (5 min) samples, AES for as-received 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 

(10 min) samples and OR for oxidized-reduced samples. 

Table  1-1 List of the samples with different preparation steps used in this work. During 

the growth step of either CNT or CNF, the flow rate of N2, H2 and C2H4 was maintained at 
100, 5 and 20 sccm, respectively. During the reduction step after oxidation in air for CNF 
synthesis, the flow rate of N2 and H2 were 100 and 50 sccm. 

#ÏÎÄÉÔÉÏÎ  
------------------ 
3ÁÍÐÌÅÓ  

Surface 
finish  

Etching 
time in HCl 
32% (min ) 

Oxidation -
Reduction  

Growth 
time (min ) 

A1 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 

polished 
NA No 10 

P2 
Mirror 

polished 
NA No 20  

PE1 
Mirror 

polished 
5 No 10  

PE2 
Mirror 

polished 
5 No 20 

PES2 
Mirror 

polished 
10 No 20 

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 conditions mentioned for CNT growth, but 

without ethylene admission. 

1.2.3 Microstructural characterization 

Deposited carbon layers were characterized for phase analysis by grazing 

incidence X-ray diffraction (XRD) technique using an 1830 PW Philips X-

ray generator equipped with a PW 3020 Philips goniometer and a PW 3710 

Philips control unit. The radiation used was Cu KŬ, with scan step time of 

0.50 s and step size (2ɗ) of 0.02Á having the sample in the thin film 

geometry arrangement at 0.5° glancing angle and with rotating detector. 

Surface topographic characterization was performed using an NT-MDT 

Solver Pro Atomic Force Microscope (AFM) instrument operated in contact 

mode with dedicated software. Evaluation of the surface nano-features was 

performed based on the DFL (deflection related signal) 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 

curvature were used to probe the surface. Further elaboration and analysis 

on AFM data was made by WSXM (v5.3) software [104]. 

Microstructural characterizations of as-received, as-grown and corroded 

samples were carried out using scanning electron microscope (SEM, using 

either a Zeiss EVO 50 EP equipped with energy dispersive X-ray (EDX) or 

a Stereoscan 360 Cambridge SEM instrument). Nanostructures 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 as-grown samples while being immersed in a 

small volume of ethanol 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 set-up, in 1 M H2SO4 + 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 (SS-NH) and CNTs or CNFs 

coated 316 SS. A platinum coated titanium sheet was 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 range from ï

0.5 to 1 V vs. SCE at a scan rate of 1 mV s
ï1

 in deaerated electrolyte 

saturated with nitrogen.  Potentiostatic tests were carried out at potentials of 

ï0.1 V and 0.6 V vs. SCE in an H2 or O2 saturated electrolytes, respectively, 

in the attempt to simulate the polarization conditions of the cathode and 

anode in a real fuel cell system [105ï107]. Before each experiment, samples 

were left immersed in the electrolyte for 60 min to allow 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 (b) show the SEM micrographs of bare 316 SS in the as-

received (a) and mirror polished (b) states. According to the micrographs in 

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.  1.1 SEM surface micrographs of (a) sample A1 and (b) sample P1 before CNT growth. 

For confidence, a polished sample was subjected to metallographic etching 

with Berahaǋs (I) reagent (H2O: 100 ml, HCl: 20 ml, K2S2O5: 0.5 g, 

NH4HF2: 2.4 g) [108] and observed under the optical microscope. The 

etched sample revealed the same granular morphology as in the as-received 

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 in Fig.  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 by detailed 

statistical analysis of nano-features 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 (Fig.  1.2 (d)). Fig.  1.3 shows the normal (Gaussian) 

distribution of nano-features lateral size for as-received and polished 

samples before and after the reducing atmosphere heating. Apparently, the 

as-received sample had a very narrow distribution of nano-hills diameter, 

with the frequency peak in the range of 7 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 samples (Fig.  1.2 (c and d)). Obviously, 

concerning the effect of the substrate surface morphology on the CNT  
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Fig.  1.2 ,Ï× ɉΧΡØΧΡ ʈÍ ÓÃÁÎȟ ÌÅÆÔ ÃÏÌÕÍÎɊ ÁÎÄ ÈÉÇÈ ɉΣØΣʈÍ ÓÃÁÎȟ ÒÉÇÈÔ ÃÏÌÕÍÎɊ ÒÅÓÏÌÕÔÉÏÎ 

AFM images of the samples of groups A and P before 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 after reducing atmosphere heating. 

 

growth, mainly the nanoscale features are of interest rather than micro or 

macro scale features. In this regard, the granular microstructure with large 

grain sizes of 10-20 ɛm and grain boundary depth of around 0.5 ɛm of as-

received samples (Fig.  1.2 (a)), will not be considered further in this study. 

 
Fig.  1.3 Nano-hills 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 A1 (a, b) and P1 (c, d, e) samples. Both 

at low and high magnifications (Fig.  1.4 (a and b)), sample A1 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 drawn in Fig.  1.4 (e)). Comparing CNTs of 

samples A1 and P1 (Fig.  1.4 (b) and (d), respectively), smaller diameter and 

greater homogeneity along the tubes length could be recognized for sample 

A1. Furthermore, sample A1 shows an almost exclusive formation of CNT, 

while in sample P1 the presence of carbon nanofiber (CNF) is not 

negligible.  

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 morphological 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 and P (Fig.  1.2 (e) and (g), 

respectively) did not show remarkable changes, the nanostructures of these 

samples (Fig.  1.2 (f) and (h), respectively) experienced significant 

modifications. Fine and uniform granular features with an average lateral 

diameter of 55 nm formed on group A and a semi-granular less uniform 

nanostructure formed on group P samples after reduction under hydrogen. 

Nano-hills of group P possess an average diameter of 75 nm which is larger 

compared to group A (Fig.  1.3).  

The surface restructuring revealed 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 atmosphere, 

will probably activate surface reconstruction processes ïas a result of oxide 

reduction and associated with hydrogen adsorptionï leading to atomic and  
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Fig.  1.4 SEM micrographs of the samples (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, such as phase separation and transformation ïin particular, 

carbide precipitation ï and recrystallization, which in turn are particularly 
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sensitive to the thermo-mechanical history of the substrate material. The 

rather elusive and definitely complex nature of these phenomena require a 

devoted and focused investigation, which was outside the scope of the 

present work. 

Since these nano-features would serve as the catalytic sites for the CNT 

growth [60,61,65ï68,96], there would be a direct relation between the 

diameter of the tubes and those of the catalyst particles. Larger nano-hills 

would favor the growth of thicker CNTs or, rather, CNFs. Further, if in 

some regions these nano-hills 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 covered by amorphous 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, the uniformity 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 complies with both an increase in the number of walls of 

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 austenite phase at 2ɗ equal to 43.38
o
, 50.23

o
 and 

74.40
o
 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 at 2ɗ angles equal to 26.09
o
 and 

44.57
o
 corresponding to (002) and (101) crystallographic planes, 

respectively, along with weaker peaks such as (004) plane at 54.21
o
, (102) 

plane at 50.79
o
 and (100) plane at 42.21

o
 which are all present but not 

marked to avoid confusion. According to the peak at 26.09
o
, the interplanar 

spacing of (002) planes in the CNT is 0.341 nm. Although some recent 

theories such as re-ordering of chaotic carbon even discuss the possibility of  
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Fig.  1.5 SEM micrographs of the samples (a) A2, (b) higher magnification of A2, (c) P2, (d) 

higher magnifications of P2. 

 
Fig.  1.6 XRD patterns of bare stainless steel, CNT on stainless steel (A1) and CNF on 

stainless steel (OR). 
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formation of carbon nanocrystals with preferred orientation within the 

amorphous carbon matrix seeding the growth of crystalline carbon species 

such as CNTs [109], 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 reflections that could 

be attributed either to iron or chromium carbides was also recognized in the 

A1 sample. Metallic carbides are formed during the exposure of stainless 

steel to ethylene at high temperature. Similar combination of iron and 

chromium carbides with filamentous carbon and Cr2FeO4 has been reported 

in the literature concerning the metal dusting corrosion of stainless steel 

[110ï112]. 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 carbon 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 formed also (Fig. 

 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 walls (Fig.  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 be observed in the 

micrographs. The first one (Fig.  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 type (Fig.  1.7 (c)) includes relatively large particles 

encapsulated at the tips of CNTs with an average diameter of 50 nm similar 

to or slightly larger than the outer diameter of CNTs. 
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Instances of the first type (Fig.  1.7 (b)) are believed by several groups to be 

the proof of base growth mode [60,115]. In our case, catalyst nano-hills 

which are naturally parts of the substrate surface seem to have injected these 

shoot shaped materials either by partial break-up or by undergoing a quasi-

liquid transformation resulting in catalyst transfer into the tube channel. In 

either case, the catalyst particle inside the tube seems to be in a quasi-liquid 

[60,114] or fluctuating crystalline [113] state after standing out from the 

surface, making it easily deformable under the stretching forces of the tube 

walls.  

  

  
Fig.  1.7 TEM micrographs of carbon nanostructures in group A. 
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Regarding the second type (Fig.  1.7 (c)), the presence of catalyst 

nanoparticles at the tips of CNTs is mainly interpreted as an evidence of tip 

growth mode in the literature [41,116,117]. Based on proposed explanation 

in an early work by Baker et al. [71] 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. However, in 

our case the catalyst-substrate 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 the substrate to pursue the tip growth mode? There are very 

early discussions on the phenomenology of ñmetal dustingò describing it as 

ñlocalized or general overall surface damage, in potentially carburizing and 

reducing gas environments with or without oxygen, in the temperature 

range of 450°-800ÁCò with a variety of damage products such as graphite 

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 surface [119], break-up of the bulk metallic 

structure into powder or dust [120,121], formation of metallic carbides 

[112] and growth of filamentous carbon [122] are all present in this work 

suggesting that the very elementary stages of dusting are involved in the 

formation of nanoscale catalyst particles broken-up from the substrate. 

According to Szakálos [110], a sequence of dusting mechanisms can lead to 

CNT/CNF formation. Namely, in the case of austenitic steels which cannot 

form cementite, primarily graphite nucleates and deposits on the austenite 

surface. Then, by carbon interstitial diffusion into the sub-layer, graphite 

tends to grow within the near surface material. Consequently, graphite 

saturation will cause deformation and break-up of the metal surface. This 

graphite deposition and particle break-up was described as the ñtype II-

mechanismò of dusting. Subsequently, the broken-up particles can play the 

role of catalyst particles for the filamentous carbon growth (the ñtype IV-

mechanismò according to Szak§los nomenclature). In this regard, the 

required catalyst particles for the tip growth mode observed in Fig.  1.7 (c), 
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could have been formed by successive recurrence of type II and type IV 

dusting mechanisms. Further evidence for this hypothesis could be found in 

SEM micrographs.  In the bare areas of samples like P1 (Fig.  1.4 (e)) sparse 

presence of particles with a size range of 50-100 nm is observed (pointed by 

arrows) implying surface break-up 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 broken-up particles removed from the 

surface as well as amorphous carbon. Longer exposure times to the 

carbonaceous atmosphere could have extended the surface break-up and 

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 nano-features on the surface that tend to enlarge by increasing the 

etching time. Two by two comparisons of high resolution AFM images of 

AE-AES samples (Fig.  1.8 (b and d), respectively) or PE-PES samples (Fig. 

 1.8 (f and h), respectively) demonstrate the formation and size change of 

these nano-features.  

Fig.  1.9 shows the distribution of nano-features lateral size for A, AE, AES, 

P, PE, and PES samples. Formation of nano-hills with an average diameter 

of 28 nm is observed for both as-received and polished samples after 5 min 

etching (samples AE and PE, respectively). However, by increasing the 
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etching time up to 10 min, nano-hills average diameters increased up to 35 

and 57 nm for AES and PES samples, respectively.  
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Fig.  1.8 AFM images of as-received and polished samples after different etching 

durations. AE (a, b) and PE (e, f) samples are etched in HCl for 5 min and AES (c, d) and 
0%3 ɉÇȟ ÈɊ ÁÒÅ ÅÔÃÈÅÄ ÉÎ ÔÈÅ ÓÁÍÅ ÓÏÌÕÔÉÏÎ ÆÏÒ ΣΡ ÍÉÎ ɉÌÅÆÔ ÃÏÌÕÍÎ ÉÍÁÇÅÓ ÁÒÅ ΧΡϼΧΡʈÍ 
ÌÏ× ÒÅÓÏÌÕÔÉÏÎ ÓÃÁÎÓ ÁÎÄ ÒÉÇÈÔ ÃÏÌÕÍÎ ÉÍÁÇÅÓ ÁÒÅ ΣϼΣʈÍ high resolution scans). 

 
Fig.  1.9 Nano-hills diameter distribution for A, AE, AES, P, PE, and PES samples. 

To investigate any chemical effect of etching on the surface composition 

and elemental distribution, EDX 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 depletion 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.  1.10 SEM micrographs of samples AE1 (a, b), AE2 (c, d) and AES2 (e, f) in different 

magnifications. 

Fig.  1.10 shows the SEM images of AE1 (a, b), AE2 (c, d) and AES2 (e, f) 

samples. As it can be seen in Fig.  1.10 (a) (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 compared to the A1 sample (Fig.  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 the total area of 

uncovered regions occurred (compare Fig.  1.10 (c, d) (AE2) and Fig.  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 areas as Fig.  1.10 (e and 

f) suggest.  

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

samples. As Fig.  1.11 (a and b) suggest, the growth on PE1 is 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 according to Fig.  1.9, both 

these samples (AE1 and PE1) had an average nano-hill lateral size of 28 nm 

which should expectedly give rise to CNT growth.  

The effect of increased etching time in polished samples is analogous to that 

of the as-received samples as can be seen in Fig.  1.11. While bare areas can 

still be seen for samples subjected to 5 min etching even after 20 min 

exposure to carbonaceous gas (Fig.  1.11 (c and d)), in the case of strong 

etching of polished samples (PES2) an almost full coverage of carbon 

filaments is achieved (Fig.  1.11 (e and f)).  

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 topography caused by subsequent heat 

treatment. Results are shown in Fig.  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 lateral 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 samples (Fig.  1.12 (b and d), respectively). Therefore, 

a bimodal size distribution can be recognized for samples treated by etching 

and subsequent controlled atmosphere heating.  

  

  

  
Fig.  1.11 SEM micrographs of the samples PE1 (a, b), PE2 (c, d)  and PES2 (e, f) in different 

magnifications. 
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Fig.  1.12 ,Ï× ɉΧΡØΧΡ ʈÍ ÓÃÁÎȟ ÌÅÆÔ ÃÏÌÕÍÎɊ ÁÎÄ ÈÉÇÈ ɉΣØΣʈÍ ÓÃÁÎȟ ÒÉÇÈÔ ÃÏÌÕÍÎɊ ÒÅÓÏÌÕÔÉÏÎ 

AFM images of the samples 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. 

 
Fig.  1.13 Nano-hills diameter distribution for A, AE, AES samples after reducing 

atmosphere heating. 
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It is interesting to note that all these changes occur at the nanoscale and 

could not be observed just relying on the microstructural features as 

revealed by low resolution AFM (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 samples with a 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 catalytic substrate undergoes different extents of 

rearrangement depending on the type and intensity of the primarily applied 

treatment. This restructuring appears by the formation of nano-hills which 

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 overgrown ones. 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 

viewpoint, bimodal size distribution of etched samples after heating can be 

reread. Primarily formed nano-hills by etching will continue to grow under 

hydrogen atmosphere heating and after passing 200 nm border, tend to 

break into refined grains due to restructuring. In this regard, 10 min etched 

samples that have formed larger nano-hills 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 samples. 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 formed after restructuring in AES 

(Fig.  1.12 (d)) compared to AE (Fig.  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 areas in Fig.  1.10 and Fig.  1.11 and, by 

appearance of the restructured fine grains, those uncovered areas would 

minimize.  

1.3.1.3 Effect of growth time 

Based on the result presented above, the effect of growth time can be 

evaluated by two comparison of SEM images of similar samples differing 

only in exposure time to ethylene (e.g., A1 vs. A2 (Fig.  1.4 (b) and Fig.  1.5 

(b), respectively), AE1 vs. AE2 (Fig.  1.10 (b) and Fig.  1.10 (d), 

respectively), P1 vs. P2 (Fig.  1.4 (d) and Fig.  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 translated either 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 break-up at 

longer exposure times.  

1.3.1.4 Effect of surface oxidation-reduction 

As another preparation method, oxidation-reduction pretreatment was 

performed on 316 SS followed by CNT growth cycle. Fig.  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 to smaller size. Fig.  1.15 shows the statistical analysis of lateral size 

distribution of nano-features for oxidized-reduced samples. It is seen that 

oxidation provides an average nano-hill lateral size of 137 nm and 

subsequent reduction step reduces this average size to 111 nm.  
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Fig.  1.14 ,Ï× ɉΧΡØΧΡ ʈÍ ÓÃÁÎȟ ÌÅÆÔ ÃÏÌÕÍÎɊ ÁÎÄ ÈÉÇÈ ɉΣØΣʈÍ ÓÃÁÎȟ ÒÉÇÈÔ ÃÏÌÕÍÎɊ ÒÅÓÏÌÕÔÉÏÎ 

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. 

 
Fig.  1.15 Nano-hills diameter distribution for OR samples. 
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Nevertheless, even the size obtained after the restructuring effect of 

hydrogen reduction is higher than that required 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: 1- a full coverage with a thick layer of carbon filaments 

all over the surface, 2- formation of micrometer scale straw stack like 

carbon filaments (Fig.  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 thereon are of a wide range of diameter 

sizes from 100 nm up 0.5 ɛm. The thinnest ones, as Fig.  1.16 (e) shows 

more clearly, are not smaller than 80-100 nm in diameter. On the other side, 

higher magnification image of the stacks (Fig.  1.16 (c)) shows that they are 

intertwined bundles of CNFs. However, the ñnanoò prefix is not due for all 

of them since a considerable fraction is in the range of 200-500 nm. Higher 

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

tree like morphology 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 morphological characteristics has been 

reported by Szakálos [110] 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 same one, would 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 break-up activation mechanism.  

Referring to AFM images (Fig.  1.14) revealing nano-features larger than 

100 nm, formation of CNFs instead of CNTs seems reasonable. 

Nevertheless, pronounced presence of catalyst particles on the CNF tips 

elucidates another aspect of this pretreatment, namely, its potential to 

facilitate robust surface break-up and particle removal in subsequent steps 
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of synthesis and growth. Deeper understanding of this phenomenon requires 

further investigations.  

  

  

 
Fig.  1.16 SEM micrographs of sample OR in different magnifications. 
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1.3.2 Corrosion evaluation   

1.3.2.1 Microstructural characterization before corrosion 

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

samples, respectively, directly grown on the stainless steel substrate, for a 

closer comparison purpose, regarding their subsequent corrosion behavior 

the will be discussed later. It 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 particles can also be observed on the tips of CNTs as tiny 

bright spots. According to TEM studies,  it is confirmed that the number of 

walls of CNTs is about 25 to 30, with inner diameter of 10±2 nm and outer 

diameter of 40±10 nm. CNFs, in contrast, show a range of diameter 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 mg cm
ï2

 for CNTs and 2-4 

mg cm
ï2

 for CNFs. The CNF carpet was quite thick (10-30 ɛm) while the 

CNT one was much thinner (1-3 ɛm). Although individual CNTs were as 

long as several micrometers, their entangled arrangement did not result in 

the formation of a thick layer. 

  
Fig.  1.17 SEM micrographs of as-grown samples showing (a) CNTs and (b) CNFs. 

Fig.  1.18 shows the XRD patterns of CNT/CNF samples, similar to what 

presented in Fig.  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 that in addition to graphitic carbon peaks characteristic of 

both CNTs and CNFs, it can be inferred from the XRD patterns that the 

high temperature synthesis in the presence of ethylene resulted also in the 

formation of chromium and iron carbides ï the latter more obvious for the 

case of CNF growth. In this respect, it may be inferred that the surface 

modifications caused by the oxidation-reduction pretreatment used for CNF 

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.  

 
Fig.  1.18 XRD patterns of as-received and as-grown samples. 

In the event that Fe3C 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 growth [98,113,114,123ï127] , 

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 surface with 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 environment. 

The absence of graphite peaks in the patterns labeled ñstrippedò in Fig.  1.18 

confirms that the carbon layer was effectively removed from the substrate, 

though, as revealed by SEM surface micrographs of the samples in Fig. 

 1.19, a small amount of filaments remained in the grooves, but apparently 

could not be detected by XRD.  

  

  
Fig.  1.19 SEM 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 layer (see pattern ñCNT Strippedò in Fig.  1.18), iron 
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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 Stripped sample ïundetectable by XRD due to 

the low amount or the masking effect of a surface oxideï, it can be safely 

concluded that the Fe3C formed during the synthesis of CNF was to a large 

extent incorporated within the carbon layer in the form of particles on the 

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 H2SO4 + 2ppm HF electrolyte at 80
o
C. The potentiodynamic 

curves show obvious and marked differences. As a preliminary 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 = 

ï0.328 V vs. SCE for bare 316 SS, E = ï0.325 V vs. SCE for SS-NH, E = ï

0.314 V vs. SCE for CNT on 316 SS sample and E = ï0.280 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 presence of the 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 

probably related to the oxidation of the surface, as revealed by XRD.  

The Tafel extrapolation method [128] 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 15í10
ï4

, and 20í10
-4
 A cm

ï2
, compared to 5í10

ï4 
A cm

ï2
, 

respectively. 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.  1.20 Potentiodynamic curves of 316 SS, 316 SS+CNT, 316 SS+CNF and SS-NH samples in 

1 M H2SO4 + 2 ppm HF solution at 80oC. 

potentials of ï0.1 V and 0.6 V vs. SCE, corresponding to the anodic and 

cathodic polarization of BPs, respectively, these materials will be liable to 

rapid attack. 

Interestingly, the anodic c.d. of SS-NH 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 SS to sensitization [129] 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 SS, is still far 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, see Fig.  1.21, under conditions similar to those 

used to simulate anodic and cathodic environments in polymer electrolyte 
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fuel cells, i.e., in 1 M H2SO4 + 2 ppm HF electrolyte, saturated with H2 or 

O2 and at ï0.1 V or 0.6 V vs. SCE, respectively, at 80°C. For the sake of 

brevity, these will be referred to in the following as anodic and cathodic 

conditions or environment. 

 

 
Fig.  1.21 Potentiostatic curves of 316 SS, 316 SS+CNT and 316 SS+CNF samples in 1 M H2SO4+ 

2 ppm HF solution at 80oC, (a) saturated with H2, at ɀ0.1 V vs. SCE, and (b) saturated with 
O2, 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 (a), 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 value in the range of 10
ï5

 A 

cm
ï2

 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 about 10
ï6

 A 

cm
ï2

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

corresponding so-called stripped samples, show c.d. almost three orders of 

magnitude higher, in the range of 10
ï3

 A cm
ï2

, with minor but significant 

differences. Namely, two different levels of dissolution c.d. can be 

observed: for the CNT coated and stripped samples (level 2 in Fig.  1.21); 

and for the CNF coated sample (level 3 in 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 316 SS (in the range of 10
ï6

 A 

cm
ï2

), and orders of magnitude higher values for both coated samples. The 

highest c.d., about 2×10
ï3

 A cm
ï2

, is found for the CNF on 316 SS sample 

(level 3), while the CNT on 316 SS sample stands somewhat lower at about 

5×10
ï4

 A cm
ï2

  (level 2). SS-NH samples subjected to potentiostatic tests 

(not shown here) confirmed the behavior revealed by the potentiodynamic 

polarization; namely, a steady dissolution c.d. of about 1.5×10
ï5

 A cm
ï2

 and 

8.0×10
ï5

 A cm
ï2

, respectively under the conditions simulating the cathodic 

and anodic environment, was observed for the SS-NH sample. 

1.3.2.3 Microstructural characterization after corrosion tests 

The effects of potentiostatic polarization tests were looked into by 

performing XRD and SEM characterization of the samples. XRD patterns 

of as-prepared and stripped CNT and CNF samples on 316 SS after testing 

under anodic conditions are collected in the graph of Fig.  1.22. 
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Fig.  1.22 XRD 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 CNF carpet 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 Cr2O3 and Fe3O4) formed at the 

surface of all these samples. Apparently, the oxidation was stronger on the 

unstripped CNF corroded sample, particularly due to formation of Fe3O4. 

Significantly, the Fe3C phase disappeared after anodic testing, suggesting 

the formation of iron oxide by dissociation of the carbide under the 

aggressive corrosion conditions [130]. In support of the latter view is the 

observation that only CNF samples showed clear evidence of the presence 

of Fe3C. Besides, since the Fe3O4 was found only on the surface of 

unstripped samples, the Fe3C source 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 behavior observed 

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 steel substrate 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 

Fe3C incorporated in the CNF layer over the 316 SS substrate. Though the 

presence of oxidizable particles in the CNT layer cannot be ruled out, it is 

reasonably assumed, according to SEM results (Fig.  1.17 (a)), that their 

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 metal particles trapped in the layer (Fig.  1.17 

(b)) will show higher c.d. (level 3).  

SEM micrographs of 316 SS after potentiostatic test in simulated anodic 

environment are shown in Fig.  1.23. Although strong, the electrochemical 

attack was homogeneous and uniform all over the surface and local deep 

attacks could not be observed. 

  
Fig.  1.23 (a) SEM micrograph of 316 SS after 10000 s potentiostatic 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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Fig.  1.24 3%- ÍÉÃÒÏÇÒÁÐÈÓ ÏÆ Ȱ#.4 ÏÎ ΥΣΨ 33ȱ ÓÁÍÐÌÅ ÁÆÔÅÒ ΣΡΡΡΡ Ó ÐÏÔÅÎÔÉÏÓÔÁÔÉÃ 

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 

uncorroded 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 in Fig.  1.24 (b), the accumulation of corrosion 

products within the CNT layer is apparent. The substrate beneath the CNT 

layer (area 2, shown in Fig.  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 in Fig.  1.24 (d), with highligheted 

regions ñeò and ñfò presented in Fig.  1.24 (e) and (f), respectively. The 

presence 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 

the one marked as ñfò in Fig.  1.24 (d)). This is a porous and 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 likely responsible for the loss of 

adhesion of the CNT layer and its progressive detachment from the surface. 

The appearance of the grains in the damaged area (like the one marked as 

ñeò in Fig.  1.24 (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 in Fig.  1.25 (a), the three regions characterizing the effects of 

corrosion on the CNT sample are present also in this sample. However, an 

extra layer marked as ñ0ò is noticed here which did not form in the case of 

CNT coated sample. This layer, which appears rather thick and exhibits a 

kind of spongy morphology, is therefore a type of corrosion product only 

found over the CNF layer. Magnified view of this region (Fig.  1.25 (b)) 

shows individual grains obviously removed from the stainless steel 

substrate and trapped within the layer. Referring to the large number and 

size of the nanoparticles present in CNF and absent in CNT samples, it is 

quite likely that layer 0 is formed by oxidation of those particles. Fig.  1.25 

(c) shows the CNF layer (layer 1) below the topmost corrosion products  
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Fig.  1.25 3%- ÍÉÃÒÏÇÒÁÐÈÓ ÏÆ Ȱ#.& ÏÎ ΥΣΨ 33ȱ ÓÁÍÐÌÅ ÁÆÔÅÒ ΣΡΡΡΡ Ó ÐÏÔÅÎÔÉÏÓÔÁÔÉÃ 

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 beneath the CNF carpet is seen in Fig.  1.25 (d) in 

which grain removal and surface oxidation can be recognized. The area 

marked as ñeò in this image shows an already detached group of grains 

which are magnified in Fig.  1.25 (e). The region marked as ñfò in Fig.  1.25 

(d) concentrates on a sub-layer beneath the removed grains (area 3) and, as 

can be seen in the magnified view (Fig.  1.25 (f)), it possesses a cleaner 

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 carpet (Fig.  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 test. Fig.  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 back-scattered electrons (Fig.  1.26 (a and b), respectively) 

reveal the same features as observed in Fig.  1.24 and Fig.  1.25 for regular 

samples. Darker areas in Fig.  1.26 (b) suggest the formation of oxides. For a 

more precise evaluation of elements distribution, EDS analyses were 

conducted in three zones as indicated in Fig.  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 and Fig.  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 layer of grains was removed and grains from the sub-surface 

layers are appearing (area 3 in Fig.  1.24 and Fig.  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 content. 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 

Cr23C6 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 for the sub-layer 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 decreased 

compared to region 2 as an indication of its penetration into the steel.  

  

 

 

Fig.  1.26 SEM micrographs of 316 SS+CNT stripped sample after 10000 s of potentiostatic 

corrosion test under the anodic environment 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, the stripped 

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 carbide compounds formation. Fig. 

 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 50 ɛm. Fig.  1.27 (b) shows 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.  

  
Fig.  1.27 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 seen in Fig.  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 presented in Fig. 

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

decrease in the iron content with 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 lamellar structure 

resulting in localized and accelerated corrosion.  
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Fig.  1.28 (a) SEM micrograph of an etched (Nital 2%) cross section of a stripped CNT 

sample before corrosion test and (b) EDS line scan results from 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 saturation and probably carbide formation leading to CNT/CNF 

growth on supersaturated sites [71,98]. 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 carbon content 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 steels [129]. 

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 corrosion rate resulting in intergranular 

corrosion and grain removal [131ï134]. This kind of strong corrosion can 

be acknowledged as responsible for the large difference between dissolution 

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

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

corrosion rate of carbon treated sample, the difference should be caused by 

ñacceleratedò intergranular corrosion. The dissolution c.d. of the sample 

heat treated in nitrogen, in the absence of carbonaceous gas, supposedly 

susceptible to normal sensitization 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 were grown 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 direct relation to the size of surface 

nano-features formed as a result of each pretreatment. MWCNTs were the 

dominant products where the average size of nano-hills 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 synthesis temperature and this heating step had 

certain effects on the arrangement of surface nano-features, the influence of 

any pretreatment should be assessed in conjunction with subsequent impact 

of heating. Polishing, as an instance, largely removed the nanoscale surface 

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 nano-features and forming 

local plateaus which can be 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 focusing on the 

effects of environmental parameters, composition and microstructure of the 

steel substrate on the morphology evolution and surface chemical 

modifications during the pre-growth period of CNT\CNF. 

3- Two different growth mechanisms, namely base growth and tip growth 

modes, were observed. Base growth mode was originated from the catalysts 
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nano-hills formed on the surface due to pretreatment steps. A quasi-liquid or 

semi-crystalline state of catalyst was found to have been active in this case. 

Tip growth mode was inferred to be caused by surface break-up associated 

with type II dusting mechanism followed by filamentous carbon growth on 

catalytically active removed particles, i.e., type IV dusting mechanism, 

according to the classification of metal dusting mechanisms proposed by 

[110]. Increasing the growth time was found to increase the number of the 

walls of MWCNTs, to increase the CNF percentage, and to decrease the 

uncovered areas due to prolonged surface break-up.  

4- Compositional changes made by etching pretreatment did not 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 distribution of lateral size of nano-hills 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 distribution and 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 surfaces can be created for controlled growth of CNT.  

5- Oxidation-reduction pretreatment brought about surface nano-features 

with an average lateral size larger than 100 nm resulting in dominant CNF 

growth. Full coverage of carbon filaments accompanied by pronounced 

presence of relatively large particles on tips of CNFs reinforce the idea of 

strong surface break-up and tip growth mode. Therefore, the high potential 

of oxidation-reduction pretreatment for amplification of surface break-up 

should be concluded. 

Furthermore, the 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 materials can 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 

5.0í10
ï4

, 15í10
ï4

 and 20í10
ï4

 A cm
ï2

, respectively.  

2- Potentiostatic results showed three different levels of stabilized 

dissolution c.d., the lowest of which (level 1) was for pristine 316 SS. 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 particles on 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 dissociation 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 that the 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 temperature 

carbon coatings could be risky even for dense and non-porous 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 stainless steels 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 sensitization [135ï137]. 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 corrosion [138].  

 

 

 

 

 

 



 

 

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 progressive attention by the start of the 21
st
 

century, not only due to worrisome diminution of the energy resources 

along with the increasing energy demand worldwide [139], but also with 

regard to the environmental concerns reaching a warning limit based on the 

international reports on the greenhouse gases emission and concentration 

[140]. Although the initial reports on the operation of the hydrogen fuel cells 

date back to 175 years ago in the work of William Robert Grove [141], 

serious attention to the competence of this technology for the real world 

applications did not arouse until the second half of the 20
th
 century when the 

world space programs relied on fuel cell power for the first manned 

spaceflights.  

The basic principle of fuel cell operation is not complex. The chemical 

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

and an oxidant (oxygen), is electrochemically converted into electricity and 

heat along the water formation reaction. In practice however, 

accomplishment of this ñsimpleò reaction is facing serious difficulties. The 

cost associated with the preparation of the catalyst that is mainly made of 

precious metals from one hand [142ï146] and the durability of the entire 

electrochemical system from the other hand [147ï149], put the main 

obstacles on the easy industrial use of this technology. As can be 
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understood by research communities of the field, establishment of pathways 

to address both problems are mainly associated with development of 

appropriate materials or manufacturing routes that would enable the cost of 

electricity to compete with the existing technology.  

Concentrating on the ñheart of the fuel cellò where the core electrochemical 

reactions take place and the electrocatalytic current is generated, namely, 

the catalyst, each of the mentioned problems has been tried to be addressed 

through a series of materials based strategies ranging from the catalyst 

species, state, size, morphology, distribution and amount to the catalyst 

environment including the support type and its interactions with the 

catalyst, humidity, temperature, working potential and many other 

parameters. Regarding 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, one of the most obvious methods has conventionally been the increase 

of the specific surface area of the catalyst by spreading it over a conductive 

support in the form of fine particles. Supported catalysts not only possess a 

higher specific surface area, but also benefit from the ñstabilizationò 

provided by their attachment to the support. This way, access to a much 

larger number of catalytically active yet stable sites is provided compared to 

the corresponding bulk metal, even when the latter is ground to a fine 

powder [150].  

Electrocatalysts for fuel cells are commonly supported on certain materials 

with special features. The critical requirements for the ideal support include 

but are not limited to: a) high electrical conductivity, b) large surface area, 

c) good electrochemical stability and corrosion resistance in the fuel cell 

environment and d) strong attachment to and interaction with the catalyst, e) 

ease of the recovery of the precious catalyst in the used support and f) water 

management capabilities to forbear flooding. 

2.1.2 Support materials  

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 on the presence of carbon family in the 

support [151,152]. On this basis, two broad groups are considered: a) 

carbonaceous supports and b) non-carbonaceous supports. This 

classification is mainly influenced by the evolution history of support 

materials and the great contribution of carbon family in that process.  

2.1.2.1 Carbonaceous supports  

It can be said with confidence that carbon, as a material, plays the most 

pronounced role in different components of a fuel cell, from bipolar plates 

and gas diffusion layers to catalyst support, catalyst itself and even as a fuel 

[153]. Regarding the support materials, carbon has been used for many 

years as a support for industrial precious metal catalysts [150,154], and 

activated carbon, carbon black, graphite and graphitized materials have all 

been applied in various catalytic processes. Along the good electrical 

conductivity that is an obvious benefit, stability of carbon in in both highly 

acidic and basic media is a great advantage over other frequently used 

supports such as metal oxides and carbides. Moreover, when the turn comes 

to recover the active precious metal, carbon can be burnt off without 

difficulty and with minimum environmental and ecological concerns [153].  

2.1.2.1.1 Carbon blacks and graphite materials 

Carbon black (also called furnace black if prepared by oil-furnace 

processes, like Vulcan XC-72, and acetylene black if prepared via acetylene 

processes, like Denka Black) is a material manufactured by the pyrolysis or 

incomplete combustion of hydrocarbons and petroleum products. In terms 

of crystallinity, this material is a paracrystalline carbon, meaning that it 

possesses a short or medium range ordering in its lattice but lacking long-

range ordering. Compared to a graphite perfect single crystal with long 

range ordering, carbon black is in the form of turbostratic graphite. This 

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 and basal planes have 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 

another 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 turbostratic graphite to single crystal 

graphite in a process called graphitization [155]. In Fig.  2.1, the typical 

near-spherical morphology of carbon black particles, usually <50nm in 

diameter, is shown. The source material and the process of its thermal 

decomposition largely determine the morphology and particle size 

distribution of carbon black. Accordingly, the surface area of this material 

can vary from 50 to 1500 m
2
g
ï1

 and can satisfy the requirements of the fuel 

cell catalyst support in this respect. The most popular support material is 

Vulcan XC-72 carbon black with a surface area of 250 m
2
g
ï1

 [151,152].  

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

Due to its low cost and high availability carbon black has been widely used 

and studied as a cost effective catalyst support for the fuel cell [156ï165]. 

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 the support with catalyst particles, either impregnation or colloidal 
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method, different support characteristics have influenced the morphology, 

distribution and electrocatalytic activity of the catalyst. By the former 

mechanism, uniformly impregnated catalysts are 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 egg-shell distribution. The colloid particles adsorb on the 

external 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 egg-shell distribution of the platinum [159]. In general, 

specific surface area, pore size distribution and surface properties of the 

carbon were 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 oxygen functional groups on the carbon 

surface, while in case of colloidal method, it depended on reaction 

conditions such as synthesis temperature, the surface-active agents used, 

and on the specific surface area of the carbon. In supports with low pore 

size, catalyst 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 no effect on fuel cell performance. In fact, 

the ultimate effect of pore size and distribution was determined by a 

compromise between the accessibility of catalyst particles by the fuel 

through ionic conductive pathways, namely Nafion® ionomers, from one 

side and the availability of useful sites for diffusion and storage of the fuel 

from the other side. Since the size of Nafion® micelles (> 40 nm) is larger 

than many recesses in the carbon black, metal nanoparticles (NPs) in pores 

with diameter lower than the micelle size are considered inaccessible to 

Nafion® and should show no contribution to the electrochemical activity. In 

contrast, those narrow pores (i.e., 3ï8 nm which is in fact the lower band of 

the mesoporosity, i.e., 2ï50 nm size) are useful for the fuel diffusion. The 

pores with size less than 3 nm no positive effect on fuel 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, 



 
ορ 2. Carbon nanostructures for fuel cells 

conductivity shortage of carbon black can be addressed by moving towards 

higher degrees of graphitization of this material. Graphitized carbon black is 

another support material with high surface area that is obtained by 

recrystallization of the spherical carbon black particles at 2500ï3000 
o
C. 

The partially recrystallized material possesses well-ordered domains. The 

degree of graphitization is determined by process temperature [166]. 

High surface area graphites (HSAG) that are prepared from graphitized 

materials by special mechanical modifications like grinding process, leading 

to less condensed graphite layers than usual and thus possession of higher 

surface area (around 100ï300 m
2
g
ï1

), are from the other graphitic materials 

of interest as catalyst support for fuel cells [167ï171]. 

Finally, in spite of broad use of carbon black as catalystïsupport, there are a 

number of problems with this material to be enumerated: a) self-

agglomeration of the carbon particles that limits the approach of the fuel 

and oxidant to the active sites, and therefore the electrocatalyst efficiency of 

the fuel-cell electrode will be reduced, b) the presence of impurities such as 

organo-sulphur origination from the production method and precursor 

materials that can contaminate the fuel cell environment, c) large fraction of 

deep micropores (< 2 nm) trapping the catalyst NPs making them 

inaccessible to Nafion® ionomer and reactants and d) thermochemical 

instability of carbon black leading to accelerated corrosion of the support 

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 Activated carbon  

Activated carbon (activated charcoal, activated coal, or carbo activatus) is a 

form of carbon that is processed in such a way to generate a large amount of 

small, low-volume pores in its structure and therefore, to increase the 

surface area available for adsorption or chemical reactions [172ï174]. Two 

general methods are established for manufacturing activated carbon: 

chemical activation and physical activation [175]. Through these activation 
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processes, the primary imperfect pore structure of the precursor material is 

developed by controlled burn-off the tarry and non-graphitic part of carbon, 

leaving behind a porous network of highly disordered graphitic material 

bearing surface oxide groups. Fig.  2.2 shows a typical TEM micrograph of 

the activated carbon.  

 
Fig.  2.2 Microstructure of activated carbon (Norit®) 

Chemical activation is usually achieved by simultaneous carbonisation and 

activation of the raw material at 600ï800 
o
C. The activating agent for this 

process, e.g. H3PO4 or ZnCl2, is incorporated into the raw material before 

heating starts. In this way, particularly wood-based activated carbons are 

made from sawdust. In contrast, Physically or so-called steam activated 

carbons are prepared from a precarbonised materials which are obtained by 

thermal decomposition of a carbonaceous precursor at 600ï800 
o
C in the 

absence or under controlled admission of air. The activation step is usually 

performed in the presence of steam and/or CO2 at 800ï1100
 o
C. Wood, coal, 

lignite, coconut shell and peat are the most important raw materials for the 

production of activated carbons, although other materials such as fruit pits, 

synthetic polymers or petroleum processing residues can also be used [150]. 

Finally, washing with pure water or acids may be carried out to remove the 

ash content and pore plugging materials. This becomes more important for 

applications like catalyst support where poisoning of the catalyst could be 



 
οσ 2. Carbon nanostructures for fuel cells 

critical, in addition to difficulties that a high ash content may bring about at 

the recovery stage of 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 

remarkable 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 of the pores of activated 

carbon in the micro and lower band of meso size range.  

In this respect, most of the works done on the activation of carbon, either 

starting from the original precursors (wood, peat, etc.) or doing the 

activation on carbon black or other preformed types of carbon, and whether 

using chemical [154,176ï182]or physical [181,183,184] methods, are 

devoted to assessment of the effects of functional groups and surface 

chemistry of activated carbon. This aspect of the work will be reviewed in 

the section  2.1.3. Interactions 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 2ï50 nm. Mesoporous carbon materials can be 

classified into two categories according to their preparation methods and 

final structures as follows [185ï189]: a) 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 structures. The 

resulting mesopores are uniform and arranged periodically. Fig.  2.3 shows a 

typical microstructure of OMC. 

DOMCs with irregular pore structure can be prepared through any of the 

following methods: thermal activation at high burn-off 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 materials can be 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 followed by the template removal/dissolution. Obviously, if the 

primary template exhibits ordered three-dimensional pore structure, the 

resultant carbon will have ordered mesoporousity, otherwise disordered 

micro/mesoporous carbon will be formed. 

 
Fig.  2.3 Microstructure of ordered mesoporous carbon [187]. 

Generally, all OMC supported metals present higher metal dispersion and 

higher catalytic activity, both for oxygen reduction and methanol oxidation, 

than carbon black supported metals [190ï195].  This has been attributed to 

the high surface area and uniform mesopore networks of OMC with lower 

amount or absence of micropores. In a mesoporous carbon supported 

catalyst, the metal catalyst particles are distributed and supported on the 

surface or in 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, which results in a large effective surface area of Pt with a high 

catalytic activity. The schematic shown in 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 possible [196]. Therefore, ordered 3-d pores of mesoporous 

carbons have been shown to improve the mass transport of reactants and 

products during fuel cell operation [193,196ï198]. Possibility of synthesis 

of bi-metallic catalyst systems on OMC has also been demonstrated without 

problem [191,199ï202].  

 
Fig.  2.4 The ideal pore size of OMC for easy access of the reactants to the catalyst [196]. 

Along with the advantages and positive points noted about OMC catalyst 

support, there are a number drawbacks mentioned in the literature, including 

its limited electrical conductivity due to the poor contribution of carbon 

connections among the rope-like particles [203]. Some researchers found 

out that this problem can be partially addressed by preparing a more 

graphitizable carbon at higher carbonization temperatures [203,204]. 

Another point worth mentioning is 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-d 

network of mesopores can be considered as a challenge [166].  
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2.1.2.1.4 Carbon fibers and nanofibers 

Carbon nanofibers 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, either in micro or nano size and either as prepared or 

activated and functionalized, have been widely studied as support for metals 

in different applications [205,206].  

Carbon fibers (CFs) that are distinguished from carbon nanofibers (CNFs) 

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 a prerequisite. 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 felts, have undergone activation treatment for introduction of 

porosity, excess surface area and surface functional groups, making them 

alternative candidates for traditional catalyst supports of fuel cells. The 

earliest attempts to study the possibility of deposition of Pt particles on 

activated carbon fibers (ACFs) dates back to mid-ninetyôs and high 

reduction-adsorption capacity of ACF for Pt(IV) was concluded [207]. First 

studies on the application of such ACF as support for Pt in catalytic 

reactions appeared few year later [208,209]. Nevertheless, application of 

ACF as catalyst support for fuel cells did not happen before 21
st
 century 

[210,211]. In general, good capacity for reduction of the metal ions and 

formation of strong bonding to catalyst particles, the flexibility of electrode 

and low resistance to flow of liquid and gases through a bundle of fibers in 

macro-scale are of the advantages mentioned for ACFs. However, the large 

fraction of micropores that is the characteristic of all activated carbons 

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 cells. One of the early attempts to use CNFs as a catalyst 



 
πν 2. Carbon nanostructures for fuel cells 

support can be seen in the work of Rodriguez et al., where the catalytic 

activity of Fe-Cu particles supported on CNFs was studied with respect to 

hydrogenation of ethylene [212]. The degree of crystallinity of the support 

compared to traditional active carbon or alumina supports in addition to the 

possibility of strong interaction of metal crystallites with the crystalline 

support that might induce preferred crystallographic orientation of the 

particles was realized as the possible explanations for the superior activity 

of this catalyst-support system. Hoogenraad et al. also explored the viability 

of application of CNFs for liquid phase catalysis, hydrogenation of 

nitrobenzene [213,214]. In a series of works, Baker et al. studied the 

deposition of nickel onto the modified CNF for hydrogenation of light 

alkenes [215ï217]. It was found that not only the activity but also the 

selectivity of nickel crystallites could be dramatically altered on CNFs 

compared to conventional supports. It was suggested that differences in the 

behavioral patterns of the 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 reports of application of CNFs as catalyst supports for fuel cells 

was in 2001 [218,219]. In Besselôs work electrodes consisting of 5 wt % Pt 

supported on graphite nanofibers, which expose mainly edge 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 poisoning [218]. Steigerwalt et al. did the first studies 

on deposition of Pt-Ru bimetallic catalyst on CNFs for fuel cells [219,220]. 

Precursor composition and support structure were tuned in their work and it 

was concluded that a Pt-Ru/narrow tubular herringbone graphitic CNF 

nanocomposite shows the highest electrocatalytic performance. 

Comparative testing of their nanocomposite and an unsupported Pt-Ru 

colloid of similar surface area and catalyst particle size as anode catalysts in 

a working direct-methanol fuel cell (DMFC) revealed a 50% increase in 

performance for the Pt-Ru/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(II) acetylacetonate [Pt(acac)2]. After removal of the 



 
πξ #ÁÒÂÏÎ .ÁÎÏÓÔÒÕÃÔÕÒÅÓ ÆÏÒ %ÌÅÃÔÒÏÃÈÅÍÉÃÁÌ %ÎÅÒÇÙ ȣ 

AAO template, the deposited Pt NPs had 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 this material such 

as microstructural effects [222ï224], functionalization effects [225,226] and 

many other parameters [227ï230] on the catalyst activity and fuel cell 

performance have been carried out.  

In general, CNFs proved advantages such good electrical conductivity and 

low mass transfer resistance. Microstructural features like availability of 

dangling bonds on the surface of CNFs, facilitates the anchoring of the 

catalyst particles and thus, a good dispersion. Moreover, the fact that the 

catalyst particles adopt specific crystallographic orientations when 

dispersed on the highly tailored graphitic 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 considered as limits on this type of carbon 

support.  

2.1.2.1.5 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 1991 [232]. In that 

work, Ru was supported on CNTs and was used as catalyst for liquid-phase 

cinnamaldehyde hydrogenation. Reports on possibility of using CNT as 

support for metallic catalyst continued to come out in the next years [233ï

235]. Nevertheless, the first report on the application of CNTs as catalyst 

support for fuel cells, was not published before 1998, in the work of Martin 

et al. [236], where an ensembles of aligned and monodisperse CNTs was 

prepared by a templating method that involved the chemical-vapour 

deposition of carbon within the pores of alumina membranes. The CNT 

array was then coated with NPs of electrocatalytic metals such as Pt and 

Pt/Ru alloys and used to electrocatalyse O2 reduction and methanol 

oxidation. In 1999, an improved charge transfer at CNT based electrodes for 

fuel cells was demonstrated [237]. Then, a massive interest was attracted 

towards CNTs as support for catalyst by the start of 21
st
 century as the few 
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following example reference can represent [162,230,238ï248]. Currently, 

there are a couple of comprehensive reviews of the developments in CNT-

supported catalysts for fuel cells including the various catalyst deposition 

techniques, electrocatalytic activity, functionalization and catalyst support 

interactions [151,152,166,206,242,249,250]. 

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 

[210,238,239,243,251ï260]. A number of reasons can be named for this 

among various reports in the literature that can in the meanwhile, be 

considered as the advantages of this support: 

a) high conductivity of CNTs, due mainly to their crystalline nature [240], 

though, this good conductivity has a reverse relation with the degree of 

functionalization of CNTs [261]. 

b) efficient pore size and wide internal hollow channel facilitating the 

access of gasses and reactants to the support and catalyst [262].  

c) 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 justified 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 support [258].  

d) availability of specific sites (edge sites) on CNTs, due to their tubular 

architecture, on which, Pt crystallites will nucleate and anchor to the 

support. These sites are believed to be more active than the conventional 

equi-potential sites of carbon blacks [263].  

e) the likelihood of presence preferred crystallographic orientations for 

anchoring of Pt to CNT and thus, presence of preferred crystallographic 

orientations to be exposed to the electrochemical environment that are more 

active, in particular, Pt (110) [254]. 

f) corrosion resistance of carbon nanotubes. Multilayer tubular structure of 

CNTs, with each layer being like 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 difficult [264,265]. 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 structural defects and available ñedgesò. However, any 

further advance of the corrosion front will be banned by the intact interior 

walls, that is difficult [266]. Furthermore, this electrochemical stability can 

be increased 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 cautions on the purely 

positive adjudication of CNTs. Some of these concerns will be discussed 

here. 

The current technology of large scale synthesis of CNTs is not economic yet 

compared to conventional carbon blacks. Notwithstanding the remarkable 

costs reduction of mass production of CNTs in the recent years, 

development of more cost-effective methods is still a demand. 

In addition, although various catalyst synthesis methods like impregnation 

and precipitation [240,268ï270], polyol and microwave-assisted polyol 

process [230,271ï281], sputter deposition [282,283], colloidal 

[269,284,285], ion-exchange [286] and electrochemical deposition 

[242,287,288] have been used  to deposit the electrocatalyst NPs on CNTs 

for fuel cell applications, there is agreement on the intrinsic inertness of 

pristine CNTs that makes the anchoring of the catalyst to support difficult. 

Therefore, successful deposition of catalyst on CNTs is consistently 

believed to depend upon a functionalization treatment to introduce surface 

groups to support that serve as nucleation and anchoring sites for catalyst 

NPs. Regardless of the complexities that the functionalization treatment can 

add to entire procedure, it will necessarily result in the 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 nanohorns, nono onions and nanocoils 

Along with conventional carbon blacks and newer carbon family members 

such as CNTs, CNFs and graphene that have been extensively studied for 

application as catalyst support of fuel cells, there are other members that 

have yet to be explored more. Carbon nanohorns (CNHs) [289], carbon 

nanocoils (CNCs) [290], carbon nano-onions (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 nano-onions (CNOs) or onion-like 

carbon (OLC) [291]. One can also consider CNOs as multi-shell 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 water [293], (b) The 

icosahedral-quasicrystal-like model of an onion carbon particle constructed with the 
classical molecular dynamics technique [294]. 

The term carbon nanohorn was coined by Iijima and colleagues in 1999 to 

horn-shaped sheath aggregate of graphene sheets [295]. However, similar 

structures had been observed in 1994 by other researchers [296]. Carbon 

atom monolayers not 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 



 
πς #ÁÒÂÏÎ .ÁÎÏÓÔÒÕÃÔÕÒÅÓ ÆÏÒ %ÌÅÃÔÒÏÃÈÅÍÉÃÁÌ %ÎÅÒÇÙ ȣ 

extended by a pure-hexagon graphenic network into a larger conical 

structure [289]. Fig.  2.6 shows the TEM micrographs of aggregated CNHs 

forming flower-like morphologies.  

  

Fig.  2.6 (a) A magnified TEM micrograph of CNOs with inset representing a simulated 

single CNH and (b) lower magnification of the same, showing an aggregate of CNHs 
ÍÁËÉÎÇ Á Ȱ$ÕÈÌÉÁȱȢ )ÎÓÅÔ ÓÃÈÅÍÁÔÉÃÁÌÌÙ ÓÈÏ×ÉÎÇ ÔÈÅ ÓÁÍÅ [295].  

The structure of a carbon nanocoil is similar to that of MWCNTs, except 

helical shape. It can be therefore said that a carbon nanocoil is a helical 

MWCNT. CNCs can be either in the form of fibers or tubes. Preparation of 

coiled carbon fibers was first reported by Motojima in 1991 by catalytic 

pyrolysis of acetylene [297]. The existence of helically coiled carbon 

nanotubes was first predicted by Ihara et al. and Dunlap in 1993 [298ï300] 

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

observation [301]. Fig.  2.7 shows the TEM 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 CNCs [302,303], 

CNHs [304,305] and CNOs [306ï309] in this context. Although based on 

these few works, a good catalytic activity of the catalyst on these supports 

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 multi -walled structure 

of the coil (from [310]) and the inset on left, showing a simulated model of the coil [298]. 

 

2.1.2.1.7 Nanodiamonds and doped diamonds 

The first production of nanoscale diamond particles took place by 

detonation in the USSR in the 1960s [311], but serious research work on 

them did not continue until the end of the 1980s [312,313]. A number of 

promising achievements starting from late 1990s however, put this material 

under the spotlight again. Preparation of colloidal suspensions of nanosized 

diamonds, application of fluorescent nanodiamonds for biomedical imaging, 

development of nanoscale magnetic sensors, discovery of the chemical 

reactivity of the surface of nanodiamonds were parts of these achievements 

[313]. 

Diamond, with sp
3
 hybridization of carbon atoms and a diamond cubic 

crystal structure, can also be formed in nanoscale. The term nanodiamond is 

referred to a broad range of diamonds consisting of facets less than 100 nm 

in size. However, a second term ñultrananocrystalline diamondò has been 

introduced to make the range narrower just referring to diamonds with grain 

sizes less than 10 nm. The morphological differences basically originate in 

the growth process. A wide range of synthesis methods have also been 

proved for nanodiamonds, including: detonation technique, laser ablation, 
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high-energy ball milling of high-pressure high-temperature (HPHT) 

diamond microcrystals, plasma-assisted chemical vapour deposition (CVD), 

autoclave synthesis from supercritical fluids, chlorination of carbides, ion 

irradiation of graphite, electron irradiation of carbon onions 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 CNO [314]. In Fig.  2.8 (b), the crystalline 

nature of the nanodiamond is shown in a HRTEM image.  

  
Fig.  2.8 (a) 4ÈÅ ÃÏÎÖÅÒÓÉÏÎ ÏÆ Á ȰÃÁÒÂÏÎ ÏÎÉÏÎȱ ɉÍÕÌÔÉ-walled concentric fullerene-like 

balls) into a diamond using particle beams. A growing diamond is seen inside concentric 
graphitic layers [314], (b) a nanodiamond crystal. 

The sp
3
 hybridization present in bonding of carbon atoms of diamond, make 

it an electrical insulator incapable of being used in catalyst support of fuel 

cells, where the electrical conductivity is a necessity. However, different 

degrees of electrical conductivity can be given to diamond when doped with 

appropriate dopants. The common dopants include boron (for p-type) and 

phosphorous or nitrogen (for n-type). Intensive studies on electrochemical 

properties of boron-doped diamond (BDD) thin-film electrodes had started 

in 1990s [315,316]. By late 1990s and beginning of 21
st
 century, fuel cell 

directed works started to appear based on nanodiamond catalyst supports 

[317ï322]. Through those works as well as the more recent ones [323ï332], 

a number of advantages of BDD catalyst support can be concluded. BDD 
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has a high electrochemical stability and corrosion resistance under acidic 

and alkaline conditions, good thermal stability, a wide electrochemical 

window in aqueous as well as non-aqueous media and finally, low and 

stable voltammetric and amperometric background currents.  

Nonetheless, this support has also its own drawbacks without thinking about 

solutions for which, wide application of BDDs in fuel cells will remain 

unlikely. The most important concern is the electrical conductivity of this 

support. Although doping improves the conductivity of the diamonds, this 

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

the biggest advantage of BDDs, will deteriorate upon excessive doping with 

the intention of improving the conductivity. 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 stability of the 

support. Current researches have shown however, that this effect can be 

solved to some extent by reducing the size of support NPs.  

2.1.2.1.8 Graphene and reduced graphene oxide 

Graphene is the enabling material of the 21st century and there are high 

expectations for its potential applications. In just 10 years from its discovery 

[333,334], graphene has become a lodestar for researchers all over the 

world [335]. Moreover, the interest in two-dimensional, sheet-like or flake-

like carbon forms has expanded beyond monolayer graphene to include 

related materials with significant variations in layer number, lateral 

dimension, rotational faulting, and chemical modification [336]. 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 of the family of ñgraphene materialsò has become a 

concern. Accordingly, it is tried here to start this section with a precise 

definition and classification of this material, according to which, the rest of 

this work will be built up. All the definitions in this part are adopted from 

an editorial proposed nomenclature for two-dimensional carbon materials 

[336]. 
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Graphene ï a single-atom-thick sheet of hexagonally arranged, sp
2
-bonded 

carbon atoms that is not an integral part of a carbon material, but is freely 

suspended or adhered on a foreign 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 ñgrapheneò but must be named using a unique multi-word 

term that distinguishes them from the isolated monolayer.  

Graphene layer ï a single-atom-thick sheet of hexagonally arranged, sp
2
-

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). The ñgraphene layerò is a conceptual 

structural unit that has been used for many years to describe the structure 

and texture of 3D carbon materials with primary sp
2
-hybridized bonding. 

Multi -layer graphene (MLG) ï a 2D (sheet-like) material, either as a free-

standing flake or substrate-bound coating, consisting of a small number 

(between 2 and about 10) of well-defined, countable, stacked graphene 

layers of extended lateral dimension.  

Graphite nanoplates; graphite nanosheets; graphite nanoflakes ï 2D graphite 

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 typically >100 nm.  

Graphene oxide (GO) ï 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 3.0 and typically closer to 2.0.  

Graphite oxide ï 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) 

graphene oxide or partially exfoliated to form few-layer graphene oxide. 
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Reduced graphene oxide (RGO) ï graphene oxide (as above) that has been 

reductively processed by chemical, thermal, microwave, photo-chemical, 

photo-thermal or microbial/bacterial methods to reduce its oxygen content. 

Based on such attempts to define rational morphological descriptors for 

graphene family, structural characteristics of this family have also been 

classified by other scholars as shown briefly in Fig.  2.9 [335]. 

 
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 capabilities and large surface area propose graphene family as ideal 

materials for catalyst support of fuel cells. Appearance of the graphene 

family in the context of catalyst support materials for fuel cells started four 

years after its discovery in the works of Si [337] and Xu [338]. 

Interestingly, both these works have used the RGO and not graphene. This 

implies along with other things the potential difficulties of large scale 

production of high quality defect free graphene that is necessity for any 

industrial application. 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 phase [340], sonication induced liquid 

phase [341], wet ball milling [342] and porphyrin exfoliation [343]), CVD 

synthesis [344], arc discharge [345,346], epitaxial growth on electrically 

insulating surfaces such as SiC [347], un-zipping CNTs [348] and reduction 

of graphene oxide [349]. Although methods such as shear induced liquid 

phase exfoliation or arc discharge are claimed to be able to scale 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 

[337,338,350ï354,354ï363,363] along with a less intense interest on CVD 

method [364ï367]. In contrast to 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. Obviously, the 

scaled up production of graphene via reduction of GO is at the expense of 

perfectness of the atomic structure and crystallinity, that in turn, can be 

translated to a 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 supports. Enhanced 

electrocatalytic activity toward oxygen reduction reaction (ORR) [353] and 

methanol oxidation reaction (MOR) [368], enhanced electrochemical active 

surface area (ECSA), higher CO poisoning tolerance [369], Enhanced 

durability [353,370], tunability of surface chemistry and functional groups 

through a variety of functionalization processes [371] and the possibility to 

be used as a metal-free fuel cell catalyst upon proper doping [364,372] are 

just some of the positive feedbacks found in the literature. Characteristics 

such as what comes in the following have been mentioned to be responsible 

for such improvements in their behavior:  

a) high surface area (theoretical specific surface area of 2630 m
2
g
ï1

) and the 

lack of micro-pores and deep cracks where the catalyst would be isolated 

from the ionomer phase and thus unable to form electrochemically active 

triple-phase boundaries (TPBs),  

b) availability of both the edge planes and basal planes to interact with the 

catalyst NPs due to the 2-D planar structure of the carbon sheet,  
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c) the fast electron transport mechanism and high conductivity (in case of 

defect free graphene),  

d) strong interactions of the support and the catalyst especially in the case of 

RGO or functionalized graphene where anchoring sites for the catalyst NPs 

are provided by the surface functional groups. 

Notwithstanding the benefits enumerated for the graphene support and its 

impact on the fuel cell technology, there are a number 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 

conceivability of the catalyst synthesis on RGO. In any case, at least one of 

the biggest advantages of graphene support, that is high electrical 

conductivity and electron transport rate, is sacrificed in such choice of 

synthesis method. In this respect, a 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, a certain 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 illusory point about graphene that should be looked at with care is 

the concept of specific surface area. Although for graphene, the theoretical 

specific surface area of graphene is more than 2600 m
2
g
ï1

, but the specific 

area of multilayer graphene decreases. The limiting case is graphite, having 

a specific surface area of only 10 m
2
g
ï1

. Therefore a wide range of surface 

area is conceivable and only if the re-stacking problem of graphene sheets is 

addressed through a sophisticated engineering of the nanostructure, the high 

surface area of graphene can be expected.  

Finally, further work is required to develop the most suitable methods for 

preparing either pure graphene or modified graphenes for fuel cell 

applications. The development of cost effective and high quality processes 
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for synthesis, doping, layer number control, defect optimization, and surface 

functionality modification of graphene will be the key factors in future 

research. Also, systematic studies for a fundamental understanding of the 

chemical and physical mechanisms that govern the electrochemical 

properties of graphene-based catalysts are essential. This will require a 

diverse contribution from many research fields including chemistry, 

physics, electronics, mechanics, and material science. 

2.1.2.2 Composite carbonaceous supports 

One of the strategies to overcome the limitations of individual 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 properties, that when combined, produce a material with 

characteristics different from the individual components, can be potential 

alternatives to benefit the positive points of different supports in the same 

time. Moreover, the weaknesses of each constituent can be covered relying 

on the other one. Although for a composite support any two or more kinds 

of materials (carbonaceous, metal oxides, conducting polymers, etc.) can be 

combined, considering only all-carbonaceous constituents, just few attempts 

have been reported so far with a narrow variety of constituents. Regarding 

their superior behavior and impact in the research community, CNTs and 

graphene have been studied slightly more as components of a composite 

support [373ï383]. Although promising results have been reported through 

these works, further investigations are still required to discover more 

precisely different corners of this field and to recognize the potentials of this 

strategy for development of modern catalyst supports.  

2.1.2.3 Non-carbonaceous supports 

Notwithstanding the great impact of nanostructured carbon on the 

performance of the catalyst supports used in fuel cells, there are still 

challenges to be addressed for their carefree application in fuel cell. Most 

important concern, is the corrosion of carbon that in spite of promising 

advances in improving its stability under fuel cell working conditions, can 
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still take place anyways. Corrosion of the support inherently leads to further 

issues like loss of catalyst, which drastically affects the overall performance 

of the fuel 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 of a group of desirable characteristics of carbon in such 

alternatives should be taken for granted. In any condition, the requirement 

of more corrosion resistant support materials has raised interest on inert 

supports such as metal oxides and carbides [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 oxide [389], tin oxide [390], indium tin oxide (ITO) [391], 

silicon dioxide [392,393], tungsten and tungsten oxides [394ï396], tungsten 

carbide [397,398], sulfated zirconium oxide [399,400] and cerium oxide 

[401]. On the other hand, most studied conducting polymers for this 

application include polyaniline (PANI) [402], polypyrrole (PPy) [403], 

Polythiophene (PTh) [404,405], poly(3,4-ethylenedioxythiophene) or 

PEDOT [406] and composites such as poly(3,4-ethylenedioxythiophene)ï

poly(styrene sulfonic acid) or PEDOT-PSS [407], poly(N-vinyl carbazole) 

and poly(9-(4-vinylphenyl) carbazole) [408], 

poly(diallyldimethylammonium chloride) or PDDA [409].  

2.1.3 Interactions between carbon support and catalyst 

The role of carbon in a carbon-supported catalyst system is more than 

merely an inert ground for the catalyst to sit on. Many crucial parameters 

such as shape, size and dispersion of the catalyst NPs, stability or the degree 

of mobility of the catalyst particles as well as the strength of their bonding 

to the support, the Galvani potential of the catalyst system, its electronic 

density and Fermi level, and therefore, the electron conduction of the 

system are all strongly influenced or even dictated by the characteristics of 

the support [162,410ï413]. 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 the surface area and porosity of the support, are 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 dispersed on the support, how 

stable/unstable and how sessile/mobile 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 material, and its surface is, 

generally, assumed to be amphoteric in nature with acidic and basic centers 

coexisting thereon, in the context of support-catalyst interactions, different 

chemical characters have been attributed to different regions of graphitic 

carbon crystal.  

Defect free basal planes of graphite that are energetically uniform and 

homogeneous, are considered to possess a basic nature [414]. The type of 

sites responsible for the basic properties of carbon surfaces has been the 

subject to many debates and different models have been proposed to explain 

it. However, the most widely agreed model tries to justify the carbon 

basicity based on the following equation: 

ὅ ςὌὕᴼ ὅ Ὄὕ ὕὌ   

       ( 2-1) 

where ὅ is defined as a graphitized carbon surface platelet (i.e., basal 

plane) [415]. Further works also confirm the potential of basal planes to act 

as Lewis base centers [415ï418]. 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 crystalline 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 surfaces have also regions where the 

continuity of crystalline structure is interrupted. Such regions are mainly 
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constituted by unsaturated valences at the edges (dangling bonds) and 

defects of the graphitic hexagonal crystallites. Moreover, treatments on the 

surface that are accompanied by the introduction of heteroatoms (mainly 

oxygen, hydrogen and nitrogen) are other sources of defect generation in the 

crystalline structure. There is general agreement in attributing acidic nature 

to crystalline defects of graphite including the edges, steps, defects and 

functional groups. Obviously, increasing the porosity and surface area of the 

carbon source that translates to more edge sites available, along with the 

functionalization treatments will 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 amount of the 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 medium, depending on the pH. Then, a certain pH can be 

considered (the isoelectric point, pHIEP) at which the net overall surface 

charge will be zero; at pH > pHIEP the carbon surface, covered by negative 

charges, will attract cations from solution; at pH < pHIEP it will attract 

anions [419]. This is schematically indicated by Fig.  2.10. Accordingly, the 

intensity and type of negative and positive sites of carbon surface can 

determine the pHIEP and consequently, can dictate the synthesis condition 

(pH in this case) at which the desired form of catalyst precursor (anions or  

 
Fig.  2.10 Illustration 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 support and the catalyst can be used to tune the chemical 

accessibility of the support and thus, the catalyst dispersion. For instance, 

the electrostatic repulsion forces between anionic catalyst precursor species 

in solution and a negatively charged surface may be stronger than the 

nonspecific dispersion forces of attraction, resulting in inhomogeneous and 

unpredictable dispersion of the catalyst, regardless of the extent of the 

specific surface area of the support. In general, the ñmaximum catalyst 

dispersion is favored when the entire carbon surface is chemically 

accessible, i.e., when there is electrostatic attraction between the positively 

charged surface (below pHIEP) and the catalyst precursor anions or between 

the negatively charged surface (above pHIEP) and the catalyst precursor 

cationsò [416].  

Apart from the electrostatic models for explanation of the supportïcatalyst 

(carbonïPt) 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 cannot give a sufficient 

explanation. For instance, the evidenced Pt reduction in the impregnation 

catalyst synthesis method [180,181], implies a redox process in the 

interaction of hexachloroplatinic acid (H2PtCl6) with the carbon in which 

the metal complex is stabilized as Pt
2+

 on the carbon surface [420].  

The proposed model to explain these observations is based on a primary 

reduction of Pt(IV) complex to a Pt(II) complex by carbon, which is then 

coordinatively bound to the carrier, as: 

H2Pt(IV)Cl6  +  ɀCɀH + H2O Ÿ Pt(II)Cl4
ΨϾ

 + 2Cl
Ͼ
 +  ɀCO

ɀ
  + 5H

+
   

( 2-2) 

Pt(II)Cl4
ΨϾ

  +  S  Ÿ  Pt(II)Cl3S
Ͼ
  +  Cl

Ͼ
     

( 2-3) 

where the ligand site S is assumed to be either a  -́complex structure or an 

oxygen surface group. A model for an oxidized carbon surface would be 
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based on independent acid and basic groups, which ionize according to the 

following equilibria: 

HA ź A
Ͼ
  +  H

+
    

( 2-4) 

B + H
+
  ź  BH

+
  

( 2-5) 

where A and B represent sites of the carbon solid matrix or surface oxygen 

groups. Accordingly, the combination of the model proposed in Eq. ( 2-2) 

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

independent acid and basic groups (Eq. ( 2-4) and ( 2-5)), results in the 

conclusion that the acid oxygen surface groups are behaving like weak 

anchoring sites. On the other hand, basic sites of carbon surface act as 

strong anchoring sites for the hexachloroplatinic anion bonding on carbon.  

Alternatively, an explanation based on Lewis type character of basic sites of 

carbon surface which are associated with ́ -electron rich regions within the 

basal planes, has been proposed for the strong adsorption of PtCl6
ī
, using 

the mechanism of inner-sphere adsorption [421]. In this model, an electronï

donorïacceptor complex made of protonation of oxygen-free basic carbon 

sites, namely, [ĆïOH3]
+
 (see Eq. ( 2-1)), plays a major role in adsorption of 

PtCl6
ī
, as described in the following: 

H2Pt(IV)Cl6
ΨϾ

  +  [CʌɀOH3]
+
 Ÿ [CɀOH2ɀPt(IV)Cl5]

ɀ
   

+ HCl (adsorption of PtCl6
2ɀ

 without reduction) 

( 2-6) 

H2Pt(IV)Cl6
ΨϾ

  +  [CʌɀOH3]
+
 Ÿ [CɀOɀPt(II)Cl3]

ɀ
   

+ 3HCl (adsorption with simultaneous reduction) 

( 2-7) 
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In thismodel, surface groups would replace some of the original ligands 

(Cl
ī
) of the transition metal (catalyst) in solution. In Eq. ( 2-6) a water ligand 

is inserted and in Eq. ( 2-7) a CïOïPt linkage is formed.  

After the brief introduction about the catalyst-support interactions and the 

role of surface chemistry of the support in those interactions, a summary of 

the modification methods of the surface affecting its chemistry and 

crystallinity and therefore, influencing the interactions, can be helpful. As 

explained before, the carbon support can be characterized as a mixture of 

basal and edge planes. While a surface built up of only basal planes is 

considered as a homogeneous surface, a mixture of the edge and basal 

planes is considered as a heterogeneous surface and a wide range of 

investigations confirm that a heterogeneous surface would serve better for 

the stability and dispersion of the catalyst on support [183,422].  

The choice of the type and extent of the defects/edge sites available on the 

support surface can be made upon a number of factors such as the type of 

the support [210,246,258,423], functionalization (acidic/basic and oxidative 

[162,168,177ï179,181ï183,410,420,424,425], nitrogen doping 

[262,354,426ï430], sulfur-modification [431,432], sulfonation and 

phosphonation treatments [433ï439] and so on) and heat treatment 

[181,184,440ï442].  

2.1.4 Objective 

In summary of what reviewed so far, a wide range of carbonaceous 

materials for the catalyst support of fuel cells have been used and 

investigated. Traditional carbon blacks with benefits such as high 

availability and low cost, have been tried to be modified for improved 

support-catalyst interactions to promote metal loading and dispersion via 

chemical activation. Nevertheless, intrinsic problems of activated carbon 

such as majority of micropores reducing the accessibility of the reactants to 

catalyst along with low thermal and electrochemical stability, are 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 new horizons 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 a vast volume of 

information to the present literature making our understanding and 

knowledge of the carbon support clearer and more comprehensive.  

Accordingly, it is intended through this work, with focus on these two 

premier carbon materials, to conduct a systematic and comparative study on 

the behavior of each species as the Pt catalyst support for ORR in the 

cathode of PEMFCs. A thoroughly laboratory based program has been 

designed and followed for preparation of the of support materials, synthesis 

of the catalyst and microstructural and electrochemical characterizations. 

CNTs were prepared through fluidized bed CVD method and the graphene 

type used was prepared by reduction of graphene oxide, both being the most 

likely candidate methods for scaled production of the corresponding 

materials. CNTs are known to have high 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 and the 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 and abundance of catalyst 

anchoring sites caused by robust oxidative preparation method. On the other 

hand, relatively reduced electrical conductivity of RGO originating from the 

structural defects and also the risk of restacking of graphene sheets and loss 

of surface area, are the main issues of wide application of RGO in the 

industry. As seen, the pros 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 each parameter 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, is inciting a big temptation for thinking about a composite support 

made of these two. In theory, the composite of CNT and RGO should 

benefit from the pros of both and should recover from the cons of each 

relying on the pros of the other. Therefore, along with CNT and RGO as 

individual electrodes, composite CNT-RGO electrode was prepared and 

underwent all the required characterization.  

The synthesis of the Pt catalyst NPs on the supports was carried out by 

microwave assisted polyol process that along with environmentally friendly 

characteristic, benefits from short duration and easy operational features. 

Moreover, in the case of RGO and CNT-RGO supports, the reduction of 

graphene oxide is simultaneously taking place with the synthesis of Pt NPs. 

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 

catalyst-support systems toward ORR, a variety of characterization methods 

have been used 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 exploitation compared to the commercial 

carbon supported Pt electrocatalysts (Vulcan XC72ï30wt%Pt). 

2.2 Experimental  

2.2.1 Carbon supports preparation 

2.2.1.1 CNTs synthesis  

The experimental set-up for CVD synthesis of CNTs was as based on the 

established procedure explained in previous works [443,444]. A metallic 

iron-based catalyst supported on neutral ɔ-alumina (Sigma-Aldrich) was 

prepared with a quantity of metallic Fe amounting to 9.5% of the weight of 

the Al2O3. The alumina obtained from the retailer was characterized using 

the B.E.T. method and found to have a surface area of 155 m
2
/g; this 
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alumina was subjected to a pre-calcination treatment in air at 750 °C for two 

hours. A second B.E.T. measurement was obtained on a part of the resulting 

alumina powder, from which it emerged that, after the treatment, the 

alumina had a surface area of 130 m
2
g
ï1

. The average particle size of the 

alumina after the heat treatment was measured to be 110 µm. 20 g of 

alumina thus selected were immersed in 7.5 ml of ethanol and mixed to 

facilitate impregnation. The first impregnation generates heat, so the system 

was left to cool before a further 7.5 ml of ethanol were added. A solution of 

an iron precursor salt was separately prepared by dissolving 16.07 g of 

Fe(NO3)3.9H2O in 9.4 ml of ethanol, and stirring. The iron salt solution was 

poured into a balloon flask in a rotary evaporator, then the solvent 

containing the alumina was added to the solution. The alumina was left to 

become impregnated with the iron salt for one hour at 30 °C, stirring the 

system by rotation at 30 rpm. Then, the solvent was 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 

product recovered was then completely dried in a quartz tubular reactor 

positioned horizontally in a tubular furnace, operating under a flow of 

nitrogen of 100 sccm at 78 °C for 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
ï1

 from room temperature up to 700 °C, isotherm of one hour at 

700 °C, continuous air flow of 100 sccm all the treatment time.  

For each synthesis batch, 3 g of catalyst materials were loaded onto the 

porous distributor plate of a vertical reactor forming a fixed bed of 0.8 cm 

in height. The reactor was a quartz tube (ISO 4793-1980, inner diameter 

2.28 cm, length 100 cm with a 40 cm hot zone) heated in a temperature 

controlled electrical furnace (Carbolite, mod. Endotherm VST 24-16). The 

tube was coupled 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 bed set-up. The 40 

cm hot zone was divided into two parts by a distribution plate: a preheating 
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zone of 10 cm and a second fluidization zone of 30 cm. The reactor is 

heated at a rate of of 10 °C min
ï1

 from room temperature up to 650 °C 

under an atmosphere consisting of 200 sccm of hydrogen (H2) and 200 sccm 

of nitrogen (N2) to establish the fluidized bed conditions. Upon arrival to 

650 °C, an isothermal phase of 45 minutes is followed at the same 

atmospheric conditions. In this step, the calcined iron catalyst supported on 

alumina is activated by hydrogen reduction. Subsequently, a flow of 50 

sccm of ethylene (C2H4) is added to the said mixture for 60 min. the total 

gas flowing into the reactor is thus, 450 sccm (N2: H2: C2H4 = 4: 4: 1). 

These conditions correspond to growth of CNTs on the activated iron 

catalyst. After the 60 min growth time, the reactor is cooled down to 

ambient temperature under a flow of N2. 

2.2.1.2 CNTs purification 

In a typical purification treatment, 5 g of synthesized CNTs were suspended 

in 250 ml of an acid mixture consisting of sulfuric and nitric acids (H2SO4: 

4 M and HNO3: 1 M). The suspension was then refluxed at 110 °C for 5 h. 

during this step, dissolution of alumina support, iron catalyst particles and 

amorphous carbon phases takes place resulting in purification of CNTs. 

Moreover, CNTs undergo a degree of functionalization mainly due to the 

presence of HNO3. 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 of 2 L. The 

diluted suspension was stirred for 1 h and sonicated in an ultrasonic bath 

(Ultrasuonic Bath Falc Starsonic 35) for 30 min followed by filtration. The 

filtered products were again immersed in distilled water and stirred and 

sonicated under the same conditions. The washing treatment was continued 

until the pH 7 arrived, after which the final filtration was carried out. The 

products were then dried overnight in an oven at 100 °C.  

2.2.1.3 GO synthesis 

GO was prepared from natural graphite powder by using a modified 

Hummerôs oxidation process [445]. 10 g of natural graphite (Sigma-

Aldrich) and 7.5 g of NaNO3 (Sigma-Aldrich, purity 99%) were placed in a 
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flask and were added 350 ml of concentrated H2SO4 (purity 96%). The 

mixture was stirred under cooling in an ice water bath for 30 min and then, 

45 g of KMnO4 (Sigma-Aldrich,purity 99%) was gradually added over 

about 1 h, while the system was kept under the cooling conditions. In 2 h 

the cooling was completed and the mixture was then allowed to stand under 

stirring for five days (120 h) at room temperature. Gradually, a highly 

viscous liquid was formed. By completion of 120 h stirring, the liquid 

obtained was added to 1000 ml of 5 wt% H2SO4 aqueous solution over 

about 1 h with stirring to avoid sever effervescence and uncontrollable 

temperature rise. The resultant mixture was further stirred for 2 h. Then, 25 

ml of H2O2 (30 wt% aqueous solution) was added slowly (dropwise) to the 

above liquid and the mixture was stirred for another 2 h. In order to purify 

the oxidized graphite from oxidizing agent especially manganese ions, the 

following washing procedure was repeated 10 times: centrifugation, 

removal of the supernatant liquid, addition of 1000 ml mixed aqueous 

solution of 3 wt% H2SO4/0.5 wt% H2O2, 30 min stirring and 30 min 

sonication. This purification procedure was similarly repeated a further 10 

times except that the liquid to be added was replaced with water. The 

resultant mixture was then used as the reservoir of GO. For each 

experiment, the required amount of suspension was vacuum filtered and the 

product was dried at 40 °C before being used.   

2.2.2 Catalyst synthesis  

Catalyst synthesis was based on microwave-assisted polyol process 

(MWAPP) proposed by Sharma et al. [369]. For the synthesis of the catalyst 

on each class of support, i.e., CNT, GO and CNT-GO, 40 mg of the support 

was suspended in 20 ml of ethylene glycol (EG) and ultrasonicated for 60 

min. In case of the composite support, CNT-GO, a weight ratio of 1:1 was 

considered between the constituents (20 mg each). The appropriate amount 

of aqueous solution of potassium hexachloroplatinate (K2PtCl6, 0.05 MPt, 

e.g., 29.9 mg K2PtCl6 dissolved in 1.23 ml water) was added to the 

suspension, based on stoichiometric ratios so as to have a final 30 wt% of Pt 

present in the catalyst-support (Pt+C) system, and the solution was stirred. 

Then, the pH of the mixture was adjusted to 8 by dropwise addition of a 



 
ςς #ÁÒÂÏÎ .ÁÎÏÓÔÒÕÃÔÕÒÅÓ ÆÏÒ %ÌÅÃÔÒÏÃÈÅÍÉÃÁÌ %ÎÅÒÇÙ ȣ 

0.4M KOH aqueous solution. After another 60 min ultrasonication, the 

yellow/brown suspension was moved to a domestic microwave oven for 

MWAPP to synthesize the Pt particles on the support. The mixture was 

heated for 50 s inside the microwave oven at the maximum power (700 W) 

and then cooled down to ambient temperature under the fume hood.  

The black precipitate obtained was washed three times by ultrasonication 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 cleaned powders 

were collected after drying at 50 °C overnight in vacuum.  

A commercially available Pt reference catalyst (30 wt% Pt on Vulcan XC-

72 carbon black from Alfa Aesar, called hereafter as Pt/C) was used as the 

control sample for the purpose of comparison.  

2.2.3 Microstructural characterization 

Catalyst-support systems were characterized for phase analysis by X-ray 

diffraction (XRD) technique using an 1830 PW Philips X-ray generator 

equipped with a PW 3020 Philips goniometer and a PW 3710 Philips 

control unit. The radiation used was Cu KŬ (ɚ = 1.540 ¡), with scan step 

time of 1.00 s and step size (2ɗ) of 0.02Á having the sample in the Braggï

Brentano configuration.  

Nanostructure of supports before and after the catalyst synthesis were 

characterized with a transmission electron microscope (TEM, Philips 

CM200 FEG) equipped with a field emission gun with Schottky emitter 

operated at 200 kV.  

Thermo gravimetric analysis (TGA) was performed in Oxygen by using 

PerkinElmer Simultaneous Thermal Analyzer (STA 6000) at a heating rate 

of 10 °C min
ï1

 up to 900 °C.  

X-ray photoelectron spectroscopy (XPS) was carried out by using an AXIS 

Nova (Kratos Analytical) equipped with monochromatic Al KŬ 

(hɜ=1486.69 eV) X-ray source. The Kratos charge neutralizer system was 

used for all analyses. Sample preparation for XPS studies consisted of drop-

drying of the supportïcatalyst ink (ink preparation is described in the 
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Electrode preparation section) before addition of Nafion, onto a silicon 

wafer and subsequent drying under an infrared lamp. XPS analyses were 

performed on samples in thin-film configuration.  

XPS low resolution spectra (narrow scans) were acquired through 3 sweeps 

with pass energy of 160 eV and acquisition time of 362 s. Scan steps were 

adjusted to 1000.0 meV and step dwell time to 100 ms.  

XPS high resolution spectra (surveys) were acquired through 10 sweeps 

with pass energy of 20 eV and acquisition time of 666 s. Scan steps were 

adjusted to 100.0 meV and step dwell time to 332 ms.  

2.2.4 Electrode preparation 

In order to evaluate the electrocatalytic activity of different support-catalyst 

systems, proper electrodes for rotating disk electrode (RDE) based cyclic 

voltammetry (CV) were prepared based on the standard practice proposed 

by Garsany et al. [446]. 

The general procedure for evaluating a catalystôs electrocatalytic activity by 

the RDE methodology involves the casting of a catalyst thin-film of known 

concentration on the surface of a glassy carbon electrode (GCE) substrate. 

The GCE used had a glassy carbon disk with a diameter of 5 mm and 

geometric area of 0.196 cm
2
 embedded in a Teflon cylinder (Pine 

Instruments).  

Before casting each catalyst thin-film, the GCEs were polished with three 

different alumina particle suspensions (1, 0.3 and 0.05 ɛm in size, 

respectively) on moistened polishing cloth (Buehler, Micro-Cloth) to obtain 

a mirror finish. The polished electrode were then rinsed well with deionized 

water and sonicated for 5 min in deionized water, followed by a final 

deionized water and ethanol rinsing and room temperature drying. Based on 

the intended catalysts concentration (30 wt% Pt over  the entire carbon 

support+catalyst), a Pt loading of 17.5 ɛgPt cm
ï2

 was selected to be cast on 

GCEs (in the standard range of 7-30 ɛgPt cm
ï2

 for such Pt concentrations).  

A typical catalyst ink was consisting of 1.7 mg support-catalyst (carbon+Pt) 

and 2 ml of a solvent composed of 24.7 vol% isopropyl alcohol (IPA, 0.494 
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ml), 74.8 vol% H2O (water, 1.469 ml) and 0.5 vol% of a Nafion ionomer 

solution (0.01 ml, 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. Therefore, some 

ethanol was added to such inks and their composition was modified as 

follows: 1.7 mg support-catalyst (carbon+Pt) immersed in 2 ml of a solvent 

composed of 12.35 vol% isopropyl alcohol (IPA, 0.247 ml), 37.4 vol% H2O 

(water, 0.748 ml), 49.75 vol% ethyl alcohol (ethanol, 0.995 ml) and 0.5 

vol% of a Nafion solution (0.01 ml). The detailed instruction on the 

calculations for planned and obtained Pt concentrations and loadings on 

different samples can be found in Appendix A.  

After having the support-catalysts 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 

support+catalyst), and the desired Pt loading on GCEs (17.5 ɛgPt cm
ï2

), 

13.45 ɛl of the ink was cast on the 0.196 cm
2
 area of the clean, polished 

GCE using a micro pipette such that it completely covered the GCE disc but 

did not cover any of the Teflon. The ink was then dried under an infrared 

lamp.  

2.2.5 Electrochemical characterization 

Once the thin-films of support-catalyst were prepared on the GCE, the 

catalyst electrocatalytic activity was evaluated in a standard three-electrode 

electrochemical cell with catalyst coated GCE as the working, a Pt mesh as 

the counter, and a reversible hydrogen electrode (RHE, consisting of a high 

surface area Pt mesh platinized with Pt black, immersed in H2-saturated 0.1 

M HClO4 electrolyte) as the reference electrode to obtain CVs in a de-

aerated electrolyte and ORR polarization curves in an O2-saturated 

electrolyte [446]. For the working electrolyte, the standard electrolyte that 

simulates a perfluoro-sulfonic acid ionomer (low anion adsorption of bound 

sulfonic acid groups) in RDE measurements, i.e., 0.1 M HClO4 was used.  
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Electrochemical measurements were carried out using a PGSTAT302N 

potentiostat/galvanostat (Metrohm Autolab). The electrochemical cell was a 

Pine RDE Cell (150 mL, with water jacket), and was linked to a 

thermostatically controlled bath. The cell was placed in a Faraday cage to 

avoid any electrical interference from surrounding equipment. A C10-P5 

Thermo Scientific circulating water bath was used to maintain the 

temperature of the cell at 25 °C.  

The working electrode was always electrochemically cleaned via potential 

cycling prior to measuring the CVs for electrochemical surface area (ECSA) 

determination and the ORR. For this, the working electrode was cycled 

between 0.05 and 1.20 V versus the RHE for 500 cycles at 250 mVs
ï1

. 

The CV measurements for ECSA determination of the catalyst were carried 

out by cycling 4 times at 20 mVs
ï1

 between 0.05 V and 1.20 V in the 

electrolyte (0.1 M HClO4) de-aerated with nitrogen bubbling for 30 min.  

After completion of the ECSA measurements, the saturation gas was 

changed, and the electrolyte was saturated for 30 min with O2. Then, ORR 

measurements were carried out at different rotation rates including 400, 

800, 1200, 1600 and 2000 rpm in order to have both the standard rotation 

rate for ORR measurement (1600 rpm) and to have the required data for 

Levich-Koutecky curves. ORR measurements were carried out by linear 

sweep voltammetry (LSV) at a scan rate of 20 mVs
ï1

 in the potential 

window of 0.05 to 1.10 V. The background current was measured by 

running the ORR sweep profile in the same scan rate and potential window 

in the same electrolyte purged for 30 min with N2 before the ORR 

measurements to account for the capacitive current contributions to be 

subtracted from the electrocatalytic current measured during ORR. 

2.3 Results and discussion  

2.3.1 Supports preparation 

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

method after the purification treatment. It is seen in Fig.  2.11 (a) that CNTs 
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possess a homogeneous diameter size distribution in the range of 10-15 nm 

and the purification has successfully removed the Fe based catalyst particles 

from the tips or inside the channels of nanotubes. From the HRTEM image 

(Fig.  2.11 (b)) it is realized that CNTs are multi-walled type with 10-20 

walls and interplanar spacing of 3.4 Å that is characteristic of hexagonal 

graphite.  

  
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 TGA of 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 42.6 wt% of 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 the next steps, the remaining content of 

impurities will be taken into account when measurements of catalyst 

concentration on the support will be carried out.  

 



 
σν 2. Carbon nanostructures for fuel cells 

 
Fig.  2.12 TGA 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 in part (a) 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 arrow). In Fig. 

 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 realized in this image.  

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

In this work, synthesis of Pt NPs on different supports, was done via one-

pot MWAPP as outlined in Fig.  2.14.  

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

The mixture of the carbon support and K2PtCl6 in EG, forms the polyol 

solution that is then heated rapidly in the microwave oven leading to 

formation of reducing species from EG that simultaneously reduce the Pt 

ions in the solution. The produced fine metal particles find the nucleation 

centers at the support material suspended in the solution, thus resulting in 

the synthesis of metallic NPs supported on the support. In the meanwhile, 

for supports such as GO, the same reducing species will be responsible for 

reduction of the support as well, resulting 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 

reduction oxide supports such as GO is achieved with MWAPP.  

2.3.2.1 TEM studies 

Fig.  2.15 shows the TEM micrographs of the CNT supported Pt catalyst 

with indications of homogeneity and crystallinity of both support and 

catalyst. Fig.  2.15 (a) shows the distribution of Pt NPs on CNTs and 

demonstrates homogeneous size of NPs and lack of agglomeration. 

However, some CNTs (indicated with white arrows) show less Pt  

  

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

of the the distribution of Pt NPs on the CNTs, (b) HRTEM of Pt and CNT, (c and d) FFTs of 
CNT and Pt, respectively.  
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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 CNTs that 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 catalyst. 

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

interplanar spacing of 2.2 Å that is characteristic of (111) planes of face 

centered cubic (FCC) Pt is measured in this image along with an interplanar 

spacing of 3.3 Å 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 has been achieved. Furthermore, the 

crystallinity of CNT support has not been damaged in the course of catalyst 

synthesis. As a further evidence, fast Fourier transform (FFT) of the high 

resolution images of CNT and Pt crystals were prepared as shown in Fig. 

 2.15 (c) and (d), respectively. Crystallinity of both structures is revealed by 

the presence of the spots in the reciprocal lattices and the spacing of the 

spots (5.88 and 8.92 nm
ï1

 for CNT and Pt, respectively) demonstrates an 

interplanar spacing (3.40 and 2.24 Å for CNT and Pt, respectively) identical 

to those measured from the HRTEM images. Similar studies were carried 

out for GO and CNT-RGO supports as well, both showing similar 

characteristics.  

As a complementary step, average Pt particle size synthesized on different 

supports was evaluated based statistical analysis on TEM results as shown 

in Fig.  2.16. Based on the Gaussian fitting to size distributing of Pt 

particles, center of the normal distribution fitted to different support-catalyst 

systems was as follows: 3.04 ± 0.01 nm (FWHM: 0.97 ± 0.03 nm) for 

RGOïPt, 3.62 ± 0.05 nm (FWHM: 1.76 ± 0.16 nm) for CNTïPt and 3.51 ± 

0.02 (FWHM: 1.08 ± 0.05 nm) for CNTïRGOïPt. It is seen that the finest 

particle size and the narrowest distribution belongs to RGOïPt and largest 

particle size and widest distribution to CNTïPt. 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 



 
σρ 2. Carbon nanostructures for fuel cells 

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 with vast structural defects and functional groups, provides the  

  

  

  
Fig.  2.16 Morphology and corresponding particle size distribution of (a and b) CNT-Pt, (c 

and d) RGO-Pt and (e and f) CNT-RGO-Pt systems.  
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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 RGOïPt sample is its denser 

catalyst arrangement compared to the others (Fig.  2.16 (c)). Obviously, this 

is also accompanied by less spacing of the PT NPs and in many cases, 

contacting particles and even agglomeration. Notwithstanding the 

aforementioned reason for this, namely, abundance of catalyst anchoring 

sites, it seems that overall concentration of the catalyst is higher on this 

sample. Validity of such perception was explored via TGA studies as will 

be discussed in the following section.  

Finally, the composite support (Fig.  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 contact. This suggests 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 TGA studies 

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

air at a heating rate of 10 °C min
ï1

 up to 900 °C. TGA analysis is reliable 

method of measurement of catalyst concentration since it is carried out on a 

bulk of the supportïpowder 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 CNTïPt system. An initial weight loss of 

almost 3.5% is observed below 200 °C centered at 151.33 °C that is due to 

the evaporation of absorbed water molecules from CNTs. After this, only a 

single weight loss peak is observed centered at 592.12 °C that refers to the 

burning of CNTs. According to this test, the absence or insignificant 
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presence of functional groups can be inferred since there is no 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 

between those two can be observed. By the end of the analysis at 900°C, 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 CNTs refers 

to the remained impurities not removed by purification. Therefore, the 

concentration of Pt is 23.39 %. This 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 

experimental part (i.e., 30%). Most probably, inadequate anchoring sites for 

Pt deposition has a big responsibility in this shortage.  

  

  
Fig.  2.17 TGA studies on (a) CNTɀPt, (b) RGOɀPt, (c) CNTɀRGOɀPt and (d) overlay of the 

three systems.  
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