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Abstract 

English Version 

As efficient, clean and promising power sources polymer electrolyte membrane 

fuel cells (PEMFCs) and direct methanol fuel cells (DMFCs), which can be 

employed in transportation, stationary power generation, power for portable 

electronics, etc., attract considerable attention. However, the sluggish kinetics of 

oxygen reduction reaction at the cathode and methanol oxidation reaction at the 

anode of DMFCs along with the degradation of the catalysts have impeded the 

broad market implementation of PEMFCs and DMFCs besides high costs of 

Platinum (Pt), poor durability of electrolyte membrane and methanol crossover 

through the electrolyte membrane. To solve these issues, research has a strong 

focus on improving the performance of catalysts by developing novel catalysts like 

alloying Pt or modified preparation methods like microwaved-assisted synthesis. 

However, an exceptional catalyst support is of equal importance as it can provide a 

large deposited surface area along with a highly porous structure, good conductivity 

and long-term stability. Therefore, hierarchically structured catalyst supports were 

proposed. Carbon nanotubes (CNTs) or graphene were assembled to the 

hierarchical structure via bottom-up approaches. CNTs were deposited by a 

sequence of iron (Fe) deposition and chemical vapor deposition (CVD) on the 

surface of oxidized commercial CNTs (primary CNTs), glassy carbon (GC) and 

reduced graphene oxide (RGO) covered carbon cloth (CC), respectively, to form 3D 

CNTs, CNTs/CNTs/GC and CNTs/RGO/CC hierarchical electrodes. In this way, 

CNTs can be tailored by tuning the parameters of Fe electrodeposition and CVD. In 

the preparation of CNTs/CNTs/GC, consecutive CNT growths were carried out, in 

which primary CNTs were grown over Fe nanoparticles by CVD step followed by a 

second Fe deposition and CVD growth of secondary CNTs. Afterwards, Pt 

nanoparticles were homogeneously deposited onto 3D CNTs (without substrates) by 

wet impregnation and onto the CNTs/CNTs/GC and NCNTs/RGO/CC by 

electrochemical deposition, respectively. Each preparation step was followed by 

scanning electron microscopy (SEM) or transmission electron microscopy (TEM) to 

verify the success of the preparations. Meanwhile, the successful CNT growth was 
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also demonstrated by Raman spectroscopy. Additionally, before Pt deposition the 

hierarchically structured electrodes display increased double layer capacitances in 

cyclic voltammograms, compared to oxidized commercial CNTs, CNTs/GC and 

CNTs/CC, respectively, indicating larger available surface area for the further Pt 

deposition. After Pt deposition, the three types of prepared hierarchical electrodes 

show enhanced electrochemical surface area calculated by Hads/des peak and COad 

oxidation in the cyclic voltammograms. The Pt-3D CNTs electrode shows a higher 

specific activity for oxygen reduction reaction (ORR) and an improved long-term 

stability in the accelerated stress test, as well as an enhanced maximum power 

density in the membrane electrode assemblies (MEAs) single cell test compared to 

Pt-CNTs. Meanwhile, Pt-CNTs/CNTs/GC and Pt-CNTs/RGO/CC exhibit enhanced 

mass specific activities for methanol oxidation reaction (MOR) and improved 

poisoning tolerances, in comparison with Pt-CNTs/GC and Pt-CNTs/CC, 

respectively. In addition, polyaniline (PANI) deposited CNTs/CC was prepared for 

the application in supercapacitors. The PANI/CNTs/CC electrode shows high 

capacitances calculated by cyclic voltammetry and galvanostatic charge/discharge 

curves, while CNTs/CNTs/CC and CNTs/RGO/CC expose their long-term 

electrochemical stability. 
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German Version 

Als effiziente, saubere und vielversprechende Energiequellen ziehen 

Polymerelektrolytmembran-Brennstoffzellen (PEMFCs) und Direktmethanol-

Brennstoffzellen (DMFCs), die im Transportwesen, der stationären Stromerzeugung 

und als Stromquelle für tragbare Elektrogeräte, etc., eingesetzt werden können große 

Aufmerksamkeit auf sich. Die träge Kinetik der Sauerstoffreduktionsreaktion an der 

Kathode und der Methanoloxidationsreaktion an der Anode von DMFCs zusammen 

mit der Alterung der Katalysatoren haben jedoch die breite Marktimplementierung 

von PEMFCs und DMFCs behindert, zusammen mit hohen Kosten für Platin (Pt) und 

der schlechten Haltbarkeit der Elektrolytmembran und Methanol-Crossover durch die 

Elektrolytmembran. Um diese Probleme zu lösen, konzentriert sich die Forschung 

stark auf die Verbesserung der Leistung von Katalysatoren durch die Entwicklung 

neuartiger Katalysatoren wie legiertes Pt oder modifizierter Herstellungsverfahren wie 

der Mikrowellen-unterstützten Synthese. Der Katalysatorträger ist jedoch von ebenso 

großer Bedeutung, da er über eine große abgeschiedene Oberfläche zusammen mit 

einer hochporösen Struktur, einer guten Leitfähigkeit sowie Langzeitstabilität 

verfügen kann. Daher wurden hierarchisch strukturierte Katalysatorträger verwendet. 

Kohlenstoffnanoröhren (CNTs) oder Graphen wurden durch Bottom-up-Ansätze zur 

hierarchischen Struktur zusammengesetzt. CNTs wurden durch eine Abfolge von 

Abscheidung von Eisen (Fe) und chemischer Gasphasenabscheidung (CVD) auf der 

Oberfläche von oxidierten kommerziellen CNTs, Glaskohlenstoff (GC) und mit 

reduziertem Graphenoxid (RGO) bedecktem Kohlenstoffgewebe (CC) abgeschieden, 

jeweils zur Bildung von dreidimensionalen CNTs (3D-CNTs), CNTs/CNTs/GC und 

CNTs/RGO/CC-Elektroden. Auf diese Weise können CNTs durch Einstellen der 

Parameter der Fe-Elektroabscheidung und der CVD-Schritte angepasst werden. Bei 

der Herstellung von CNTs/CNTs/GC wurde aufeinanderfolgendes CNT-Wachstum 

durchgeführt, bei dem primäre CNTs durch CVD über Fe-Nanopartikeln präpariert 

wurden, gefolgt von einer zweiten Fe-Abscheidung und CVD-Wachstum von 

sekundären CNTs. Anschließend wurden Pt-Nanopartikel durch Nassimprägnierung 

homogen auf 3D-CNTs (ohne Substrate) und durch elektrochemische Abscheidung 

auf CNTs/CNTs/GC und NCNTs/RGO/CC abgeschieden. Auf jeden 

Präparationsschritt folgte Rasterelektronenmikroskopie (SEM) oder 

Transmissionselektronenmikroskopie (TEM), um den Erfolg der Präparationen zu 
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überprüfen. Währenddessen wurde das erfolgreiche CNT-Wachstum auch durch 

Raman-Spektroskopie nachgewiesen. Zusätzlich zeigen die hierarchisch 

strukturierten Elektroden vor der Pt-Abscheidung die erhöhten 

Doppelschichtkapazitäten in Zyklovoltammogrammen im Vergleich zu oxidierten 

kommerziellen CNTs, CNTs/GC bzw. CNTs/CC, was auf eine größere verfügbare 

Oberfläche für die weitere Pt-Abscheidung hinweist. Die drei präparierten 

hierarchischen Elektroden zeigen eine erhöhte elektrochemische Oberfläche, 

berechnet durch Hads/des-Ströme und COad-Oxidation der zyklischen Voltammetrie. Pt-

3D-CNTs bietet im Vergleich zu Pt-CNTs eine höhere spezifische Aktivität der 

Sauerstoffreduktionsreaktion (ORR) und eine verbesserte Langzeitstabilität im 

beschleunigten Stresstest sowie eine verbesserte maximale Leistungsdichte im 

Einzelzellentest der Membranelektrodenanordnungen (MEAs). Währenddessen 

zeigen Pt-CNTs/CNTs/GC und Pt-CNTs/RGO/CC verbesserte massenspezifische 

Aktivitäten für die Methanoloxidationsreaktion (MOR) und verbesserte 

Vergiftungstoleranzen im Vergleich zu Pt-CNTs/GC bzw. Pt-CNTs/CC. Zusätzlich 

wurde die mit Polyanilin (PANI) abgeschiedene CNTs/CC für die Anwendung in 

Superkondensatoren hergestellt. PANI/CNTs/CC zeigt hohe Kapazitäten, die durch 

zyklische Voltammgrammen und galvanostatische Lade-/Entladekurven berechnet 

wurden, während CNTs/CNTs/CC und CNTs/RGO/CC eine ausgezeichnete 

elektrochemische Stabilität aufweisen. 
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Chapter 1: 

Motivation and Aim 

The World Health Organization reports that outdoor air pollution, which includes 

particulate matter, ozone, nitrogen dioxide and sulphur dioxide, is a major threat to 

global climate and health. About 4.2 million premature deaths per year are 

associated with ambient air pollution, mainly from lung cancer, stroke, heart disease, 

chronic obstructive pulmonary disease, etc., probably caused by PM 10 (particulate 

matter in the 2.5-10 µm range) and PM 2.5 (particulate matter ≥ 2.5 µm in 

aerodynamic diameter) in the air penetrating the thoracic region of the respiratory 

system [1]. PM 2.5 is a stronger risk factor than PM 10 and 25% of PM 2.5 is caused 

by traffic [2–4]. Furthermore, since the population worldwide has increased rapidly in 

the last few decades, the energy demand is continuously rising, along with emissions 

of innumerable greenhouse gases like CO2, NOx, etc., that are primarily produced by 

combustion of fossil fuels (e.g., petroleum, coal, natural gas) in transportation and 

electricity production, leading to global warming [5–7]. Additionally, depletion of fossil 

fuels is an irreversible process, while the efficient nuclear power generation suffers 

from challenges regarding safety and the disposal of its radioactive waste. Therefore, 

the development and application of renewable energies is of crucial importance. At 

present, solar, water, wind and tidal, etc., have been used as renewable energies to 

varying degrees, depending on regional topographies and climate conditions, but 

they highly depend on weather conditions resulting in fluctuations in the availability of 

energy, impacting produced electrical energy and the stability of power grids [8, 9]. 

Meanwhile, hydrogen (H2) is also considered as one solution to the energy problem 

and greenhouse effect since H2 is a clean and sustainable energy carrier without 

emission of greenhouse gases. It can be an alternative to fossil fuels in many 
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applications [9–12]. Application of hydrogen in fuel cells, in which H2 can be utilized 

as a fuel for electricity generation, has received considerable attention. 

Fuel cells are electrochemical energy conversion devices that directly convert 

chemical energy into electrical energy. They are used for stationary power generation, 

portable power for laptops and power for transportation like automobiles, forklifts, 

airplanes, etc., depending on their power. The power is determined by the varying 

electrolytes and fuels, as well as the size of the electrodes and their efficiency. The 

representative models of current fuel cell vehicles (e.g., Toyota's Mirai, Honda's 

Clarity and Hyundai's NEXO) employ hydrogen as fuel in polymer electrolyte 

membrane fuel cell (PEMFCs) and possess a power range of about 113-130 KW, an 

average cruising range of about 500-750 km and a hydrogen refueling time of a few 

minutes. [13–16] These factors are competitive to vehicles using lithium battery 

systems. However, the large-scale commercialization of PEMFCs is hindered by the 

high costs and scarcity of Pt, sluggish kinetics and the corrosion of catalyst supports 

[17–19], along with a lack of sufficient hydrogen infrastructure [16, 20] as well as high 

costs and poor durability of the polymer electrolyte membrane [21, 22]. Meanwhile, 

the practical application of direct methanol fuel cells (DMFCs) suffers from similar 

issues, such as slow kinetics of methanol oxidation, catalyst poisoning and methanol 

crossover [23–25]. Additionally, the typical polarization curve of a fuel cell displays 

decreased cell voltage attributed to activation related losses, Ohmic losses and mass 

transport related losses [26–31] (see Figure 1.1). 

 

 

 

 

 

 

 

Figure 1.1. Typical polarization curve of a PEM fuel cell, reprinted from [30, 31] with 

permission. 
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Considering these challenges, numerous studies were focused on the 

development of catalysts for PEMFCs and DMFCs [32–36], for the purpose of 

reducing Pt contents and enhancing catalytic activity and stability. However, catalyst 

supports are also of crucial importance to facilitate the catalysts distribution, catalytic 

activity and stability. Carbon black is currently used as the commercial catalyst 

support, but it suffers from corrosion at high potentials, resulting in the dissolution or 

aggregation of Pt nanoparticles and thus the loss of electrical contact [19, 37, 38]. 

Meanwhile, different carbon-based catalyst supports such as carbon nanotube 

(CNTs), graphene and carbon-based composites were studied, where the deposited 

catalysts showed improved electrochemical performance and stability [17, 38–45]. 

Moreover, the 3-dimensional (3D) nanostructure based CNTs exhibited enhanced 

specific surface area and specific double layer capacitance, along with improved pore 

size distribution and reduced equivalent series resistance [46, 47]. To combine these 

advantages, CNT-based hierarchically nanostructured catalyst supports were 

proposed to provide large surface area, high electrical conductivity and proper pore 

structure, improving catalyst deposition as well as mass transport. 

In this work, a toolbox strategy was developed using bottom-up approaches to 

prepare the hierarchical nanostructure. In the toolbox, the materials of required 

functionalities were assembled by a stepwise approach with respect to a given 

electrochemical application, in which each step was tuned. In the preparation of CNT-

based hierarchically structured electrodes, the major steps were catalyst deposition 

and CNT growth over the deposited catalysts by chemical vapor deposition (CVD). In 

this way, CNTs were grown onto the commercial CNTs and the reduced graphene 

oxide deposited carbon cloth (RGO/CC) to form 3-dimensional (3D) CNTs and 

CNTs/RGO/CC, respectively, while the CNTs/CNTs/GC was synthesized by 

repeating the sequence of catalyst deposition and CNT growth on glassy carbon 

(GC). Additionally, polyaniline was further introduced into the hierarchical structure 

for supercapacitors. The materials produced by each step of the bottom-up synthesis 

were monitored employing scanning electron microscopy (SEM) or transmission 

electron microscopy (TEM). Raman spectroscopy, elemental analysis and X-ray 

diffraction were used to characterize them. Furthermore, Pt nanoparticles were 

deposited on the prepared hierarchically structured materials. The electrochemical 

available surface area was determined by Hads/des and COad oxidation in cyclic 
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voltammograms, respectively. Finally, their electrocatalytic performances were 

evaluated using oxygen reduction reaction or methanol oxidation reaction as test 

reactions. 
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Chapter 2: 

Basic Concepts 

2.1. Fuel Cells [28, 31, 48–51]  

The fuel cell principle was firstly observed in 1838 by the German-Swiss chemist 

Christian Friedrich Schönbein [52]. William Grove demonstrated the fuel cell in 1839 

and realized a first gaseous voltaic battery in 1842 providing electrical energy 

produced by combining hydrogen and oxygen [53, 54]. In 1952, a 5 kW fuel cell stack 

was constructed by Francis Bacon. Since the early 1960s, the alkaline fuel cell was 

practically developed in the space missions of NASA such as Gemini and Apollo 

space programs, supplying electricity for guidance, communication and life support, 

while providing electrical needs in a shuttle orbiter. In the mid-1960s, the fuel cells 

produced by Union Carbide were tested as a power for vans by General Motors (GM), 

and Ballard developed a PEMFCs-powered submarine in 1989 and fuel cell-powered 

buses in 1993. In the same year, the first PEMFCs-powered passenger car was 

presented by Energy Partner. After that, fuel cell-powered vehicles are developed by 

many car manufacturers, like Honda, Toyota, Daimler Chrysler, GM, BMW, etc. 

2.1.1. Working Principle [28, 31, 48–51] 

A fuel cell is one of electrochemical energy conversion devices that directly 

converts chemical energy into electrical energy by a working principle similar to 

reversing water electrolysis.[48] It consists of a cathode catalyst layer, an anode 

catalyst layer, an electrolyte, and a gas diffusion layer on the cathode side and the 

anode side (see Figure 2.1). 
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Existing fuel cells operate in a similar manner. At the anode, the primary fuel is 

oxidized to protons that are transported to the cathode through the electrolyte, and 

then the oxygen at the cathode is reduced to water and the electrical energy is 

released. Alternatively, the oxygen at the cathode is reduced to hydroxide or oxide 

ions that are transported through the electrolyte to the anode where the primary fuel 

is oxidized to water, or water and carbon dioxide to produce electrical energy. The 

electrolyte should be electrically insulating and promote the transport of protons, 

hydroxide or oxide ions between the cathode and anode side. 

2.1.2. Types of Fuel Cells and their Applications [28, 31, 48–51] 

According to the electrolyte and primary fuels employed in fuel cells, the fuel cells 

can be classified into proton exchange membrane fuel cells (PEMFCs), direct 

methanol fuel cells (DMFCs), phosphoric acid fuel cells (PAFCs), alkaline fuel cells 

(AFCs), molten carbonate fuel cells (MCFCs) and solid oxide fuel cells (SOFCs) as 

shown in Table 2.1, in which each type shows its oxidation and reduction reaction in 

the anode and cathode, common catalysts, electrolytes and different operating 

temperatures. Generally, fuel cells can be categorized by the operating temperature, 

namely low or high-temperature fuel cells. Additionally, DMFCs are essentially 

polymer membrane fuel cells using methanol instead of hydrogen as a fuel. To 

distinguish from PEMFCs (H2/O2), they are categorized as another type of fuel cells 

in this work.  

Because of their different operating temperatures and powers, fuel cells are used 

in stationary or portable applications. Compared to the first four fuel cells, the 

operating temperatures of SOFCs and MCFCs are very high and can produce a 

power of 10–100 MW to supply power and heating in industrial plants, but they are 

not easy to start or shut down. PAFCs have a power range of 10-250 kW, which can 

be used as a medium-sized power generation for hospitals and telecommunications. 

A power rating of 10 kW or lower is needed for small fixed power generation like 

residential distributed energy, in which AFCs or PEMFCs can be applied. Moreover, 

PEMFCs and DMFCs can be used as portable power generators in vehicles, laptops, 

etc., because of their high efficiency without pollution and noise as well as low 

temperature and vibration-free operation. Since DMFC use methanol as a liquid fuel, 
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their applications can be implemented with fewer constraints in terms of fuel handling, 

refueling and storages compared to hydrogen. [48, 31] 

Table 2.1. Types of fuel cells, their reactions at anode and cathode, electrolyte and operating 

temperatures. 

Types  

Catalyst 
Anode Electrolyte Cathode 

Operating 
temperature 

PEMFCs 

Platinum 
𝐇𝟐 → 2 H+ + 2 e− 

 𝐎𝟐 +  4 H+ + 4 e−

→ 2 H2O 60~80 °C 

DMFCs 

Platinum 

𝐂𝐇𝟑𝐎𝐇 +  H2O
→ 6 H+ + CO2 + 6 e− 

 
3

2
 𝐎𝟐 +  6 H+ + 6 e−

→ 3 H2O 
80~110 °C 

PAFCs 

Platinum 
𝐇𝟐 → 2 H+ + 2 e−  

𝐎𝟐 +  4 H+ + 4 e−

→ 2 H2O ~205 °C 

AFCs 

Platinum 

𝐇𝟐 +  2 OH−

→ 2 H2O + 2 e− 
 𝐎𝟐 +  2 H2O + 4 e−

→ 4 OH− 65~220 °C 

MCFCs 

Nickel 

𝐇𝟐 +  CO3
2− → CO2 +

H2O + 2e− 

𝐂𝐎 + CO3
2−

→ 2 CO2 + 2 e− 

 
𝐎𝟐 + CO2 + 4 e−

→ 2 CO3
2− ~650 °C 

SOFCs 

Perovskites 

𝐇𝟐 +  O2−

→ H2O + 2 e− 

𝐂𝐎 + O2−

→ CO2 + 2 e− 

𝐂𝐇𝟒 +  4 O2−

→ 2 H2O +  CO2

+ 2 e− 

 𝐎𝟐 + 4 e− → 2 O2− 600~1000 °C 

 
 
 
 
 
 
 

H+ 

Polymer membrane 

H+ 

Polymer membrane 

H+ 

H3PO4 

O2- 

Ceramic  

CO3
2- 

 Molten carbonate in LiAlO2 

OH- 

KOH or NaOH 
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2.2. Basic Concept of PEMFCs and DMFCs 

2.2.1. Design of Cells [28, 31, 48–51] 

Figure 2.1 shows a schematic representation of a unit in PEMFCs and DMFCs. A 

polymer electrolyte membrane (PEM), which is the center of the cell and utilized as 

electrolyte between two electrodes, conducts protons from anode to cathode, but H2, 

O2 or CH3OH should not permeate through the film. Electrochemical reactions occur 

on the surface of the catalyst in the catalyst layer (CL) at the interface between gas 

diffusion layer and polymer film. Firstly, hydrogen or methanol is fed through the gas 

diffusion layer (GDL) to the surface of catalyst at the anode side, and liberates 

protons and electrons. The electrons transport through the electrically conductive 

electrodes and the current collectors as well as the outside circuit and arrive at the 

other side of the membrane, while protons transport through the membrane to the 

catalyst layer of the cathode side. Meanwhile, oxygen or air is fed through gas 

diffusion layer to the catalyst layer at the cathode side and meets the traveled proton 

and electrons to produce H2O. In the process, a direct electrical current and a 

theoretical voltage of about 1.23 V are generated in an external circuit. In actual 

applications, a voltage of about 1 V is achieved. More cells can be stacked up to 

achieve higher output voltage with respect to the given application. [28, 31, 48–50] 

 

 

 

 

 

 

 

 

 

Figure 2.1. Schematic representation of PEMFCs and DMFCs. 
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The gas diffusion layer (GDL) should provide simultaneous electricity and heat 

transfer, and a porous structure, through which H2, CH3OH or O2 can be fed from the 

back of the GDL and easily diffuse to the catalyst layer, while leading the produced 

water and excess gas to flow away in the reverse direction without accumulation. 

GDL is usually prepared from carbon fiber paper or carbon cloth that is covered with 

hydrophobic polymer (PTFE) to facilitate water release. The catalyst layer may be 

assembled on the GDL or the PEM, depending on the preparation process. At the 

catalyst layer, platinum supported on carbon materials typically serves as a catalyst 

of oxygen reduction reaction and hydrogen oxidation reaction or methanol oxidation 

reaction, which is crucial to affect performances of PEMFCs and DMFCs, which is 

discussed in detail below. Moreover, the PEM is also an important factor to influence 

the durability and lifetime of PEMFCs, and should possess high proton conductivity, 

be insulating towards electrons and prevent fuel and reactive gas mixtures crossover 

between the two electrodes along with chemical and mechanical stability. Commonly, 

perfluorosulfonic acid (PFSA) is used as a PEM, in which the proton can be 

transported by the sulfonic acid groups. As a well-known PEM, the NafionTM 

membrane manufactured by DupontTM is made of perfluoro-2-(2-fluorosulfonylethoxy) 

propyl vinyl ether (PSEPVE). [31, 55] Thus, the GDL, CL and PEM between the two 

electrodes assemble to a multilayer film that is called membrane electrode assembly 

(MEA).  

Additionally, the MEA is located between bipolar plates. The bipolar plates have a 

channel structure on their surface to feed fuel and provide structural support for a 

single cell along with hydrophobicity, electrical and thermal conductivity. In a multi-

cell construction, the bipolar plates separate the unit cells and connect the cathode of 

a cell with the anode of an adjacent cell physically and electrically. Since their 

materials are gas-impermeable, they have channels on two sides. Through the 

channels hydrogen or methanol is supplied to the anode of one unit on one side, 

while oxygen is supplied to the cathode of another adjacent unit on the other side, 

and the produced water at the cathode and excess gases transport out of the cell. 

Graphite plates are commonly used as bipolar plates because they are chemically 

inert. Meanwhile, some metal plates need to be coated by a protection layer with 

corrosion resistance and electrical conductivity to be proper bipolar plates. [56–58] 
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2.2.2. Basic Reactions of PEMFCs and DMFCs [28, 31, 48–51] 

In the design of PEMFCs and DMFCs, platinum supported on carbon materials is 

generally used as catalyst layer at the cathode and anode, respectively, which is 

coated onto gas diffusion layer or the polymer film. Over Pt particles, the complete 

reaction at the anode is H2 oxidation or methanol oxidation owing to the fed fuels, 

while oxygen reduction reaction occurs at the cathode and water is produced, as 

given by the following equations, in which several intermediate steps or side 

reactions may occur, as discussed in 2.2.3 and 2.2.4. 

Complete reaction in H2/O2 PEMFCs: 

Anode                          𝐻2 → 2 𝐻+ + 2 𝑒−                         𝐸0 = 0.00 V 𝑣𝑠. NHE        (Equation 2.1)  

Cathode                       𝑂2 +  4 𝐻+ + 4 𝑒− → 2 𝐻2𝑂       𝐸0 = 1.23 V 𝑣𝑠. NHE        (Equation 2.2) 

Overall                             𝐻2  +  
1

2
 𝑂2 → 𝐻2𝑂                             ∆𝐸 = 1.23 V 𝑣𝑠. NHE        (Equation 2.3) 

Complete reaction in DMFCs: 

Anode         𝐶𝐻3𝑂𝐻 + 𝐻2𝑂 → 6 𝐻+ + 𝐶𝑂2 + 6 𝑒−       𝐸0 = 0.029 V 𝑣𝑠. NHE    (Equation 2.4) 

Cathode     
3

2
 𝑂2 +  6 𝐻+ + 6 𝑒− → 3 𝐻2𝑂                     𝐸0 = 1.23 V 𝑣𝑠. NHE      (Equation 2.5) 

Overall         𝐶𝐻3𝑂𝐻 +  
3

2
 𝑂2 → 𝐶𝑂2 + 3 𝐻2𝑂                     ∆𝐸 = 1.20 V 𝑣𝑠. NHE       (Equation 2.6) 

Compared to hydrogen oxidation, the kinetics of oxygen reduction and methanol 

oxidation are much slower [59], which has hindered the wide commercialization of 

PEMFCs and DMFCs, so that the mechanism of ORR and MOR have been widely 

studied and discussed. 

2.2.3. Mechanism of Oxygen Reduction Reaction [28, 48, 31, 35, 60] 

 

 

 

 

 

O2 O2 (ads)  
diff  

H2O  

H2O2  

4 H+ + 4 e- 

2 H+ + 2 e- 2 H+ + 2 e- 

Figure 2.2. The mechanism of the oxygen reduction on Pt. [48, 60]  

H2O2 (ad)  
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The mechanism of the oxygen reduction reaction on Pt has attracted extensive 

attention. Many mechanism schemes concerning the possible pathways of oxygen 

reduction and their different intermediates have been reported [60–64], since oxygen 

reduction is a multi-electron process accompanied by different reaction intermediates. 

The simplified mechanism displayed in Figure 2.2 was firstly suggested by Wroblowa 

et al. [60], in which oxygen is directly reduced to water by a 4-electron transfer 

process in a direct reduction pathway, while the indirect reduction pathway utilizes a 

series of 2-electron transfer processes to initially reduce oxygen to hydrogen 

peroxide that may be further reduced to water or be a final product.  

 

 

 

 

Furthermore, three adsorption modes for oxygen on the metal surface, namely the 

Griffiths-, Pauling- and bridge mode, were proposed [62]. The modes and the 

interactions of the adsorbed oxygen on the metal surface can influence the oxygen 

reduction pathway [65]. In the Griffiths model and bridge model, the O–O bond is 

weakened due to the overlap between the oxygen π-orbitals and metal empty d-

orbitals so that the O-O bond could be weakened to the further dissociation, in which 

the four-electron pathway is favored to occur. In the Pauling model, only one oxygen 

is adsorbed on the metal surface so that the O-O bond cannot be sufficiently 

weakened and cannot easily be dissociated, and only partial charge can be 

transferred, resulting in the formation of peroxides. 

Additionally, the dissociative mechanism at low current density and the associative 

mechanism at high current density were proposed by Nørskov et al. [63], which were 

theoretically determined through the density functional theory (DFT) (see Equation 

2.7-2.14). In the dissociative mechanism, the O-O bond is broken by oxygen 

adsorption and adsorbed atomic O was formed followed by subsequently combing 

with electrons and protons to form water, which compares to the direct oxygen 

reduction pathway [51]. However, the hydrogen peroxide as intermediates in indirect 

Figure 2.3. Possible configurations of O2 on the metal surface. 

   A. Griffiths model            B. Pauling model           C. Bridge (Yeager) model 

Oxygen 

Metal 
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oxygen reduction pathway is not shown in associative mechanism, still the O-O bond 

is not broken at the start so that hydrogen peroxide might be formed. 

Dissociative mechanism: 

1

2
 O2 +∗ → O∗                                       (Equation 2.7) 

O∗ + H+ + e− → OH∗                        (Equation 2.8) 

OH∗ + H+ + e− → H2O + ∗                  (Equation 2.9) 

Associative Mechanism: 

O2 +∗ →  O2
∗                                             (Equation 2.10) 

O2
∗ + H+ + e− → HO2

∗                    (Equation 2.11) 

HO2
∗ + H+ + e− → H2O + O∗              (Equation 2.12) 

O∗ + H+ + e− → OH∗                              (Equation 2.13) 

OH∗ + H+ + e− → H2O + ∗             (Equation 2.14) 

where ∗ denotes a site on the Pt surface. 

2.2.4. Mechanism of Methanol Oxidation Reaction [28, 48, 50] 

Pt is considered as the most active monometallic catalyst for methanol oxidation 

[66–70]. Many studies have focused on its mechanism, in which a dual path 

mechanism has been suggested along with many possible intermediates and 

competing reaction pathways [70–78, 68]. On Pt, methanol oxidation can proceed in 

two parallel reaction pathways: direct reaction pathways and indirect reaction 

pathways, which are governed by the initial activation of C-H and O-H bond [74], 

respectively, as shown in Figure 2.4. In the indirect pathway COad is formed by a 

series of dehydrogenation steps of methanol and subsequently oxidized to CO2, 

while in the direct pathway the formation of soluble intermediates like formaldehyde 

and formic acid proceeds and CO2 can be formed by their subsequent oxidation. 

COad was recognized as the most stable adsorbate and could poison the Pt surface 

at low potentials [79, 80, 72], because CO is formed on the Pt surface and occupies the 

sites required for the formation of hydroxyl intermediates that probably facilitate the 

subsequent oxidation of COad. Additionally, it was observed that the rate of methanol 

dehydrogenation on Pt was dependent on potential and surface structure [75, 81, 78], 
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while the ratio of surface adsorbates to dissolved species was associated with 

electrode potential and CO adsorbed anions [82]. To solve the poisoning, novel 

catalysts and catalysts supports have been studied and are discussed in Chapter 2.3 

and 2.4. 

 

 

 

 

 

 

 

 

2.3. Catalysts in PEMFCs and DMFCs 

2.3.1. Catalysts for Hydrogen Oxidation Reaction 

Pt is commercially used as a catalyst in the anode and cathode of PEMFCs and 

DMFCs, respectively [83–86]. Compared to oxygen reduction reaction or methanol 

oxidation reaction, hydrogen oxidation reaction (HOR) in acid media has attracted 

less attention since the HOR kinetics on Pt is by a magnitude of about 5-7 faster than 

ORR kinetics in general conditions [87–91]. Pt-group metals (e.g., Pt, Ir, Pd, Rh, Re) 

were considered to have a superior activity for HOR by evaluating the kinetic 

parameters [51, 92, 93], while Pt displayed a much higher exchange current density 

for HOR in acid media, compared to Rh, Ru, Pd, Ir, etc. [94, 95] Additionally, it is 

reported that Pt loading was reduced to about 0.05 mg
  
,Pt cm-2 in the PEMFC anode 

electrode and no significant cell voltage losses occurred in the fuel cell operation with 

pure H2 [96]. Hence, Pt is appropriate for anode catalyst applications. 

 

Figure 2.4. Schematic representation of the reaction paths and possible intermediates, 

green arrows indicate the indirect mechanism to CO2 formation, reprinted from [70] with 

permission. 
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2.3.2. Catalysts for Oxygen Reduction reaction 

 

 

 

 

 

 

 

The activities of monometallic catalysts as a function of the oxygen binding energy 

are displayed in Figure 2.5 [63]. Pt shows a better catalytic activity for ORR than 

other monometallic catalysts, which is also revealed in the trend as a function of both 

the O and the OH binding energy in ORR [63]. However, overpotentials were 

observed in studies, because there are multiple intermediates (OOH*, OH*, O*) in 

ORR that are strongly correlated and difficult to be decoupled owing to the scaling 

relations [63, 97–99, 88], unlike in HOR with one reaction intermediate. In addition, 

the theoretical thermodynamic potential of oxygen reduction is 1.23 V (see Equation 

2.2). At that potential, Pt is not stable and suffers from oxidation to form PtO that has 

slower ORR kinetics than Pt [100]. 

Therefore, the research on ORR catalysts is important to promote the 

development of the PEMFCs and DMFCs. The controlled shape of the catalysts and 

alloying of Pt have been developed. The single crystalline Pt (110), (111) and (100) 

facets have different activities towards ORR and different electrolytes could affect the 

performances [101]. Thus, the ORR activities of different Pt morphologies have been 

reported [102–105]. For example, Pt octahedra and cubic nanocages enclosed by 

(111) and (100) facets showed enhanced mass activity at 0.9 V vs. RHE compared to 

Pt/C [102]. Supportless Pt nanotubes had increased activity and durability in ORR 

[103], while the specific activity of 8 nm Pt nanocubes in a (100) textured array was 

over twice as high as that of commercial Pt nanoparticles [104].  

Figure 2.5. ORR volcano plot: ORR activity plotted as a function of oxygen binding energy, 

reprinted from [63] with permission. 
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For Pt alloying, late transition metals like Ni and Co were used to form PtNi and 

PtCo for increased ORR activity, but they commonly degraded in long-term tests via 

dealloying [106, 17, 107]. Through further incorporation of transition metals like V, Cr, 

Mn, Fe, Co, Mo, W, Re on the surface of Pt alloys, the ORR activity and stability are 

enhanced. For example, Mo deposited octahedral Pt3Ni/C showed an 80 times 

increase of ORR activity and enhanced stability compared to the commercial catalyst 

[108]. Rare earths like Y, La and Gd were also used in Pt alloying to form PtxY, PtxLa 

and PtxGd and they showed an increased ORR activity, which is probably correlated 

to a compressive strain on platinum surface atoms [109–113]. Other than by 

composition, the catalytic properties are also influenced by the morphology and 

structure of Pt based nanocatalysts. Pt based core-shell nanoparticles (e.g., Pt/Cu, 

Pt/Fe, etc.) displayed significant improvements of activity and durability for ORR [114, 

115], in which their structural and electronic properties can be tuned by modification 

of the Pt shell thickness, diameter, shape and composition of core. 

Additionally, precious metal free catalysts are considered as potential alternative 

to costly and scarce Pt based catalysts. Carbons modified with nitrogen, boron, 

fluorine, phosphorus and sulfur have been used as catalysts of ORR [116–118]. The 

metal free nitrogen modified carbon (N-C) commonly displayed a much lower ORR 

activity in acidic electrolytes than Pt/C [119]. The metal-nitrogen-carbon catalysts (M-

N-C) such as Fe-N-C and Co-N-C have been developed and showed increased 

activity of ORR compared to N-C in acidic electrolytes [119–122]. For example, 

PANI-Fe-C prepared by combing polyaniline (PANI) with Fe salts displayed a same 

current as commercial catalyst ETEK-Pt/C at a low overpotential of 60 mV in acid 

[123]. Furthermore, Fe-N-C synthesized with PANI and cyanamide exposed a 

superior ORR activity and selectivity in comparison with the precious metal free 

catalysts in previous reports [124]. Its current density was similar to that obtained by 

0.1 mg  
,Ptcm-2 at the voltages of > 0.75 V in the kinetic region of cathode operation in 

H2-air PEMFC, whereas lower current densities were observed in the mass transport 

region, indicating a mass transport limitation. To match the performance of Pt based 

catalysts and replace them, the ORR activity of precious metal free catalysts should 

be further developed and more investigations in real applications of fuel cells should 

be conducted. 
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2.3.3. Catalysts for Methanol Oxidation Reaction 

Pt is considered to be the most active monometallic catalyst for methanol oxidation 

reaction, which is demonstrated by combining the calculated adsorption free energies 

for various intermediates on metal surfaces with a simple electrokinetic model of 

MOR [70]. But its onset potential of MOR was limited by the ability of methanol and 

water activation as well as by poisoning by intermediates formed in the indirect 

pathway [73], while reducing the amount of Pt is suggested due to the scarcity and 

high cost of Pt. The incorporation of other metals into Pt catalysts as an effective 

strategy has been developed [125, 34, 126, 127]. 

Pt alloying with a second metal like Ru, Ni, Au, Fe, Cu, Co, Mo showed an 

increased electrocatalytic activity and CO poisoning tolerance towards MOR [128–

131], usually explained by bifunctional mechanism and geometric and electronic 

effects combined [132, 133]. The bifunctional mechanism is that the incorporated 

metal can promote the formation of OHad species to oxidize the adsorbed 

intermediates on neighboring Pt sites and liberate the Pt surface for the further 

methanol oxidation, whereas the geometric and electronic effects originate from the 

lattice contraction and downshift of the d-band center of Pt on the alloy surface [128, 

129, 134]. Subsequently, trimetallic Pt based alloys have been developed as efficient 

catalysts for MOR, such as Pt-Ni-Co, Pt-Ni-Cu, Pt-Pd-Cu, Pt-Au-Ru and so on [36, 

135–138]. Meanwhile, composites of Pt and non-precious metal oxides such as 

TiO2,CeO2,SnO2, SnxTi1-xO2 [139–142] were also prepared and displayed the 

improved electrocatalytic activity, but the improvement in durability was not 

significant. Apart from metal oxides, Ni(OH)2 was used to enhance electrocatalytic 

activity of Pt for MOR. Pt/Ni(OH)2 supported on graphene showed exceptional activity 

and durability towards MOR, which was caused by the incorporation of Ni(OH)2 that 

greatly promotes the dissociative adsorption of water molecules along with oxidizing 

the carbonaceous intermediates via the Langmuir–Hinshelwood pathway to reduce 

the Pt poisoning [143]. 

In addition, the activity performance could depend on the catalyst accessible 

surface, shape, size and structure, so that various morphologies like polyhedrons, 

nanodendrites, concave nanostructures, nanoframes and nanocages were studied 

[144–150]. For example, the trimetallic PtNiCu excavated rhombic dodecahedrons 
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(ERD) exhibited an enhanced electrocatalytic performance towards MOR in 

comparison with bimetallic PtCu ERD and PtNiCu solid rhombic dodecahedrons, 

because of highly excavated rhombic dodecahedral structures and abundant stepped 

atoms, as well as electronic and synergistic effects [144]. The MOR activity of the 

hexapod PtRuCu/C was higher than that of the dendrites PtRuCu/C [145]. 

 

2.4. Catalysts Supports for Oxygen Reduction Reaction and 

Methanol Oxidation Reaction 

The electrocatalytic activities were increased through the catalyst development as 

mentioned above, whereas optimizing the catalyst supports is of equal importance to 

improve the electrocatalytic performance. Catalyst supports can affect the properties 

of deposited catalysts like their distribution, particle size, morphology, alloying degree 

and stability, as well as mass transport, conductivity of catalyst layer and stability in 

the fuel cells [125, 151, 152, 35, 153]. Thus, the ideal catalyst support should provide 

a large specific surface area, optimized porosity, high electric conductivity, good 

chemical and mechanical stability in order to promote deposition of catalysts, 

resulting in the improvement of their electrocatalytic activity, corrosion resistance and 

long-term durability, as well as increase of mass transfer and reduction of Ohmic loss 

[125, 151]. 

Carbon black is commercially used as catalyst support at the cathode and anode 

due to its relative high specific surface area, stability in acidic and basic media and 

good electric conductivity, whereas the decreased electrocatalytic performance was 

exposed owing to weak interactions between carbon and catalyst particles leading to 

agglomeration and detachment of the catalysts during the measurement [17–19]. In 

particular, carbon corrosion occurs at highly positive potentials at the cathode in 

PEMFCs and DMFCs. The novel support materials are required to promote 

improvement of Pt dispersion and stability [39–42]. Highly graphitized carbon 

materials like CNTs, graphene and carbon nanohorns have improved corrosion 

resistance compared to carbon black, and have been developed as support materials 

in ORR [154, 38, 155–157] and MOR [158–162]. In both reactions, they displayed 

more efficient electrocatalytic performances, probably due to the improved 
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distribution and small particle size of the catalyst particles. The improved catalyst 

deposition was probably caused by larger surface area and higher electronic 

conductivity of catalyst supports. Between Pt d-orbital and π sites on the carbon 

surface there is electron delocalization, resulting in the partial formation of covalent 

bonding along with their strengthened interaction, which could increase Pt stability 

during the reactions [163, 164]. Meanwhile, ordered mesoporous carbon (OMC) was 

also designed as a support catalyst and it had hierarchical nanostructure with high 

surface area and ordered pores to facilitate Pt dispersion and mass transport of 

reactants and products. Pt supported on OMC showed enhanced ECSA and higher 

electrocatalytic activity for MOR and ORR with respect to the commercial Pt/C [165]. 

Furthermore, functional groups or heteroatom containing O, N, B, S and P are 

incorporated to modify the carbon structure to improve the binding strength between 

catalyst and carbon along with modifying the electronic structure of the catalyst, 

leading to a high dispersion with narrower size distributions of the catalyst. The 

catalysts showed increased catalytic activities and durability towards MOR [166, 167] 

and ORR [168]. Pt supported on thiolated CNTs exposed enhanced tolerance 

against Pt dissolution at more positive electrode potentials in ORR and less decrease 

of ECSA in the durability test. Their improved stability was achieved through the 

increased interaction of the S-Pt [169]. Additionally, nitrogen doping in ordered 

mesoporous carbon as support increased Pt:Ru atomic ratio at the near surface of 

catalyst to 70:30 compared to that before N-doping. This led to a faster oxidation of 

methanol, due to Pt enrichment and an increased intrinsic activity of PtRu 

nanoparticles [170]. 

To further obtain an effective electron transport pathway with increased available 

surface area and porosity of supports, 3-dimensional (3D) or hierarchical 

nanostructure supports are designed, such as CNTs-graphene hybrid, CNT-carbon 

black hybrids, polyaniline-reduced graphene oxide, CNTs-CNTs (3D CNTs) [171–173] 

[174–180]. The formed 3D CNTs had increased specific surface area, improved pore 

size distribution and electron transfer [46, 181, 182, 47]. Pt deposited on 3D 

CNTs/carbon cloth exposed a higher reduction current for ORR compared to Pt on 

CNTs/carbon cloth and on carbon cloth [47]. Pt, PtRu or PtRuMo supported on 

CNTs-RGO composites showed increased electrocatalytic performances including 
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MOR activity and CO tolerance owing to their hierarchical structure [183, 174, 184–

186]. Furthermore, it was reported that the composites formed by directly growing 

CNTs onto graphene as Pt support favored an increased MOR activity of Pt with 

respect to the composites produced by simply mixing [186]. Meanwhile, Nitrogen 

doped CNTs-RGO composites were prepared and investigated, which showed a 

larger surface area and an enhanced pore size. The Pt supported on them showed 

improved MOR kinetics and long-term stability, and the mass transfer loss reduced in 

the cell test [173, 172]. 

Additionally, non-carbonaceous materials like TiO2, WOx, TiC, WC have been 

studied as Pt supports. There is a similar interaction between Pt and supports like 

those described above in Chapter 2.3.3, so that the Fermi level or electronic states of 

Pt were changed and the electrocatalytic activity and durability of catalysts was 

increased [187]. For example, the surface electronic structure of Pt was modified by 

the lattice contraction and downshift of the d-band center of Pt after deposition on 

Ti0.7Mo0.3O2. The catalyst showed increased ORR current densities and high stability 

[187], while the durability and CO tolerance for methanol oxidation increased [188, 

189]. 

2.4.1. Carbon Nanotubes and their Growth Mechanism by Thermal Chemical 

Vapor Deposition 

CNTs or graphene can be utilized as catalyst supports in the development of 

catalyst supports mentioned above. In this work, the preparation of hierarchically 

nanostructured Pt supports was achieved by consecutively synthesizing carbon 

nanotubes or reduced graphene oxide. Hence, a basic introduction to CNTs, 

graphene and their synthesis mechanism is given below. 

Apart from CNT applications in electrochemical conversion devices like PEMFCs 

and DMFCs mentioned above, CNTs can be utilized in acoustic sensors, field 

emission devices, mechanical devices, optical devices, electrical devices, chemical 

storage devices and so on, due to their unique properties, large surface area, high 

electrical conductivity, extremely high tensile strengths, electronic structure, as well 

as high chemical, mechanical and electrochemical stability, etc. [190–198] CNTs can 

be described as a seamless hollow cylinder rolled up from a layer or multiple layers 
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of graphene, and can be categorized into single wall carbon nanotubes (SWCNTs) 

and multi-walled carbon nanotubes (MWCNTs) (see Figure 2.6a and 2.6b) [199]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

CNT synthesis can be achieved via chemical vapor deposition, laser ablation, 

flame method, hydrothermal method, arc discharge, etc. From the formation of 

tubular carbon filaments, threads and nanofibers over iron in 1950s–1970s to the 

CNT growth [200–205], the thermal chemical vapor deposition (CVD) is widely used 

and is considered as standard method of CNT growth due to its high CNT yield, 

relatively low cost, easy setup and operation as well as its scalability and high degree 

of control [206, 207]. In this method, thermal pyrolysis of hydrocarbon vapor or 

gaseous carbon-containing substance proceeds firstly followed by growing CNTs 

over a metal catalyst. CNT growth can be influenced not only by the size and shape 

of the catalysts and their interactions with other components but also by the reactor 

Figure 2.7. Schematic diagram of thermal CVD technique setup. 

Figure 2.6. Schematic diagram of (a) single wall carbon nanotube, (b) multi-wall carbon 

nanotube, reprinted from [199] with permission; and (c) graphene, reprinted from [237] with 

permission. 

a b c 
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geometry, carbon precursors, temperature, gas flow rate and deposition time [208–

217]. 

Figure 2.7 displays a schematic representation of an experimental CVD set up, in 

which CNT growth is carried out over the metal catalyst by decomposing 

hydrocarbons at high temperatures of 600–1200°C. Commonly, Fe, Ni and Co serve 

as CNT growth catalysts, since carbon species have high solubility and diffusion rate 

in these metals at a high temperature as well as stronger adhesion [218, 206]. 

Besides Fe, Co and Ni, other metals and their compounds were also found as 

catalysts for CNT growth, such as transition metals like Mn, Mo, Pd, Ru, noble metals 

like Ag, Au, lanthanides like Gd, Eu, carbon family elements like Si, Ge, mixed 

compounds like TiO2/Al2O3, and binary metals like FeNi [219–228]. It was also 

observed that the CNT growth as well as their diameter and the number of their wall-

layers like single wall CNTs (SWCNTs) and multi-walled CNTs (MWCNTs) can be 

affected by the size of the catalyst nanoparticles [229–231]. Sinnott et al. reported 

that the diameters of SWCNTs increased and MWCNTs were subsequently formed 

as well as their wall layer number and diameter were increased, while raising the size 

of the catalyst [229]. Additionally, temperature is an influencing factor for CNT growth. 

SWCNT growth was commonly achieved at higher temperatures of 900–1200 °C 

through decomposition of selected carbon precursors like methane and carbon 

monoxide, while the temperatures of 600-900 °C are more proper for MWCNT growth. 

[206]. 

Furthermore, various carbon precursors can be used, such as methane, ethanol, 

benzene, carbon monoxide, cyclohexane, acetonitrile, and so on. The precursor 

molecular structure can affect the CNT morphology [232]. Short-chain hydrocarbons 

like methane and ethylene are decomposed to atomic carbons or linear carbon 

species probably followed by forming straight CNTs, while curved CNTs are grown 

via cyclic hydrocarbons like benzene and cyclohexane as carbon precursors [231, 

233]. When the efficient precursors for MWCNTs growth at 600–900 °C are used at a 

higher temperature, they are unstable and decompose to excess carbon that can 

hinder the MWCNT growth [206]. Thus, the adjustment of temperatures is important 

for different carbon precursors, since the CNT growth and their diameters can be 
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impacted. Additionally, CNT growth influenced by vapor pressure, gas phase 

diffusion, gas ratio, catalyst supports, etc. was also studied. [208–217] 

 

 

 

 

 

 

 

 

 

 

Moreover, various mechanisms of CNT growth were postulated. The typical 

models for CNT growth are the tip-growth model and the base-growth model (see 

Figure 2.8) [206]. Hydrocarbon vapor as carbon precursor decomposes into 

hydrogen and carbon species at a high temperature in the furnace. The carbon 

species are adsorbed on the surface of the catalyst. In the tip growth model, a weak 

interaction between catalyst nanoparticles and the substrate is a precondition. 

Carbon fragments diffuse down through catalyst nanoparticles or on the surface of 

the catalyst and reach the carbon solubility limit in the catalyst, and then precipitate 

and crystallize out across the catalyst bottom in the form of a cylindrical network. 

Meanwhile, the CNT precipitation pushes the catalyst nanoparticles up from the 

substrate. Through the subsequent fresh hydrocarbon pyrolysis and carbon diffusion, 

CNT growth continuously proceeds until excess carbon species cover the whole 

surface of catalysts and cease the catalysis. In the base growth model, the 

decomposition of hydrocarbon and the diffusion of carbon proceed like that in the tip 

growth model. But the catalyst is anchored on the substrate with a stronger 

interaction, so that the catalyst cannot be pushed up by CNT precipitation and CNTs 

Figure 2.8. CNT growth mechanisms [206]: (a) tip-growth model and (b) base-growth model. 

(a) 

(b) 
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crystallize on the top of the catalyst with a hemispherical form. CNTs continue to 

grow by hydrocarbon deposition on the lower peripheral catalyst surface along with 

upward diffusion of the carbon fragments. When the surface of catalyst is fully 

covered with excess carbon, CNT growth is stopped [206]. 

2.4.2. Graphene and its Synthesis Mechanism 

 

 

 

 

 

 

 

 

 

 

As mentioned above, graphene was studied as one of the novel catalyst supports 

in PEMFCs and DMFCs. Graphene is a one-atom-thick sheet of carbon atoms 

arranged in a hexagonal lattice with sp2 hybridization (Figure 2.6c). Its surface area, 

electron mobility, thermal conductivity and chemical durability are high, respectively, 

along with a strong Young’s modulus [234–237]. Hence, it can be used in field 

emission, sensors, electronics, energy conversion and storage [238–247] Depending 

on different applications, modulating the electronic properties of graphene can be 

achieved by introducing heteroatoms like nitrogen or boron atoms into the graphene 

lattice or by adsorbing metal or organic molecules on the graphene surface [248–

250]. 

To synthesize graphene, different effective techniques have been developed, such 

as mechanical exfoliation (scotch-tape method), thermal decomposition of SiC wafer 

Figure 2.9. Schematic representation of the preparation of reduced graphene oxide (RGO) 

from graphite; reprinted from [258] with permission. 
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in ultrahigh vacuum [251], chemical vapor deposition growth on metal substrates like 

Ru, Ni, Cu, Pt [40, 252–256] and chemical exfoliation [257, 258]. Through these 

methods, except chemical exfoliation, defect-free or defect-less graphene can be 

formed and applied in electronics applications, but mass production is difficult, 

whereas a large area synthesis of graphene might be feasible in CVD growth [259]. 

Nevertheless, the typical chemical exfoliation approach developed by Hummers et al. 

[260], which involves graphite oxidation, exfoliation and reduction, has been widely 

used due to its relatively low cost, large-scale and reproducible manufacture [244]. 

As shown in Figure 2.9, graphene oxide is synthesized by the oxidation of graphite 

powder with strong acids and oxidants (such as KMnO4 and NaNO3 in concentrated 

H2SO4). Then it is exfoliated in water by ultrasonication followed by purification with 

washing and centrifugation to remove inorganic impurities and aggregates. Since the 

exfoliated GO is a stable aqueous dispersion, it can be homogenously decorated on 

the surface of substrates like carbon cloth. Afterwards, graphene oxide can be 

reduced by thermal reduction at a high temperature, photo reduction and chemical 

reduction using reducing agents such as sodium borohydride, hydrazine 

monohydrate, etc. [261, 262]. Generally, the graphene formed by GO reduction 

called reduced graphene oxide has structural defects and functional groups along 

with a couple of carbon atomic layers, which can be beneficial in electrochemical 

applications [247].  
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Chapter 3: 

Results and Discussion 

In this work, hierarchically nanostructured materials were designed as catalysts 

supports to improve the performances of catalysts in electrocatalytic applications 

(e.g., oxygen reduction reaction and methanol electro-oxidation reaction). To prepare 

the hierarchically structured materials, a toolbox strategy was developed via bottom-

up approaches, where the materials of required functionalities can be assembled in 

the hierarchical structure to meet the requirements of certain applications. Each step 

was tuned. Given high electrical conductivity, large surface area, good chemical and 

mechanical stability, carbon nanotubes (CNTs) or reduced graphene oxide (RGO) 

were introduced in the hierarchical structure to form novel nanostructured catalyst 

supports for oxygen reduction reaction and methanol electro-oxidation reaction.  

In the preparation of CNT-based hierarchical structures, the major steps were 

catalysts deposition for the CVD step and CNT growth. In Chapter 3.1 and 3.3, CNTs 

were directly grown on the oxidized commercial CNTs as well as reduced graphene 

oxide covered carbon cloth to form 3D CNTs and CNTs/RGO/CC, while the 

CNTs/CNTs/GC was prepared by two consecutive sequences of Fe deposition and 

CNT growth on glassy carbon (Chapter 3.2). Afterwards, Pt nanoparticles were 

deposited on the hierarchically structured materials, followed by determining their 

electrochemical surface area by Hads/des and COad stripping. To evaluate their 

suitability for electrochemical applications, Pt-3D CNTs was investigated for oxygen 

reduction reaction in Chapter 3.1. Considering the shapes of glassy carbon and 

carbon cloth, Pt-CNTs/CNTs/GC and CNTs/RGO/CC were evaluated for methanol 

oxidation reaction in Chapter 3.2 and 3.3, respectively. In Chapter 3.4, the CNTs/CC, 

CNTs/CNTs/CC and CNTs/RGO/CC electrodes were studied for electrical double 
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layer capacitor (EDLC) applications. Additionally, polyaniline was further assembled 

on CNTs/CC to form PANI/CNTs/CC for pseudo-EDLC supercapacitors. 
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3.1. Hierarchically Structured 3D CNT Electrode 

The content of this chapter will be submitted as ‘Preparation of hierachically 

structured 3D CNTs as a catalyst support for a proton exchange membrane fuel cell, 

Pei Wang, Benedikt Peter, Titus Lendenberg, Christina Roth and Michael Bron’. 

3.1.1. Motivation 

Proton exchange membrane fuel cells (PEMFCs) are considered one of the most 

attractive and promising power sources for future energy supply due to their high 

power density and nonpolluting nature. However, their low operation temperature 

(60-80 °C) requires catalysts to provide fast reaction kinetics, where platinum is the 

most active single metal for both the anodic oxidation of hydrogen and the cathodic 

reduction of oxygen [83–86]. Due to the limited resources and high cost of platinum, 

research is focusing on catalysts with increased activity compared to Pt or on its 

replacement, and different platinum alloys such as Pt/Cu, Pt/Fe, core-shell catalysts 

as well non-noble metal systems mainly based on Fe/N/C have been studied [107, 86, 

42, 263–268]. However, from an application point of view it is equally important to 

provide a suitable support for the deposition of the active catalyst material. 

Requirements towards the catalyst support are high surface area, optimal porosity, 

high chemical and mechanical stability as well as high electric conductivity in addition 

to anchoring sites for the catalytic nanoparticles.  

Currently, mainly carbon black is used as catalyst support material in PEM-FCs, 

but carbon black-supported Pt nanoparticles show degradation and decreased 

electrochemical catalytic performance with operating time at the cathode, which is 

often attributed carbon corrosion and agglomeration or loss of Pt nanoparticles [17–

19]. Meanwhile, carbon nanotubes (CNTs) are widely investigated as support 

materials due to their favorable properties including large surface area, high electrical 

conductivity, as well as good chemical and mechanical stability. Earlier investigations 

demonstrated that Pt supported on CNTs shows improved stability and that the CNTs 

provide higher electrochemical corrosion resistance compared to commercial carbon 

black supports [17]. To further improve their suitability as carbon supports, nitrogen- 

or oxygen-doping was used to modify the surface of CNTs to introduce anchoring 

sites and to obtain stronger bonding between the metal and carbon, preventing 
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agglomeration of metal particles during electrochemical aging [39–42]. Increased 

surface area was reported in such cases as well [269]. 

Hierarchical structuring of CNTs is a feasible strategy to enhance the surface area 

and improve porosity of the catalyst support by preventing agglomeration. As a 

general approach, one-dimensional primary CNTs may serve as substrate to grow 

secondary CNTs on their surface to form three-dimensional CNTs (3D CNTs). For 

example, secondary CNTs were grown onto multi-walled CNTs by chemical vapor 

deposition (CVD) over Ni deposited via wet impregnation using toluene as carbon 

precursor. These 3D CNTs show improved specific surface area and pore size 

distribution as determined by N2 physisorption, reduced equivalent series resistance 

and enhanced specific double-layer capacitance [46]. Susi et al. successfully 

prepared secondary CNTs on primary CNTs using sputter-deposited Ni catalysts in a 

mixture of CO or C2H2, H2 and Ar, while iron particles were inactive as catalyst in the 

same approach [181]. Iron nanoparticles electrodeposited onto primary CNTs were 

also used as catalyst to grow secondary CNTs using cyclohexane and ethylene as 

carbon source [182, 270, 47]. Furthermore, after Pt deposition over 3D CNTs grown 

on carbon cloth the samples exhibited a higher oxygen reduction current compared 

to Pt on primary CNTs/carbon cloth and Pt on carbon cloth [47], indicating that 

hierarchically structured CNTs are a promising catalyst support for electrochemical 

applications. However, it should be mentioned that kinetic parameters were not 

determined in the mentioned paper due to the rough surface of carbon cloth and the 

distorted hydrodynamics in front of the electrodes. 

In this work, we report on the electrocatalytic performance of Pt supported on 3D 

CNTs (i.e., secondary CNTs directly grown onto primary CNTs), where the secondary 

CNTs are N-doped CNTs grown by chemical vapor deposition (CVD) over wet-

impregnated iron nanoparticles using acetonitrile as carbon source. The morphology 

of the 3D CNTs was studied using transmission electron microscopy (TEM). 

Afterwards, Pt deposition onto 3D CNTs was achieved by wet impregnation to obtain 

Pt-3D CNTs. Electrochemical activity and durability of the prepared catalysts were 

investigated for the electrocatalytic oxygen reduction reaction (ORR) using linear 

sweep voltammetry with a rotating disk electrode (RDE), oxygen aging tests and 
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single cell tests of multilayered MEAs. For the comparison, Pt deposited on primary 

CNTs was prepared and investigated in the same manner. 

3.1.2. Characterization of 3D CNTs 

 

 

 

 

 

To form the hierarchically structured 3D CNTs, Fe nanoparticles were deposited 

onto primary CNTs, and then secondary CNTs were grown over the Fe particles via 

chemical vapor deposition (CVD) onto the primary CNTs (Figure 3.1.1). Generally, 

CNT growth via CVD depends on many parameters, such as temperature, pressure, 

carbon source, reactor geometry, and so on [206, 207, 211, 214, 209, 232, 271–274]. 

In preliminary studies, the optimum conditions for CNTs growth in our CVD system 

were evaluated using a common and well established catalyst (Fe/SiO2). 20% Fe 

were deposited onto SiO2 similar to a procedure described in [275] (see in Figure 

S3.1.1). After Fe deposition, CNTs were grown via CVD in 3 L h-1/3 L h-1 H2/Ar 

saturated with acetonitrile at room temperature for 120 min at 750 °C, 850 °C, 950°C 

and 1050°C, respectively. The diameter of the CNTs increases with rising 

temperature as shown in Figure S3.1.2. Furthermore, yields and N contents decrease 

with growth temperature (Table S3.1.1), as reported in literature [275]. Additionally, 

different gas flow rates as well as cyclohexane as carbon source were also tested, 

and the yields of CNTs were lower. Thus, the growth of secondary CNTs onto 

primary CNTs was carried out via CVD in 3 L h-1/3 L h-1 H2/Ar atmosphere saturated 

with acetonitrile for 120 min at 750 °C. 

 

 

 

Figure 3.1.1. Schematic representation of the preparation of 3D CNTs network. 
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Transmission electron microscopy was employed to investigate the morphology of 

the samples before and after growth of secondary CNTs. Figure 3.1.2a shows TEM 

images of primary CNTs, while Figure 3.1.2b demonstrates the successful deposition 

of Fe nanoparticles onto these primary CNTs. The structures resulting after growth of 

the secondary CNTs (i.e., 3D CNTs) is displayed in Figure 3.1.2c. Different to the 

primary CNTs, the secondary CNTs exhibit a curled nanostructure, which might 

indicate higher defect density (however, see below) and a smaller diameter. Despite 

this curled structure, the tubular and hollow nature of the secondary CNTs is clearly 

indicated by the bright contrasts visible not only on the top also in the inner of the 

secondary CNT.  

 

Figure 3.1.2. TEM images of (a) primary CNTs and (b) Fe-primary CNTs and (c) 3D-CNTs 

via secondary CNTs grown onto primary CNTs. 

50 nm 

(a) (b) 

50 nm 

50 nm 
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To further substantiate the presence of secondary CNTs, the nitrogen content of 

primary as well as 3D CNTs was determined by elemental analysis as shown in 

Table 3.1.1. After CVD, the nitrogen content increased from 0.3% to 3.8%, which 

together with the TEM images, reveals the formation of secondary CNTs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Raman spectra of primary and 3D CNTs are presented in Figure 3.1.3. CNT-

based carbon materials usually show two characteristic bands: the D band at ca. 

1350 cm-1 and the G band at ca. 1580 cm-1. The D band is associated with structure 

defects and impurities in the CNTs, and the G band represents the highly ordered 

sp2-hybridised graphitic carbon. Often, the intensity ratio of the D and G band (ID/IG) 

is used to qualitatively estimate the carbon ordering or carbon defect degree. After 

growth of secondary CNTs the relative ID/IG intensity of the 3D CNTs is 0.95, which is 

lower than that of the primary CNTs (ID/IG: 1.27) and higher than that of CVD-grown 

NCNTs without substrate (ID/IG: 0.84, prepared in preliminary study). This seems to 

Table 3.1.1. Elemental analysis of nitrogen and carbon content in primary CNTs and 3D 

CNTs. 

Catalyst support N/% C/% 

Primary CNTs 0.3% 93.6% 

3D CNTs 3.8% 86.1% 

 

Figure 3.1.3. The Raman spectroscopy of primary CNTs, 3D CNTs and NCNTs exposing 

the different graphitization degree/defect degree of carbon system. 
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be at contradiction with the observation of highly curled CNTs in the TEM images, 

which seem to indicate a defect-rich structure. But it is noticed that the NCNTs itself 

has lower defect degree than primary CNTs. Nevertheless, the strong changes in 

Raman spectra may be considered a further proof of the growth of additional carbon 

structures, i.e. CNTs.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1.4. Nitrogen physisorption at 77 K for primary CNTs and 3D CNTs. 

 

Figure 3.1.5. Cyclic voltammograms of primary CNTs and 3D CNTs on glassy carbon 

electrodes recorded at a scan rate of 100 mV s-1 at room temperature in 0.5 M H2SO4 

aqueous electrolyte solution purged with N2. 
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Nitrogen adsorption and desorption isotherms of primary CNTs and 3D CNTs were 

recorded 77 K and the results are shown in Figure 3.1.4. According to the IUPAC 

classification, the isotherms can be considered as type II isotherms. At low relative 

pressure, the nitrogen is adsorbed slowly on the CNT surface to form a monolayer, 

while a hysteresis loop is observed at high relative pressure in the adsorption 

isotherm. With respect to the primary CNTs, the amount of nitrogen adsorbed onto 

3D CNTs is higher, indicating higher surface area. The 3D CNTs provide 301 cm2 g-1 

BET surface area, while the primary CNTs have 230 cm2 g-1. The increase in specific 

surface area is in line with the observation that the secondary CNTs are smaller in 

diameter compared to the primary ones (compare TEM images). 

Finally, the CNT samples were characterized electrochemically by cyclic 

voltammetry at a scan rate of 100 mV s-1 in 0.5 M H2SO4 (Figure 3.1.5). Please note 

that different to the studies on oxygen reduction reaction, which were, as an 

accepted standard in literature, carried out in perchloric acid (see below), sulfuric acid 

was used for electrochemical carbon materials characterization to allow comparison 

with other results on carbon materials in our lab. The observed currents mainly 

correspond with the charging and decharging of the electrical double layer of the 

CNTs. In comparison to primary CNTs, 3D CNTs show enhanced currents and thus 

larger double layer capacity, caused by the successful growth of secondary CNTs 

providing a higher amount of electrochemically available specific surface area. This 

was in accordance with the above mentioned results and evaluations. Besides the 

increased double layer capacity, redox peak pairs, which are typically attributed to 

oxygen containing functional groups (quinone/hydroquinone) [276], are observed in 

the potential range between 0.5 V and 0.7 V vs. RHE for both samples. These 

functional groups are likely introduced into the surface of the CNTs during removal of 

iron particles with HNO3. It should be mentioned that the oxygen containing functional 

groups may be one reason for the increase in double layer capacitance [269]. 

In summary, results of TEM, Raman spectroscopy, BET measurements and cyclic 

voltammetry confirm the successful growth of secondary CNTs onto the primary 

CNTs to form the 3D CNTs. The secondary CNTs are smaller in diameter and curled 

with a higher specific surface area, however, provide a less defect-rich structure. 
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3.1.3. Characterizations and Electrochemical Investigations of Pt-3D CNTs 

Characterizations of Pt Catalysts 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

After growth of secondary CNTs, Pt nanoparticles were deposited by wet chemical 

reduction onto 3D CNTs and primary CNTs, respectively. The Pt content, morphology 

and particle size of the Pt nanoparticles were characterized by ICP-OES, TEM and 

XRD. The Pt loadings in Pt-primary CNTs and Pt-3D CNTs were 19 % and 20 % as 

determined by ICP-OES analysis, respectively. Figure 3.1.6a and 6b show TEM 

micrographs of Pt/CNTs and Pt/3D CNTs, where Pt nanoparticles were almost 

uniformly anchored onto both carbon supports. Some agglomerates of Pt 

nanoparticles are however also visible. The average sizes of Pt nanoparticles on the 

Figure 3.1.6. TEM images and particles size distribution of Pt nanoparticles supported on (a) 

primary CNTs and (b) 3D CNTs. 

Pt-3D CNTs 

Pt-primary CNTs  
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primary CNTs and 3D CNTs are 4.8 nm and 3.9 nm. XRD analysis (Figure 3.1.7, 

determined by Dr. Benedikt Peter) reveals a Pt crystallite size for Pt-primary CNTs of 

4.5 nm, whereas the size for the Pt-3D CNTs is 3.2 nm, determined by the 

FULLPROF software package with Rietveld refinement. The sizes of Pt crystallites 

determined by XRD measurement are slightly smaller than those of the nanoparticles 

determined by TEM, which is reasonable assuming that there might be less 

crystalline material at the outer parts of the nanoparticles. 

 

 

 

 

 

 

 

 

Electrochemical Investigations of the Pt-CNT Catalysts  

The prepared Pt catalysts were investigated with different electrochemical 

techniques, e.g. cyclic voltammetry, CO stripping voltammetry, linear sweep 

voltammetry to determine oxygen reduction reaction as well as stress tests. The 

results are compared with those obtained on commercial Pt/C catalysts. 

 

 

 

 

Figure 3.1.7. X-ray diffraction profile of the Pt-primary CNTs and Pt-3D CNTs (determined 

by Dr. Benedikt Peter). 

(b) 
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Cyclic voltammograms recorded at a scan rate of 100 mV s-1 in N2 purged 0.1 M 

HClO4 aqueous solution are shown in Figure 3.1.8, while COad stripping 

voltammograms, recorded at 20 mV s-1 in N2 purged 0.1 M HClO4 solution after CO 

adsorption on the Pt surface are shown in Figure 3.1.9. The electrochemical surface 

area (ECSA) was calculated from the coulombic charge of the double layer charge 

corrected hydrogen adsorption and desorption peaks (Hads/des) in the potential range 

0.06-0.4 V. Similarly, the ECSA was determined from the charge of the corrected 

COad oxidation peaks. The results of ECSA determination are summarized in Table 

3.1.2. The ECSA determined from Hads/des for Pt/3D CNTs is significantly higher 

compared to that of Pt/primary CNTs and slightly higher compared to the commercial 

Pt/C catalyst, and similar results were obtained for the ECSA value determined by 

COad stripping. The higher ECSA of Pt/3D CNTs is in accordance with the lower Pt 

particle size of this catalyst. This better Pt dispersion is attributed to the higher 

surface area of the 3D support material compared to the primary CNTs and may also 

stem from nitrogen surface functional groups acting as anchoring sites for the Pt 
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Figure 3.1.8. Cyclic voltammograms measured at 100 mV s-1 scan rate in aqueous 0.1 M 

HClO4 electrolyte solution for Pt-3D CNTs, Pt-primary CNTs and Pt-C. The double layer 

charging subtracted for ECSA determination is indicated by the dashed line. 
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particles. In literature, it was reported that the addition of secondary CNTs may 

decrease charge transfer resistance and thus improve the electron transfer [47], 

which may also have an influence on the observed ECSA. Note that the ECSAs of 

Pt/3D CNTs and Pt/C evaluated from COad stripping are higher compared to those 

calculated from Hupd. This, however, is in accordance with reports in literature. [277]. 

It should further be noted that the baseline correction used for the integration of Hupd 

or COad stripping-peak always leads to an unavoidable deviation in the calculated 

ECSA.  

 

 

 

 

 

 

 

 

 

 

 

 

 

In Figure 3.1.9 the CVs of CO oxidation over the different carbon-supported Pt 

catalysts are displayed. Pt/primary CNTs shows a single CO oxidation peak centered 

at 0.82 V vs. RHE, whereas the CO oxidation peak for Pt/3D CNTs is shifted to a 

slightly more negative potential with the appearance of a shoulder centered and is at 

ca. 0.75 V vs. RHE. In literature such shoulders were attributed agglomerated 

Figure 3.1.9. COad stripping voltammogram recorded at 20 mV s-1 scan rate in aqueous 

0.1M HClO4 electrolyte solution for Pt-3D CNTs, Pt-primary CNTs and Pt-C.  
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catalyst particles or increased graphitization degree of carbon based catalyst 

supports [278–280]. Since the dispersion of Pt on 3D CNTs is improved compared to 

Pt on primary CNTs as described above, the appearance of the shoulder is likely not 

related to particle agglomeration. However, as shown in Figure 3.1.3 (Raman 

spectra), the secondary CNTs grown on primary ones exhibit a lower ID/IG ratio, 

indicating a higher degree of graphitization. The shoulder at the CO oxidation peak 

might be caused by this increased degree of graphitization in Pt/3D CNTs compared 

to Pt/primary CNTs and Pt/C leading to a specific interaction between Pt and the 

graphitized domains with probably changed electronic properties [280]. Nevertheless, 

it is important to note that a shift of the CO oxidation peak to less positive potentials 

indicates a more facile CO oxidation over the Pt/3D CNT catalyst compared to the 

other samples used in this study, including the commercial one. 

 

 

 

 

 

The electrocatalytic activity of all samples towards the oxygen reduction reaction 

was studied in oxygen-saturated 0.1 M HClO4 electrolyte by linear sweep 

voltammetry using an RDE recorded from 0.05 V to 1.1 V vs. RHE at a scan rate of 5 

mV s-1 with three different electrode rotation speeds of 400, 900 and 1600 rpm. 

Figure 3.1.10a shows the comparison of the curves obtained at 1600 rpm. The typical 

kinetically, mixed kinetically and diffusion- as well as diffusion-controlled regions are 

visible. Pt/3D CNTs exhibits slightly increased diffusion limited currents and a slightly 

more positive onset potential compared to Pt/primary CNTs with values comparable 

to that of the commercial Pt/C catalysts. The half-wave potentials (E1/2) of Pt/3D 

CNTs is slightly more positive. 

 

 

Table 3.1.2. ECSA values determined by Hupd and COad for Pt on 3D CNTs, primary CNTs 

and C 

  ECSA by Hupd/m2 g
-1 
Pt  ECSA by COad/m2 g

-1 
Pt  

Pt-3D CNTs 37.1 37.5 

Pt-primary CNTs 25.1 25.9 

Pt-C 34.8 36.9 
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For a more quantitative analysis, the obtained RDE curves were evaluated by the 

Koutecky-Levich equation, and the corresponding plots for a potential of 0.4 V are 

displayed in Figure 3.1.10b, while those obtained at other potentials are shown in 

Figure S3.1.3. The slope of the Koutecky-Levich plot can be used to evaluate the 

average number of electrons transferred per oxygen molecule in during the oxygen 

reduction reaction, where the average transferred electron numbers for Pt/3D CNTs, 

Pt/primary CNTs and Pt/C are 3.7, 3.5 and 3.8, respectively, (Table 3.1.3). This might 

indicate that the transfer from the two-electron process to four-electron process is 

more feasible or more available active sites existed in Pt-3D CNTs to reduce 

intermediate hydrogen peroxide.  
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Figure 3.1.10. ORR polarization curves of Pt-3D CNTs, Pt-primary CNTs and Pt-C measured 

in oxygen saturated 0.1 M HClO4 at 1600 rpm with a scan rate of 5 mV s-1 in the potential 

range between 0.05-1.1 V vs. RHE, and (b) their Koutecky-Levich plots for ORR at 0.4 V vs. 

RHE, determined by Koutecky-Levich equation. 
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Based on the Koutecky-Levich equation kinetic current densities were determined 

as a measure for the electrocatalytic activities towards oxygen reduction reaction. In 

Table 3.1.3 the kinetic current densities are displayed normalized to Pt mass as well 

as to Pt ECSA as calculated by COad-stripping (i.e. surface specific and mass 

specific kinetic current densities) at a potential of 0.9 V vs. RHE. All three catalysts 

provide similar surface specific activities towards oxygen reduction reaction, while 

Pt/3D CNTs exhibits much higher mass specific activity compared to Pt/primary 

CNTs, which is likely related to the improved Pt dispersion/smaller sizes of Pt 

nanoparticles in the former sample.  

To get a first impression of their long-term electrochemical stability, accelerated 

oxygen stress tests of the Pt catalysts were conducted using cyclic voltammetry in 

O2-saturated 0.1 M HClO4 electrolyte at 1000 mV s-1 for 2000 cycles in the potential 

range from 0.05 to 1.2 V. After every 500 cycles, an ORR measurement was carried 

as above. Then the electrolyte was purged with N2 for 20 min and cyclic 

voltammograms were recorded at 100 mV s-1 compared to the initial curve before O2 

aging stress test. This procedure was repeated 4 times. The results are shown in 

Figure 3.1.11 (CV) and Figure 3.1.12 (LSV of ORR). 

 

 

 

 

 

Table 3.1.3. Pt mass-specific- and surface-specific activities im and is of ORR for Pt-3D 

CNTs, Pt-primary CNTs and Pt-C at E = 0.9 V vs. RHE. 

Catalysts n im/mA mg
-1 

Pt  is/mAcm
-2 

Pt  

Pt-3D CNTs 3.7 52.14 0.14 

Pt-primary CNTs 3.5 26.79 0.10 

Pt-C 3.8 47.44 0.13 
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Figure 3.1.11. Cyclic voltammograms for (a) Pt-3D CNTs, (b) Pt-primary CNTs and (c) Pt-C 

recorded at a scan rate of 100 mV s-1 in the potential range 0.05-1.2 V vs. RHE in N2 

saturated 0.1 M HClO4 before and after each oxygen stress test. Each aging stress test was 

performed by cyclic voltammetry for 500 cycles at a scan rate of 1000 mV s-1 in the potential 

range 0.05-1.2 V vs. RHE in O2 saturated 0.1 M HClO4 and was repeated 4 times. 
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The first CVs in Figure 3.1.11 (black curves) were recorded after initial 

electrochemical surface cleaning (50 CV cycles). After the following fast 500 CV 

cycles, the Hupd peaks are exposed more clearly, in particular for Pt/C, which might 

be caused by incomplete removal of adsorbed organic species during the initial 

cleaning cycles. Alternatively, this observation may also be associated with the 
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Figure 3.1.12. ORR polarization curves of (a) Pt-3D CNTs, (b) Pt-primary CNTs and (c) Pt-C 

measured in oxygen saturated 0.1 M HClO4 at 1600 rpm with a scan rate of 5 mV s-1 in the 

potential range between 0.05-1.1 V vs. RHE before and after each oxygen aging stress test. 

Each aging stress test was performed by cyclic voltammetry for 500 cycles at a scan rate of 

1000 mV s-1 in the potential range 0.05-1.2 V vs. RHE in O2 saturated 0.1 M HClO4 and was 

repeated 4 times.  
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restructuring of the Pt nanoparticles during the first 500 cycles. In the following 3 

repetitions of the 500 ageing CVs, the shapes of CV are scarcely changed. The Hupd 

currents show minor changes for Pt/3D CNTs and Pt/primary CNTs, while the Pt/C 

shows slightly reduced currents after 1000 cycles and remains stable afterwards. In 

Figure 3.1.12, the corresponding ORR polarization curves of Pt/3D CNTs, Pt/primary 

CNTs and Pt/C recorded before and after each aging test in oxygen saturated 0.1 M 

HClO4 at 1600 rpm with a scan rate of 5 mV s-1 are displayed. There is only a slight 

shift of the ORR onset potential of all three catalysts to more negative potentials after 

the first 500 ageing cycles, and very minor changes during the following aging steps. 

A loss of ECSA [281, 282, 39] is often attributed to an increase in Pt particle size [282] 

or the detachment of smaller Pt nanoparticles from the carbon support [281]. The 

good stability with respect to ECSA and ORR activity of the Pt /3D CNT and 

Pt/primary CNT samples of this study might be attributed to a higher stability of the 

support and thus a reduced detachment or a stabilizing effect the oxygen and 

nitrogen functional group on the surface of the CNTs resulting from an improved 

interaction between Pt particles and functional groups. It is obvious that the extend of 

ageing strongly depends on the testing conditions. The same Pt/C catalyst used in 

the present study was compared to Pt supported on CVD-grown CNTs and showed 

strong degradation behavior when cycled in a potential range between 0.1 V and 1.3 

V vs. RHE [39], while the Pt/CNT catalysts remained stable under such conditions. 

However, it was not the scope of this paper to investigate the stability issue in detail. 

Finally, in a preliminary application-oriented study, the catalysts of this paper were 

processed as the cathode of membrane electrode assemblies (MEAs) by a layer-by-

layer (LBL) approach combined with Pt/polyaniline to form multilayered MEAs (see 

Figure S3.1.4a). Polarization and power density curves of these MEAs were recorded 

in a single cell test bench at 70 °C under H2/O2 atmosphere (see Figure S3.1.4b and 

c). Pt-3D CNTs shows increased highest output power density and decreased Ohmic 

loss compared to Pt-primary CNTs. In Figure S3.1.4c, 800-cycles curves were 

recorded for 7 days. The Pt-3D CNTs reveals a higher power density than that for Pt-

primary CNTs. These results from MEAs tests were consistent with the tests 

mentioned above. In summary, the Pt-3D CNTs has enhanced electrochemical 

performances compared to the Pt-primary CNTs and can be expected to be a 

promising catalyst in the PEMFC. 
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3.1.4. Conclusion 

The preparation of hierarchically nanostructured electrodes, namely Pt/3D CNTs, 

for oxygen reduction reaction was achieved by growing secondary CNTs onto 

primary CNTs via Fe-catalyzed CVD and finally Pt deposition. Fe- and Pt-deposition 

were carried out using a wet-impregnation approach. TEM, elemental analysis and 

Raman spectra demonstrated successful growth of secondary CNTs, which led to a 

higher BET surface area and higher double layer capacitance compared to the 

primary CNTs. The Pt/3D CNT catalyst showed increased ECSA as well as a slightly 

more positive onset potential and higher specific activities towards oxygen reduction 

reaction compared to Pt/primary CNTs. This might be attributed to the improved 

dispersion of Pt nanoparticles and decreased in particle size, which could be caused 

by the lager available active surface. Moreover, Pt/3D CNTs and Pt/primary CNTs 

displayed improved stability properties in an accelerated stress test. Additionally, 

Pt/3D CNTs exposed higher maximum power density in single cell tests using LBL-

prepared MEAs compared to primary CNTs. Thus Pt-3D CNTs showed improved 

electrochemical performances and 3D CNTs could be a superior catalyst support for 

the cathode in fuel cells. 
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3.1.5. Supplementary Information 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3.1.1. SEM images of 20% Fe as catalyst of CNT growth deposited onto SiO2. 

Figure S3.1.2. SEM images of CNT growth onto SiO2 using Fe as catalyst via CVD in 3 L h-

1/3 L h-1 Ar/H2 purged acetonitrile atmosphere for 120 min at (a) 750 °C, (b) 850 °C, (c) 

950 °C and (d) 1050 °C, respectively.  
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Table S3.1.1. Yield ratios and N contents for CNTs grown at different temperature via CVD. 

Temperature for CNT growth Yield ratio/ mgCNT mgFe
-1 N Content/ % 

750 °C 12.75 3.1 

850 °C 11.75 2.2 

950 °C 11.16 1.3 

1050 °C 9.37 0.9 
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Figure S3.1.3. Koutecky-Levich plots of Pt deposited onto 3D CNTs, primary CNTs and C at 

different potentials determined by Koutecky-Levich equation. 
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Figure S3.1.4. (a) Schema of multilayered MEA; (b) polarization curves of (a) multillayered 

MEAs assembled by Pt-3D and Pt-PANI; (b) Polarization curves of the Pt-3D CNTs-PANI-

LBL, Pt-primary CNTs-PANI-LBL and Pt-C tested at 70 °C; (c) The long-term stability test of 

the as-prepared Pt catalysts for 7 days. 
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3.2. Hierarchically Structured 3D CNTs/CNTs/GC Electrode 

The content of this chapter has been published as ‘Hierarchically structured 3D 

carbon nanotube electrodes for electrocatalytic applications, Pei Wang, Katarzyna 

Kulp and Michael Bron, Beilstein J. Nanotechnol. 2019, 10, 1475-1487’ [283]. In 

Beilstein Journal of Nanotechnology, authors retain Copyright of their article. 

3.2.1. Motivation 

Carbon nanotubes (CNTs) attracted considerable attention since their discovery in 

1991 [284] due to their high electrical conductivity, large surface area, good chemical 

stability, high mechanical strength and high aspect ratio and are considered as 

promising materials for diverse applications such as field emission displays, energy 

storage devices, sensors, and so on [285–290, 190]. Besides the above-mentioned 

applications, CNTs have also been investigated as catalysts or catalyst supports for 

various electrocatalytic reactions [190, 198, 291, 191, 292, 293], including methanol 

oxidation in direct methanol fuel cells (DMFCs). DMFCs are promising power sources 

for future energy conversion and storage, since they, in addition to their nonpolluting 

nature and low operating temperature, run on an easily handled and cheap liquid fuel. 

However, the slow kinetics of methanol oxidation at the anode and the methanol 

crossover through the electrolyte membrane from anode to cathode are still major 

obstacles that hinder the broad market implementation of DMFCs. The slow kinetics 

are mainly caused by incomplete methanol oxidation accompanied by the formation 

of adsorbed carbonaceous reaction intermediates, which poison the Pt surface [294–

297, 125, 298]. Most strategies to solve these issues are focused on the optimization 

of the catalyst, such as alloying Pt with metal such as Ni, Ru and Pd [299–301, 36, 

302] or using Pt-metal oxide composites such as Pt/SnO2 and Pt/CeO2 [302–306]. 

Additionally, a variety of catalyst preparation methods, e.g., colloidal synthesis [307–

309], a galvanic replacement process [310–313] or microwave-assisted preparation 

[299, 300, 314], have been proposed to gain control over the structural features of 

the active nanoparticles. 

However, from heterogeneous catalysis it is generally known that a suitable 

catalyst support is as important as the active material in order to form an optimum 
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catalyst. For electrocatalytic applications, the support should possess high electrical 

conductivity, large surface area and good chemical and mechanical stability. 

Furthermore, the electrode prepared with the catalyst should provide optimized pore 

structure and retain the high surface area of the catalyst to guarantee a high 

availability of active site and unhindered mass transfer for high efficiency. 

Besides the classical carbon blacks, different carbon based catalyst supports (e.g., 

modified CNTs, functionalized reduced graphene oxide, etc.) have been recently 

studied to improve the reaction performance, enhance stability and thus reduce the 

cost [154, 38, 155–157]. It was reported that Pt supported on these optimized 

catalyst supports provides higher electrocatalytical activity towards methanol 

oxidation and increased tolerance against poisoning in comparison to those 

supported on carbon blacks and non-modified catalysts support. This could be due to 

improved Pt dispersion owing to a higher amount of functional anchoring sites of the 

catalyst supports and their high surface area, as well as from a good electrical 

contact between the conducting components [315, 162, 316, 174]. The modification 

of electronic and structural properties of Pt due to interaction with the support may 

also play a role.  

To take advantage of the properties of novel carbon materials and at the same 

time gain control over the electrode structure, bottom-up synthesis approaches have 

been suggested. In these approaches, one dimensional (1D, e.g., CNTs or nano-

/microfibers) or two-dimensional carbon materials (2D, e.g., graphene) are 

transformed into three-dimensional (3D) structures by attaching of other nanofibers or 

carbon materials. Examples are nanofibers distributed on polymer-based microfibers, 

CNTs grown on graphene, CNT-carbon black hybrids, graphene- or polymer-coated 

CNTs, and so on [174–180]. Another approach for hierarchical structuring is the 

growth of secondary CNTs on primary CNTs [47, 46, 317, 182, 181]. It was shown 

that such nanostructured CNT–CNT composites exhibit enhanced specific surface 

area as well as increased specific double-layer capacitance. Additionally, the 

presence of the secondary CNTs can reduce the equivalent series resistance to 

promote the electron transfer. CNT-CNT composites have been successfully 

employed as catalyst supports. Kundu et al. reported that Pt supported on such 

hierarchical structures showed enhanced surface atomic concentration indicating an 
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improved Pt dispersion. The oxygen reduction reaction on Pt/CNTs-CNTs yielded a 

much higher diffusion-limited current compared to Pt supported on other carbon 

based electrodes [47]. In general, CNT-based hierarchically nanostructured materials 

can be considered as promising support materials for electrocatalytic applications.  

This work investigates the preparation of hierarchically structured CNTs on glassy 

carbon (GC) based on a sequential CNT growth over electrodeposited Fe 

nanoparticles via chemical vapor deposition (CVD) with cyclohexane as the carbon 

precursor. Pt electrodeposition onto these hierarchical structures leads to active 

electrocatalysts. The bottom-up synthesis of these nanocomposites was monitored 

using scanning electron microscopy (SEM) and Raman spectroscopy, and it is 

demonstrated that hierarchical structures can be tuned with respect to thickness, 

length, and density of the CNTs. The activity of the Pt-CNTs/CNTs/GC electrodes 

towards methanol oxidation was investigated and compared to that of Pt-CNTs/GC 

and high activity and exceptional poisoning stability were demonstrated. 

3.2.2. Preparation and Characterization of Hierarchically Nanostructured 

Electrodes 

Fe deposition 

 

 

 

 

 

 

 

 

 

In Figure 3.2.1, the individual steps for the preparation of hierarchically 

nanostructured electrodes are displayed schematically. First, Fe nanoparticles were 

electrodeposited onto oxidized GC followed by CVD growth of primary CNTs to form 

Figure 3.2.1. Scheme of the preparation of hierarchically nanostructured electrodes: (a) 

electrochemical deposition of Fe nanoparticles onto oxidized GC; (b) CNT growth onto GC 

through CVD; (c) Deposition of Fe nanoparticles onto CNTs and GC; and (d) growth of 

secondary CNTs on primary CNTs. 

a b 

c 

d 
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CNTs/GC. After a second deposition of Fe nanoparticles, another CVD step leads to 

the hierarchically structured electrodes (CNTs/CNTs/GC). Each step has been 

optimized towards structural control and high reproducibility, as detailed below. The 

first and critical step is the initial Fe deposition. Fe nanoparticles were 

electrochemically deposited onto the GC surface using double pulse deposition [318]. 

This method allows adjustment of nucleation and growth potential to control the 

distribution and size of the Fe nanoparticles. A nucleation potential of -1.41 V vs. 

Ag|AgCl|KClsat. and a growth potential of -1.27 V vs. Ag|AgCl|KClsat. were applied 

(compare also Figure S3.2.1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.2a shows an SEM image of Fe nanoparticles deposited onto oxidized 

GC. The particle diameter is in the range from 100–200 nm (Figure 3.2.2b), which is 

considerably large. Recent investigations in our lab, which will be published in the 

20 µm 

(a) 

(b) 

Figure 3.2.2. (a) SEM image and (b) particle size distribution of Fe nanoparticles 

electrochemically deposited onto GC. 
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near future, show that particle sizes down to 20 nm and below are possible. Fe 

deposition onto nonoxidized GC is possible as well but leads to poor reproducibility 

and inhomogeneous samples with respect to particle size and size distribution. 

Control over the size of the particles is necessary since it was shown that the 

diameter of CVD prepared CNTs can be associated with the size of the catalyst 

particles [206, 319]. 

Growth of primary CNTs 

 

 

 

 

 

 

 

 

 

 

After metal catalyst deposition, CNTs were grown via CVD. During CVD growth, 

the CNT structure (quality) and yield of CNTs is controlled by many parameters, such 

as the pressure, temperature, growth time, reactor geometry, carbon precursors, gas 

flow rate and composition of gas mixtures, as well as the catalyst support and 

physical and chemical state of the catalyst [206, 272, 320, 208, 209]. It is not the aim 

of this paper to present a detailed study on the influence of all these parameters. 

However, some of them turned out to be critical for the success or failure of the 

preparation of hierarchically structured electrodes, as detailed in the following. 

The CVD growth of primary CNTs over electrodeposited Fe nanoparticles was 

carried out with cyclohexane at 750 °C, a temperature that turned out to be suitable 

in reference experiments (not shown). Cyclohexane is brought into the CVD furnace 

using a H2/Ar gas mixture saturated at room temperature. To gain control over the 

Figure 3.2.3. (a) SEM images of CNTs eposited onto GC by CVD at 750 °C using 

cyclohexane and a gas flow rate of 1.7 L h-1 for 120 min with an H2/Ar ratio of 1.8 (1.1 L h-1/ 

0.6 L h-1). (b) CNTs grown under the same conditions but with an increase total gas flow rate 

of 3.9 L h-1.  

4 µm 

(b) 

4 µm 

(a) 
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CVD process, the influence of growth time, gas flow rate and H2/Ar ratio were studied. 

In a series of experiments, using a growth time of 120 min and a gas flow rate of 1.7 

L h-1 the H2/Ar ratio was varied (which translates into a varied H2/cyclohexane ratio), 

and the results were represented in Figure 3.2.3a and Figure S3.2.2e and f. Using a 

H2/Ar ratio of 1.1 L h-1/ 0.6 L h-1 (Figure 3.2.3a), primary CNTs were densely and 

nearly uniformly grown onto the surface of GC with a diameter of approximately 40 – 

80 nm. Accordingly, the optical image (Figure S3.2.2g) displays a matt black thin 

layer at those areas of the GC chips that were covered with Fe particles. However, 

no CNT growth was observed with a H2/Ar ratio higher than 1.2 L h-1/ 0.5 L h-1 (and 

thus a higher H2/cyclohexane ratio, Figure S3.2.2f), while Figure S3.2.2e shows only 

few CNTs and large amounts of surrounding (probably amorphous) carbon obtained 

with a smaller H2/Ar ratio (1.0 L h-1/ 0.7 L h-1). It was reported that the density and 

diameter of CNTs synthesized on carbon cloth with ethylene as the carbon precursor 

over a nickel catalyst at 700 °C decrease with a lower ratio of H2 to N2 [208], while 

CNTs grown on an Fe-decorated Si wafer at 825 °C using toluene increased in 

density and diameter with decreasing ratio of H2/Ar [209]. This demonstrates that the 

CNT growth strongly depends on the growth conditions. Accordingly, the above-

described results reveal the sensitivity of CNT growth on the H2/cyclohexane ratio 

under the chosen conditions. During CVD growth, hydrogen molecules or atoms keep 

the metal catalyst in its active state and avoid catalyst passivation by excess carbon 

deposition, which would otherwise suppress CNT growth. We assumed that with the 

decreasing ratio of H2/cyclohexane, exactly these processes occur, resulting in 

suppressed CNT growth and formation of amorphous carbon. In contrast, there is no 

CNT growth with the increasing ratio of H2/Ar, likely because excess hydrogen 

hydrogenates carbon structures formed at the catalyst surface into volatile 

compounds, thus hindering CNT growth. 

The time dependence of CNT growth was examined for growth times ranging from 

30 to 120 min (Figure 3.2.3a, Figure S3.2.2a, b). After 30 min growth, no CNTs can 

be found, while short CNTs with a diameter of 40–80 nm are formed during 60 min of 

CVD growth. The diameter is similar to that of CNTs grown for 120 min (Fig. 3.2.3a). 

From 30 min to 120 min, the density of the CNTs is increased. Obviously, there is a 

considerably long conditioning period, during which the growth catalyst is likely slowly 

saturated with carbon until the optimum H2/cyclohexane (or carbon) ratio is reached.  
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Besides varying the H2/Ar ratio and the growth time, the influence of the total gas 

flow rate and thus the cyclohexane feed on CNT growth was studied using the 

optimum H2/Ar ratio (1.8) and a growth time of 120 min. Figure 3.2.3b shows CNTs 

grown with a total gas flow rate of 3.9 L h-1. The CNTs grow densely and 

homogenously with a diameter of approximately 150 nm. This is about twice as thick 

as the diameter of the CNTs grown in 1.7 L h-1. Most likely, the larger amount of 

decomposed carbon crystallizing on the Fe nanoparticles to form a cylindrical 

network is the reason for this observation. Using 6.7 L h-1and 12.1 L h-1 as the total 

gas flow rate, only few CNTs were grown (Figure S3.2.2c, d). We assume that the 

excess carbon surrounds the Fe nanoparticles, blocking them from further CNT 

growth. It might be speculated that a higher H2/cyclohexane ratio would allow CNT 

growth also at higher total gas flow rates, which we have not yet investigated. 

Regardless, the above results demonstrate that by choosing the appropriate 

experimental conditions, it is possible to tune the thickness and length of the primary 

CNTs grown on glassy carbon. Additionally, the successful CNT growth was also 

achieved using nickel as catalyst in the optimum condition of CNT growth (Figure 

S3.2.12). 

Growth of secondary CNTs and Pt deposition 

After growth of the primary CNTs, a subsequent Fe electrodeposition and growth 

of secondary CNTs was carried out to form hierarchical electrodes (CNTs/CNTs/GC) 

as shown in the SEM images of Figure 3.2.4. These experiments were carried out 

with the thicker primary CNTs grown at a gas flow of 3.9 L h-1. Figure 3.2.4a shows 

Fe nanoparticles deposited onto the primary CNTs with quite homogenous 

distribution. Double pulse deposition, as described above, was utilized but the 

deposition time was decreased from 12 s to 8 s, resulting in a reduced Fe particle 

size range from 50–90 nm. The use of thicker CNTs as the primary material and 

smaller Fe particles for the secondary CNTs was chosen to obtain truly hierarchical 

structures, facilitating the verification of the growth of secondary CNTs. The particle 

size can be controlled via the deposition time, as shown in Figure S3.2.3, with 

average particle sizes of ≈45 nm after 6 s of deposition time and ≈110 nm after 12 s 

of deposition. Additionally, the Fe nanoparticles seem to prefer to nucleate on cross 
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junction between primary CNTs, as observed from Figure S3.2.3a, which could be 

caused by improvement of electron transfer or preferential nucleation sites. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The growth of secondary CNTs using the same optimized gas mixture as above 

and a gas flow rate of 1.7 L h-1 yielded unsatisfactory results. As exposed in Figure 

S3.2.4, larger amounts of amorphous carbon are deposited and only few CNTs are 

grown, indicating the dependence of CNT growth on support and structure. Learning 

from the results on the growth of primary CNTs, the H2/Ar ratio was adjusted to 1.2 L 

h-1/0.5 L h-1 to avoid formation of amorphous carbon, and the growth of secondary 

CNTs was successfully achieved, as demonstrated in Figure 3.2.4b. The secondary 

CNTs were grown quite irregularly, which may be caused by the size distribution of 

the Fe nanoparticles but also by the fact that the gas composition within the 3-

dimensional structure of the primary CNTs may change due to cyclohexane 

consumption by the CVD process. However, the presence of a large number of 

     (a) 

       4 µm 

     500 nm 

     (b) 

       4 µm 

     500 nm 

Figure 3.2.4. SEM images of (a) Fe nanoparticles electrodeposited onto primary CNTs and 

GC (8 s of deposition time) and (b) secondary CNTs grown at 750°C for 120 min with a H2/Ar 

ratio of 2.4 (1.2 L h-1/ 0.5 L h-1). 
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thinner CNTs compared to the initial structures verifies the growth of secondary 

CNTs (compare also Figure S3.2.5). It is, however, considerably difficult to identify 

junctions between primary and secondary CNTs, probably due to top growth and the 

high density of CNTs. 

Furthermore, to access the generality of our approach, the above designed 

procedure was successfully employed to prepare nitrogen-doped nanostructured 

electrodes (N-CNTs/N-CNTs/GC and N-CNTs/N-CNTs/CC) using acetonitrile 

(CH3CN) as the carbon precursors and nitrogen source instead of cyclohexane (see 

Figure S3.2.6 and Figure S3.2.13). 

Physicochemical characterization 

 

 

 

 

 

 

 

 

The prepared electrodes (CNTs/GC and CNTs/CNTs/GC) were characterized by 

Raman spectroscopy (Figure 3.2.5) after Fe removal in concentrated HNO3 (before 

Pt electrodeposition). Both electrodes show the typical D-band at ≈1355 cm-1 and the 

G-band at ≈1600 cm-1, which are associated with structural defects within the carbon 

lattice and crystalline carbon, respectively [321]. The intensity ratios of these bands 

(ID/IG) for CNTs/GC und CNTs/CNTs/GC electrodes are 1.36 und 1.54, respectively. 

This indicates that the secondary CNTs are less ordered and have a higher defect 

density than the primary ones. 

 

Figure 3.2.5. Raman spectra of CNTs/GC and CNTs/CNTs/GC electrodes. The spectra are 

normalized with respect to the intensity of the D-band, and horizontal lines indicate the 

height of the G-band. 
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As the last step in electrode preparation, Pt nanoparticles were electrochemically 

deposited onto CNTs/CNTs/GC and CNTs/GC using linear-sweep voltammetry from 

0 to -0.9 V vs Ag|AgCl|KClsat.. For comparison, Pt deposition onto oxidized GC was 

carried out in the same manner (compare Figure. S3.2.7 for the resulting deposition 

curves). The quite different double-layer capacities above −0.15 V are due to the 

different surface areas and was subtracted for charge integration. Based on 

Faraday’s Law and the charge consumed during the sweep, the mass of 

electrodeposited Pt onto the GC, CNTs/GC and CNTs/CNTs/GC electrodes was 

calculated to be 0.147 mg, 0.101 mg and 0.065 mg, respectively (Table 3.2.1). It 

seems to be surprising that the amount of deposited Pt is highest on the sample with 

the lowest surface area. The reason for the decreasing Pt amount in the order GC, 

CNTs/GC and CNTs/CNTs/GC is not clear to us at the moment; however, this was 

observed in repeated experiments. Similarly it was reported by Rajesh et al. [185] 

that the amount of electrodeposited Pt on graphene/CNTs/GC was less than that on 

graphene/GC under the same deposition condition. As shown in the SEM/BSE 

images in Figure 3.2.6 and Figure S3.2.8-9, Pt nanoparticles were homogenously 

and densely distributed onto the CNTs/GC and CNTs/CNTs/GC with similar particle 

sizes (≈7 nm). Meanwhile, the Pt nanoparticles deposited on oxidized GC are much 

larger (≈50 nm, Figure S3.2.9). Besides electrodeposition onto CNTs, it may be 

assumed that some Pt is directly deposited onto the GC substrate. Furthermore, it 

cannot be excluded that particles smaller than the mentioned 7 nm form, which are 

below the detection limit of our SEM. 

In addition to SEM, XRD measurement was performed to analyze the Pt 

nanoparticles, however, no meaningful diffractograms were obtained due to the low 

overall Pt loading and probably due to the fact that the electrodeposited Pt 

Table 3.2.1. Pt masse on the different supports and corresponding electrochemically active 

surface area (ECSA) determined by Hupd and COads. 

 Pt-GC Pt-CNTs/GC Pt-CNTs/CNTs/GC 

Mass of Pt (mg) via LSV 0.147 0.101 0.065 

ECSA from Hupd (m2/g) 1.11 6.18 12.39 

ECSA from CO (m2/g) - 10.95 13.87 

Ratio of ECSA  
from CO vs Hupd 

- 1.61 1.12 
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nanoparticles seem to be quite irregular and might consist of several crystallites that 

are too small to be detected by XRD (compare Figure S3.2.8).  

 

 

 

 

 

 

 

 

3.2.3. Electrochemical Investigations 

Cyclic voltammetry 

A basic electrochemical characterization of the prepared electrodes was carried 

out using cyclic voltammetry (CV). CVs of GC before and after oxidation in HNO3 as 

well as after growth of primary CNTs and additional secondary CNTs are displayed in 

Figure 3.2.7. The currents in the CVs are associated with the charging and 

decharging of the electrical double layer and denote the double-layer capacity, which 

can be regarded as an estimation of the surface area for the carbon-only samples. In 

addition to these currents, in the potential range between 0.5 V and 0.7 V vs. RHE, a 

redox peak pair is observed for all three samples, which is attributed to the presence 

of oxygen-containing groups (quinone-type) resulting from the necessary treatment 

with HNO3 (see experimental, preparation of GC surface or leaching of Fe particles) 

[276]. The double layer capacity of oxidized GC is increased compared to GC before 

oxidation, which may be attributed to a roughening of the surface and probably the 

formation of oxygen-containing groups like -OH or –C=O [276]. After the CVD growth 

of primary CNTs and secondary CNTs, the double layer capacity is significantly 

enhanced, demonstrating the successful CNT growth and the concomitant increase 

of electrochemically available surface area. Additionally, the functional groups of 

(b) 

500 nm 

Figure 3.2.6. SEM und BSE images of Pt nanoparticles deposited in a aqueous 0.005 M 

Pt(NO3)2 and 0.1 M NaNO3 solution via single-sweep voltammetry from 0 to -0.9 V vs. 

Ag|AgCl|KClsat. at a scan rate of 5 mV s-1 onto CNTs/CNTs/GC. 
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primary and secondary CNTs, which are formed in the concentrated HNO3 during the 

removal of Fe nanoparticles, can also contribute to the increase in double layer 

capacity [269]. The same observation can be made on the above-mentioned nitrogen 

doped hierarchically nanostructured electrodes, where N-CNTs/N-CNTs/GC 

electrodes have a higher double-layer capacity (Figure S3.2.10). It should be 

mentioned that N-CNTs/N-CNTs/GC displays no redox peak attributed to oxygen-

containing functional groups since Fe was electrochemically leached out in H2SO4 

and not chemically in concentrated HNO3 for the sake of follow-up studies not 

presented here. Additionally, CNTs/CNTs/GC is hydrophobic, while N-CNTs/N-

CNTs/GC turned out to be hydrophilic, rendering an oxidative treatment unnecessary.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 3.2.8. Cyclic voltammograms of Pt onto GC, CNTs/GC and CNTs/CNTs/GC 

electrodes recorded at a scan rate of 100 mV s-1 at room temperature in a N2-purged 

aqueous 0.5 M H2SO4 electrolyte solution. 

 

 

Figure 3.2.7. Cyclic voltammograms of GC, oxidized GC, CNTs/GC and CNTs/CNTs/GC 

recorded at a scan rate of 100 mV s-1 in N2-saturated 0.5 M H2SO4 aqueous electrolyte 

solution at room temperature. 
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As described above Pt nanoparticles were electrodeposited onto the hierarchical 

electrodes and, for comparison, also onto the surfaces of oxidized GC and CNTs/GC. 

The available catalyst surface area (electrochemical surface area (ECSA)) of Pt on 

GC, CNTs/GC and CNTs/CNTs/GC was determined from the Hupd charge and COad 

stripping voltammograms. The respective cyclic voltammograms of Hupd were 

recorded in N2-saturated aqueous 0.5 M H2SO4 in the potential range from 0.05 to 

1.2 V vs. RHE at a scan rate of 100 mV s-1 as displayed in Figure 3.2.8. The ECSA 

was calculated from the average columbic charge obtained via integrating the area 

under the hydrogen adsorption/desorption peaks after subtracting the double-layer 

charge in the potential range between 0.05 V and 0.35 V vs. RHE [322, 277]. As 

shown in Figure 3.2.8, the current density (normalized to Pt mass) of Pt-

CNT/CNT/GC for hydrogen adsorption/desorption increases compared to Pt-GC and 

Pt-CNT/GC, and the determined values are displayed in Table 3.2.1. The increase in 

the ECSA for Pt-CNTs/CNTs/GC may be explained by the higher CNT surface area 

of CNT/CNT/GC as compared to CNT/GC, as deduced from the double-layer current. 

The secondary CNTs provide a larger number of anchoring sites (e.g., surface 

functional groups or junction between primary CNTs and secondary CNTs) to form a 

larger numbers of Pt nuclei during electrodeposition [322]. As a consequence, the Pt 

particles in Pt-CNT/CNT/GC must be smaller than in Pt-CNTs/GC. This difference is 

scarcely observed from the SEM images (Figure 3.2.6), which may be attributed to 

the limited resolution of SEM and non-observable Pt nanoparticles on GC. As 

described in the literature [47], secondary CNTs exhibit decreased charge transfer 

resistance with respect to the primary CNTs as determined by electrochemical 

impedance spectroscopy. Thus, we speculate that the improvement in Pt dispersion 

is due to a better conductivity within the 3D network and a facilitated electron transfer, 

which may facilitate Pt nucleation at the CNT surface. As expected, Pt-GC has a 

much lower ECSA compared to Pt-CNTs/GC or Pt-CNTs/CNTs/GC, which is 

associated with the larger Pt nanoparticles (see Figure S3.2.9) resulting from the 

much lower surface area of GC.  
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CO stripping voltammograms 

In addition, COad stripping voltammograms were performed at a scan rate of 20 

mV s-1 in the potential range of 0.05–1.1 V vs. RHE after CO adsorption in N2-purged 

0.1 M HClO4 solution for ECSA determination as well as investigation of CO 

tolerance as shown in Figure 3.2.9. HClO4 was used as the electrolyte for these 

investigations instead of H2SO4 for a better comparability with literature values and to 

avoid disturbance of the COad stripping voltamogramms by sulfate/bisulfate 

adsorption. The charge consumed during COad oxidation was used to calculate the 

ECSA, and the values are 10.95 m2 g
-1 
Pt  for Pt-CNTs/GC and 13.87 m2 g

-1 
Pt  for Pt-

CNTs/CNTs/GC. The ECSAs determined from COad stripping are higher than those 

from Hupd (Table 3.2.1), and the ratio of ECSACOad to ECSAHupd is 1.61 for Pt-

CNTs/GC and 1.12 for Pt-CNTs/CNTs/GC. This is comparable to values reported by 

Mayrhofer et al. [277]. The calculated ECSAs of Pt-CNT/GC and Pt-CNT/CNT/GC 

are lower than the values of 30–80 m2 g
-1 
Pt  ECSA for 2–3 nm Pt nanoparticles 

deposited onto CNTs as reported in the literature [17, 169, 161], in accordance with 

the larger size of the Pt nanoparticles. The differences in the ECSA ratios between 

both samples originate from the much more difficult baseline determination for the 

Hupd peaks and thus a relatively large error. In this respect, the results on the surface-

specific properties (see below) are related to the ECSA determined by CO stripping, 

which is believed to be much more reliable due to easier baseline correction. 

 

 

 

 

 

 

 

 

Figure 3.2.9. COad stripping voltammograms of Pt-CNTs/GC and Pt-CNTs/CNTs/GC 

monitored at 20 mV s-1 in CO-purged and subsequently N2-purged 0.1 M HClO4 solution. The 

vertical dashed lines are intended as a guide for the eye. 
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Methanol electro-oxidation 

The CVs of the methanol oxidation reaction (MOR) over the Pt-containing 

nanostructured electrodes were recorded in N2-purged 1 M CH3OH and 0.5 M H2SO4 

aqueous solution to investigate their suitability for electrocatalytic applications. Due to 

the large double-layer capacity of the samples, a slow scan rate of 5 mV s−1 was 

applied. Note that the oxidation current scales with the square root of the scan rate, 

while the double-layer charging current linearly scales with scan rate. Thus, the slow 

scan rate allows for a much more reliable determination of peak potentials and 

currents. The fifth cycle of each measurement is represented in Figure 3.2.10. The 

current response for electrochemical activity towards MOR was quantified to the Pt 

mass and the Pt ECSA in Figure 3.2.10a and Figure 3.2.10b, respectively, where the 

Pt ESCA was calculated from the COad stripping voltammograms. Figure 3.2.10 

represents the typical appearance of the CVs for methanol oxidation over Pt-based 

catalysts. Methanol is oxidized to CO2 in the forward CV scan until Pt is oxidized, 

leading to a surface passivation and a sudden decrease in the oxidation current. 

During the backward CV scan, MeOH oxidation starts as soon as the electrode is 

liberated from oxides. In the literature, it is often observed that the current during the 

backward scan is higher and/or extends to less positive potentials than during the 

forward scan, since in the forward scan the electrode is blocked by intermediate 

carbonaceous species (e.g., CO) formed at lower potentials. Thus, the peak current 

ratio between the forward and backward scan (if/ib) is typically used as a qualitative 

measure of the poisoning tolerance of a catalyst towards carbonaceous poisoning 

species formed during incomplete methanol oxidation at lower potentials [323–326]. 

In this regard, the comparably high (if/ib) ratio (see below) indicates very good 

poisoning tolerance of our nanostructured samples. However, Hofstead-Duffy et al. 

[327] claimed that the forward and backward scan of methanol oxidation has the 

same chemical origin and the if/ib ratio is inadequate to be used as a measure for CO 

tolerance, which is further demonstrated and complemented in [328, 329]. Thus, we 

attempted to obtain additional information on CO tolerance from the CO stripping 

voltammograms. As shown in Figure 3.2.9, the hydrogen adsorption/desorption is 

suppressed in the potential range from 0.05 to 0.3 V vs. RHE, indicating complete 

coverage of Pt with COad. Pt-CNTs/CNTs/GC provides a more negative onset 

potential for CO oxidation at around 0.66 V vs. RHE compared to Pt-CNT/GC (≈0.7 
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V). The negative shift of the onset potential indicates that Pt-CNT/CNT/GC is superior 

for the electro-oxidation of COad compared to Pt-CNT/GC. The reason for this 

improved poisoning tolerance is not known to us at the moment. However, it is known 

from literature that methanol as well as CO oxidation are very sensitive to Pt surface 

structure. It might be that a defect-rich structure of our Pt nanoparticles formed by 

electrodeposition is highly active for CO and MeOH oxidation and less prone to 

poisoning. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The cyclic voltammograms in Figure 3.2.10 show differences in terms of the 

electrocatalytic activity. In the forward scan, Pt-CNTs/CNTs/GC provides Pt mass 

specific and Pt surface specific peak currents of 94.46 mA mg
-1 
Pt  and 0.68 mA cm

-2 
Pt  at 

the peak potential of 0.83 V vs. RHE, respectively, which is much higher than those 

of Pt-CNTs/GC, which are 38.54 mA mg
-1 
Pt  and 0.35 mA cm

-2 
Pt  at 0.81 V vs. RHE; 

respectively. Pt-GC provides much lower specific peak currents of 1.88 mA mg
-1 
Pt  and 

Figure 3.2.10. Cyclic voltammograms of Pt-CNTs/GC and Pt-CNTs/CNTs/GC in N2 saturated 

1 M CH3OH and 0.5 M H2SO4 electrolyte solution recorded at a scan rate of 5 mV s-1 

normalized to (a) Pt masse and (b) Pt-ECSA evaluated by COads stripping. The vertical 

dashed lines are intended as a guide for the eye.  
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0.17 mA cm
-2 
Pt  as expected. The inset in Figure 3.2.10a indicates the superior onset 

potential of Pt-CNTs/CNTs/GC (≈0.55 V vs. RHE) compared to that of Pt-CNTs/GC 

(≈0.68 V vs. RHE). Pt mass specific and Pt surface specific peak current ratios of Pt-

CNTs/CNTs/GC related to Pt-CNTs/GC are 2.5 and 1.9, respectively. For the 

backward scans, the values for Pt-CNTs/CNTs/GC were 58.14 mA mg
-1 
Pt  and 0.41 mA 

cm
-2 
Pt  which are again, significantly higher than those of Pt-CNTs/GC (19.74 mA mg

-1 
Pt  

and 0.17 mA cm
-2 
Pt ). These values indicate that Pt-CNTs/CNTs/GC provides higher 

catalytic activity for the methanol oxidation. Similarly, Pt-CNTs/CNTs/GC exhibits a 

1.3 times higher surface specific current density than Pt-CNTs/GC for methanol 

oxidation in alkaline medium as shown in Figure S3.2.11. 

Such enhancement in specific activity could be attributed to a better distribution of 

Pt on the high-surface-area secondary nanotubes, while on the primary CNTs, the Pt 

particles may be more densely packed. Furthermore, the secondary CNTs may 

increase the contact between GC and primary CNTs and within the CNT network, 

improving electron transfer pathways. Additionally, differences in particle shape or 

the presence of small particles invisible to SEM may contribute, however we can only 

speculate on this.  

In the literature, graphene/CNT hybrids were demonstrated to be superior Pt 

catalyst supports towards MOR with respect to graphene, CNTs or commercial 

carbons [174, 185, 330, 184, 186, 331]. In [185] electrodeposited Pt nanoparticles 

were used in a similar fashion as in our paper. Using a Pt-graphene/CNTs hybrid on 

GC, a mass specific current of 62.02 mA mg
-1 
Pt  was found in 1 M methanol solution at 

a scan rate of 50 mV s-1. It should be pointed that MOR measurement in literature are 

usually performed at scan rates of 50 or 100 mV s-1, while in our study we employ 5 

mV s-1 for reasons explained above, and increased mass-specific peak currents at 

higher scan rates are expected according to the Randles-Sevcik equation.  

Furthermore, the Pt-mass specific peak current for Pt-CNTs/CNTs/GC is similar to 

that of the Pt-graphene/CNTs hybrid on carbon cloth (101.52 mA mg
-1 
Pt ), and the Pt-

surface specific peak current was two times higher than that of Pt-graphene/CNTs on 

carbon cloth (0.34 mA cm
-2 
Pt ) reported previously [330], indicating that the introduction 

of secondary CNTs may provide a similar or superior beneficial effect as graphene on 
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the electrocatalytic activity toward MOR. In general, it can be concluded that Pt-

CNT/CNT/GC, as prepared in this paper, performs similar or better compared to 

literature studies using similar systems. 

In [47], similar nanostructures were prepared that showed high activity in the 

oxygen reduction reaction. The prepared materials in this work also show the similar 

result (Figure S3.2.14). Although there are differences in electrode preparation (in the 

present case, Pt is electrodeposited onto the carbon-based electrodes, probably 

leading to defect-rich particles (see also below), while in [47], Pt deposition has been 

deposited by CVD), we think that generally the high surface area and good 

accessibility of the active sites is a prerequisite for the enhanced electrocatalytic 

performance of such structures in various electrocatalytic reactions. 

3.2.4. Conclusion 

The preparation of hierarchically nanostructured electrodes for electrocatalytic 

applications was achieved via sequential growth of primary CNTs and secondary 

CNTs by CVD and finally Pt electrodeposition. CNT growth was carried out over 

electrodeposited iron nanoparticles. By varying the growth time, gas flow rate and 

ratio of H2/Ar, it was shown that the structural properties of the primary and 

secondary CNTs could be tuned to a certain extent. The secondary CNTs were 

adjusted to be smaller than the primary ones to obtain truly hierarchical structures. 

Enhanced double-layer capacitance as well changes in the Raman spectra with 

respect to the primary CNTs indicate the successful growth of secondary CNTs. Pt 

nanoparticles were homogeneously distributed onto both primary and secondary 

CNTs by electrodeposition. The Pt-CNTs/CNTs/GC electrode exhibited increased 

ECSA and electrochemical activity as well as more negative onset potential for MOR 

compared with Pt-CNTs/GC. Additionally, COad stripping indicated improved 

tolerance towards CO-like carbonaceous species poisoning. The improvement of 

electrochemical performance is attributed to the homogenous dispersion of Pt 

nanoparticles on the highly cross-linked 3D network. The prepared carbon electrode 

was shown to be a competitive catalyst support for methanol oxidation. In general, 

the applied sequences of electrodeposition and CVD steps may be considered as 

part of a toolbox enabling the preparation of hierarchically structured electrodes by 
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tuning every step with respect to the requirements of a given electrochemical 

application. 
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3.2.5. Supplementary Information 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3.2.1. Single sweep voltammogram of iron deposition on oxidized GC recorded in 

the potential range between -0.5 V and -1.75 V vs. Ag|AgCl|KClsat. with a scan rate 5 mV s-1 

in N2 purged 0.005 M FeSO4 * 7H2O and 0.5 M MgSO4 * 7H2O aqueous solution. The 

respective potentials for double-pulse deposition are indicated.  
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Figure S3.2.2. SEM images of CNTs grown at 750°C using cyclohexane as carbon source 

through CVD with an H2/Ar ratio of 1.8: (a) for 30 min and (b) for 60 min using 1.7 L h-1 as 

total gas flow rate; (c) with 6.7 L h-1 as total gas flow rate and (d) 12.1 L h-1  as flow rate for 

120 min; as well as with a gas flow rate of 1.7 L h-1 for 120min with different H2/Ar ratios: (e) 

1.4 (1.0 L h-1/0.7 L h-1), (f) 2.4 (1.2 L h-1/0.5 L h-1), (g) optical images of GC before and after 

CNT growth for 120 min. 
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Figure S3.2.3. SEM and BSE images of Fe nanoparticles deposited onto primary CNTs on 

GC via the above mentioned electrochemical deposition with different deposition times: (a) 12 

s and (b) 6 s. 
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Figure S3.2.4. SEM image of secondary CNT growth at 750°C for 120 min with optimized 

H2/Ar ratio: 1.8 (1.1 L h-1/ 0.6 L h-1). 
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Figure S3.2.5. SEM and BSE images of (a) electrodeposited secondary Fe nanoparticles 

onto thicker CNTs and GC with 6 s deposition time as well as (b) secondary CNTs grown via 

optimized growth condition. (The CNTs with increased diameter were grown at bigger primary 

Fe nanoparticles created by longer deposition time.) 
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10 nm 100 nm 

 Figure S3.2.8. SEM images of Pt nanoparticles deposited onto CNTs/CNTs/Pt in a 0.005 M 

Pt(NO3)2 and 0.1 M NaNO3 aqueous solution via linear-sweep voltammetry from 0 to -0.9 V 

vs. Ag|AgCl|KClsat. at 5 mV s-1 scan rate. 

BSE 

Figure S3.2.6. SEM images of CNTs (a) before and (b) after secondary CNT growth under 

acetonitrile as carbon source at 750 °C for 120 min. 

500 nm 

(a) 

500 nm 

(b) 

Figure S3.2.7. Linear sweep voltammogram for Pt deposition recorded at a scan rate of 5 

mV s-1 from 0 to -0.9 V vs. Ag|AgCl|KClsat. in a 0.005 M Pt(NO3)2 and 0.1 M NaNO3 solution. 

 



Hierarchically Structured CNTs/CNTs/GC Electrode 

 

75 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

BSE 

500 nm 

SE (b) 

500 nm 

BSE 

500 nm 

SE (c) 

500 nm 

BSE 

1 µm 

(a) SE 

1 µm 

Figure S3.2.9. SEM und BSE images of Pt nanoparticles deposited in a aqueous 0.005 M 

Pt(NO3)2 and 0.1 M NaNO3 solution via single-sweep voltammetry from 0 to -0.9 V vs. 

Ag|AgCl|KClsat. at 5 mV s-1 scan rate onto: (a) oxidized GC, (b) CNTs/GC and (c) 

CNTs/CNTs/GC. 
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Figure S3.2.11. Cyclic voltammograms of Pt-GC, Pt-CNTs/GC and Pt-CNTs/CNTs/GC 

recorded at a scan rate of 5 mV s-1 respectively normalized to Pt-ECSA evaluated by Hads/des 

and Pt mass in the potential range from -0.2 V–1.0 V vs. Ag|AgCl|KClsat in N2 purged 1 M 

CH3OH and 0.5 M H2SO4 solution (a, b) as shown in potential range of -0.9 V-0.4 V in 1 M 

CH3OH and 0.5 M KOH solution (c, d). 
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(b) 

Figure S3.2.10. Cyclic voltammograms of N-CNTs/GC and N-CNTs/N-CNTs/GC electrodes 

measured at a 100 mV s-1 scan rate in 0.5 M H2SO4 aqueous solution purged with N2 at room 

temperature. 
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(a) (b) 

Figure S3.2.13. SEM images of (a) and (b) Fe deposited on primary CNTs on CC in different 

scales, (c) secondary CNT growth over Fe particles via CVD in 3 L h-1/3 L h-1 Ar/H2 purged 

acetonitrile atmosphere for 120 min at 750°. 

(c) 

(a) (b) 

Figure S3.2.12. SEM images of CNT growth over Ni particles onto GC via CVD using (a) 

cyclohexane and (b) acetonitrile as carbon sources at 750°. 
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Figure S3.2.14. Linear-sweep voltammograms of the prepared electrodes (with Pt) recorded 

in O2 saturated 0.5 M H2SO4 at a scan rate of 5 mV s-1 for ORR measurements. 
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3.3. Nanostructured NCNTs/RGO/CC Composite Electrode 

The content of this chapter has been published as ‘Pt supported on 

nanostructured NCNTs/RGO composite electrodes for methanol oxidation, Pei Wang, 

Dr. Tintula Kottakkat, Prof. Dr. Michael Bron, ChemElectroChem 2015, 2, 1396-1402’ 

[330]. Reproduced with permission by John Wiley and Sons and Copyright Clearance 

Center 

3.3.1. Motivation 

Direct methanol fuel cells (DMFCs) are promising power sources for portable 

applications due to their low temperature of operation and the fact that they run on an 

easily handled liquid fuel. The high energy density and low cost of methanol are 

further advantages. However, the methanol crossover through the electrolyte 

membrane from the anode to the cathode and the slow kinetics of the methanol 

oxidation reaction (MOR) at the anode restrain the development towards practical 

DMFC applications. The slow MOR kinetics arises from the various carbonaceous 

intermediates formed during the incomplete MOR and consequently from the surface 

poisoning of Pt-based catalysts [125, 332–336].  

To overcome the incomplete MOR and poisoning by adsorbed intermediates, 

alloying of Pt with a second metal or addition of an oxophilic component have 

frequently been studied, such as Pt–Ru, Pt–Ni, Pt–CeO 2 , Pt–WO 3 , etc. [166, 337–

340]. Moreover, new catalyst supports with large surface area, high electrical 

conductivity and good chemical and mechanical stability were also employed to 

improve the dispersion and the electrocatalytic activity towards MOR, such as carbon 

nanotubes (CNTs) [166, 341–344], blends of Vulcan XC-72 carbon with CNTs [345] 

and reduced graphene oxide (RGO) [158–162]. 

Earlier investigations demonstrated that Pt-based catalysts supported on nitrogen-

doped carbon nanotubes (NCNTs) show increased activity towards MOR and higher 

power density in DMFC tests than carbon- and CNT-supported catalysts under 

similar conditions [166, 167]. Furthermore, Pt-based catalysts supported on RGO 

show enhanced catalytic activity for MOR and better tolerance against carbon 

monoxide poisoning in comparison to those on Vulcan and CNTs [158–162]. 
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In recent years, graphene- and CNT-based hybrid materials or composites have 

been widely investigated for supercapacitor applications due to their multifunctional 

properties, large surface area, favorable mechanical properties, high electrical 

conductivity and stability in the electrolyte [346–348]. A few studies also report on 

CNTs/RGO composites investigated as catalyst support for Pt, PtRu or PtRuMo 

towards MOR activity and CO tolerance [183, 174, 184–186], where the catalysts 

supported on CNTs/RGO showed improved catalytic performances. CNTs/RGO 

composites are often prepared by two different approaches. The most common 

approach is to simply mix GO and CNTs followed by ultrasonic treatment and 

reduction to form CNTs/RGO hybrids through π-π interactions between CNTs and 

RGO. A more sophisticated approach is to grow CNTs directly onto the surface of 

graphene through chemical vapor deposition (CVD), where strong interactions exist 

and reduced restacking of graphene leads to high stability [347, 346]. Jhan et al. [186] 

reported that Pt deposited on composites with CNTs directly grown onto graphene 

showed distinct enhancement in electrochemical activity with respect to Pt deposited 

on simply mixed graphene and CNTs.  

The electrical conductivity pathway from the electrode/electrolyte interface to the 

gas diffusion layer (GDL) is an important aspect in membrane–electrode assemblies 

(MEAs). Usually, carbon paper and carbon cloth (CC) serve as the GDL in MEAs. 

Tsai et al. [349] reported on Pt/Ru nanoparticles electrodeposited on CNTs that were 

directly grown on carbon cloth. The electrical contact between the support and the 

diffusion layer was improved and the decrease in active surface area occurring 

during the conventional ink pasting process was avoided. Wang et al. [350] showed 

that Pt/Ru-CNTs/CC exposed higher performance compared to Pt/Ru-C/CC in MEA 

polarization curves.  

In this work, we prepared uniformly nanostructured NCNTs/RGO hybrids directly 

onto carbon cloth (CC) as substrate by thermal reduction of graphene oxide (GO) 

followed by chemical vapor deposition (CVD) of NCNTs. This approach was chosen 

to directly anchor the NCNTs to the substrate. Furthermore, Pt was uniformly 

electrodeposited to form Pt-NCNTs/RGO/CC. The MOR surface/mass specific 

activities and tolerance towards adsorbed carbonaceous intermediate-poisoning of 

the Pt-NCNTs/RGO/CC electrode were studied and compared with Pt-NCNTs/CC. 
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3.3.2. Preparation and Characterization of the Nanostructured Electrodes 

 

 

 

 

 

 

 

 

 

Figure 3.3.1 displays the procedure for the preparation of Pt-NCNTs/RGO/CC 

nanostructured electrodes. Each preparation step has been optimized towards 

optimum reproducibility, density and homogeneity of the nanostructured electrodes. 

SEM and optical images of the CC as well as the GO- and RGO-decorated CC are 

shown in Figure 3.3.2. Comparison with the SEM image of bare CC (Figure 3.3.2a) 

indicates that the fibers of CC are homogeneously covered by thin films of GO and 

RGO (Figures 3.3.2c and e, additional figures with different scale bars are found in 

the Supporting Information, Figure S3.3.1). It is difficult to differentiate between GO 

and RGO from the SEM image. However, through the optical images, GO before and 

after reduction is easily distinguished, as shown in Figures 3.3.2d and f. RGO sheets 

on carbon cloth show a gray metallic gloss compared to GO sheets possibly owing to 

the improved electrical conductivity after reduction of GO, in a way that charge carrier 

concentration and mobility were enhanced and the reflection of visible light was 

improved. A similar observation was reported for RGO decorated onto indium tin 

oxide (ITO) films by Pei et al. [351, 352]. 

 

 

Figure 3.3.1. Schematic representation of the preparation of nanostructured electrodes: (a) 

homogeneous deposition of graphene oxide onto carbon cloth (CC) by dip-coating, (b) 

reduction of GO through heat-treatment at 380 °C in Ar/H2 atmosphere, (c) electrodeposition 

of Fe nanoparticles onto RGO/CC, (d) growth of NCNTs on RGO/CC via CVD, (e) 

electrochemical leaching of Fe particles followed by electrodeposition of Pt nanoparticles to 

form Pt-NCNTs/RGO/CC. 
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The development of the XRD profiles with each preparation step is displayed in 

Figure 3.3.3b and compared to the diffractograms of graphite, GO and RGO (Figure 

3.3.3a). Graphite exposes a diffraction peak at a 2θ value of 26.4° corresponding to 

the hexagonal crystalline graphite, whereas in GO the 26.4° peak disappears and a 

new diffraction peak is observed at 10.2°, as caused by the oxidation of graphite. 

Meanwhile, the bare CC also shows a shifted and broad graphite diffraction peak at 

25.1° (Figure 3.3.3b). After GO decoration on CC, the GO/CC displays a diffraction 

peak at 10.2° owing to GO, apart from the characteristic peak of CC. On heat 

Figure 3.3.2. SEM images of (a) CC, (c) GO decorated on CC, (e) reduced GO/CC; optical 

images of (b) CC, (d) GO/CC and (f) RGO/CC. 
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treatment of GO/CC at 380 °C, the intensity of the peak at 25.1° increases and the 

peak at 10.4° nearly disappears, attributed to the removal of the oxygen functional 

groups and the formation of RGO/CC. The reduction of GO to RGO under the 

conditions chosen in this work is further confirmed from the XRD pattern of the heat-

treated GO in the absence of CC (Figure 3.3.3a). Here the peak corresponding to GO 

completely vanishes after reduction. Finally, NCNTs/RGO/CC has similar diffraction 

patterns as those of RGO/CC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3.3. X-ray diffraction profiles of (a) graphite, GO, RGO; (b) CC, GO/CC, RGO/CC 

and NCNTs/RGO/CC; (c) Raman spectra of commercial graphite, CC, GO/CC and RGO/CC 

showing the shift in the G band. 532 nm laser as excitation. Dashed lines are intended as a 

help for the eye. 
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Furthermore, the materials were studied by Raman spectroscopy as shown in 

Figure 3.3.3c. Carbon materials are characterized by the typical D band at ca. 1350 

cm-1 and the G band at ca. 1600 cm-1. The D band corresponds to imperfections or 

structural defects in the carbon lattice and the G band represents the in-plane 

stretching vibrations of sp2 domains of crystalline carbon [347, 346, 353–355]. Due to 

the irregularities and impurities in commercial graphite, a small D band is visible in 

the corresponding Raman spectrum. GO/CC and RGO/CC display Raman spectra 

rather similar to that of CC, with a broad D band. However GO/CC has an increased 

relative intensity (ID/IG: 0.914) compared to graphite (ID/IG: 0.265) and CC (ID/IG: 

0.908), which is associated with defects created by the formation of hydroxyl and 

epoxide groups in the graphitic structure during preparation. In addition, GO and 

RGO on CC displayed a broadened G band, which is attributed to the increased 

disorder in relation to graphite. The G band of GO/CC is located at 1600 cm-1 and 

shifted with respect to the band of CC at 1590 cm-1, while graphite has a G band at 

the 1582 cm-1. Upon heat treatment of GO/CC, the G band is shifted to 1592 cm-1 for 

RGO, which lies between the value of graphite and GO. Furthermore, the ID/IG of 

RGO/CC (0.895) is also lower than before reduction due to the removal of the 

oxygen-containing functional groups. This indicates that GO is reduced to RGO at 

low temperature in the presence of hydrogen, which is in good agreement with the 

XRD measurements.  

In addition, the presence of NCNTs in NCNTs/RGO/CC does not cause any 

noticeable shift in G band with respect to RGO/CC. However, an increased ID/IG ratio 

(ID/IG: 0.961) in comparison to RGO/CC and GO/CC reveals their formation. 

Moreover, NCNTs/RGO/CC exhibits a slightly smaller ID/IG ratio of 0.942 (Figure 

S3.3.2), probably indicating slight differences in the CNT growth over CNT and RGO. 

However, these differences are minor and should not be overemphasized. In 

summary, XRD and Raman measurements confirm the stepwise assembly as well as 

the success of the reduction procedure during preparation of the nanostructured 

electrodes. 
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(b) 

9 µm 

(a) 

2 µm 

Figure 3.3.4. SEM images of (a) Fe nanoparticles on RGO/CC obtained by 

electrodeposition; (b) NCNTs grown on the RGO/CC from acetonitrile catalyzed by Fe 

nanoparticles at 750 °C via CVD; Pt nanoparticles electrodeposited on (c) NCNTs/CC and (d) 

NCNTs/RGO/CC. 
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For the preparation of NCNTs by chemical vapor deposition (CVD), transition 

metals such as Fe, Co and Ni are employed as catalysts to decompose the carbon 

precursors. The dissolved carbon in the metal crystallized in the form of a cylindrical 

network [206]. It is known that the size of catalyst particles can influence the diameter 

of the formed NCNTs [319, 206] (as exhibited in Figure S3.3.7b and Figure S3.3.8b). 

In the present work Fe nanoparticles are employed as catalyst for the NCNT growth 

on the surface of RGO/CC. Fe deposition on the surface of the catalyst support can 

easily be carried out by electrochemical deposition as demonstrated by Li et al. [317]. 

Here double-pulse electrodeposition [318] was used to deposit Fe nanoparticles on 

RGO/CC and, as reference, on CC, and thereby control the distribution and size of 

Fe nanoparticles. Fe nanoparticles were deposited with a narrow size distribution in 

the range from 80 nm to 100 nm as shown in Figure 3.3.4a. Obviously, this 

electrodeposition method worked and the homogeneously distributed Fe 

nanoparticles provided further evidence for the good electrical conductivity between 

RGO and CC throughout the electrode. Figure 3.3.4b represents the 

NCNTs/RGO/CC electrode, where NCNTs were densely grown on the surface of 

RGO decorated CC with acetonitrile as carbon precursor at 750 °C. The density of 

the NCNTs obtained over electrochemically deposited Fe particles is higher than that 

obtained by other means, for example, NCNTs grown over 1 nm thick iron particles 

on RGO deposited on copper foil by e-beam evaporation [185]. For further 

comparison, NCNTs/CC was prepared via CVD after Fe deposition on CC. (see 

Figure S3.3.6, 7 and 8). 

An SEM image of electrochemically deposited Pt nanoparticles on 

NCNTs/RGO/CC is shown in Figure 3.3.4d. Pt nanoparticles were also 

electrodeposited onto the surface of CVD prepared NCNTs on bare CC (Figure 

3.3.4c) for comparison. Densely populated Pt nanoparticles were uniformly 

distributed on both NCNTs/CC and NCNTs/RGO/CC with similar distribution. 

Furthermore, in Pt-NCNTs/RGO/CC, Pt nanoparticles were not only deposited on 

NCNTs but also on RGO. The absence of Pt peaks in the XRD patterns (not shown) 

impedes Pt crystallite size determination from the peak width. The very low Pt loading 

with respect to the nanostructured electrodes (NCNTs/RGO/CC and NCNTs/CC) as 

observed from ICP-OES analysis, ca. 0.6 wt.%, might be one reason for this. Pt 

nanoparticle average sizes were ca. 5.0 nm for Pt-NCNTs/RGO/CC and 5.5 nm for 
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Pt-NCNTs/CC as determined by TEM and shown in Figure S3.3.3. Since the TEM 

specimens were prepared after 2 h of ultrasonic treatment of the nanostructured 

electrodes to separate the CNTs, we would like to take the TEM results with caution 

due to the risk of CNTs structure damage and particle detachment. The absence of 

Pt peaks in XRD, which is surprising given a particle size of 5 nm, is attributed to the 

difficulties in measuring the samples (non-flat surface) and/or might indicate a 

polycrystalline nature of the electrodeposited particles. 

3.3.3. Electrochemical Investigations 

The electrocatalytic activities of the nanostructured electrodes towards MOR were 

evaluated by cyclic voltammetry and quantified with respect to the available catalyst 

surface area (ECSA, electrochemical surface area). The ECSAs of Pt-

NCNTs/RGO/CC and Pt-NCNTs/CC were determined from both the Hads/des 

voltammograms and COad stripping voltammograms. The cyclic voltammograms of 

Hads/des were recorded between -0.2 and 1.0 V vs. Ag|AgCl|KClsat. with a scan rate of 

100 mV s-1 in N2 saturated 0.1 M HClO4 aqueous solution as represented in Figure 

3.3.5, while the COad stripping voltammograms were measured for Pt-

NCNTs/RGO/CC and Pt-NCNTs/CC after CO adsorption from CO saturated 0.1 M 

HClO4 aqueous solution at a scan rate of 20 mV s-1, as shown in Figure 3.3.6. The 

ECSA from Hads/des voltammogram was calculated from the columbic charge obtained 

by integrating the area under the hydrogen adsorption/desorption peaks observed in 

the potential range from -0.19 V to 0.20 V vs. Ag|AgCl|KClsat. for platinum after 

subtracting the double layer charge [356]. Similarly the ECSA was calculated from 

the CO oxidation peak in the CO ad stripping voltammogram in the potential range 

between 0.44 V and 0.78 V vs. Ag|AgCl|KClsat. [277]. 
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As shown in Figure 3.3.5, Pt-NCNTs/RGO/CC shows higher current density for 

hydrogen adsorption/desorption compared to Pt-NCNTs/CC. The ECSA calculated 

for the Pt-NCNTs/RGO/CC electrode is 27.14 m2 g
-1 

Pt , which is slightly higher than that 

of Pt-NCNTs/CC electrode (ECSA: 25.86 m2 g
-1 

Pt ). Meanwhile, the values of ECSA 

determined from COad stripping are 30.13 m2 g
-1 

Pt  for Pt-NCNTs/RGO/CC and 28.63 

m2 g
-1 

Pt  for Pt-NCNTs/CC, which are higher than the respective values calculated from 

hydrogen adsorption/desorption. The differences in the ECSA measured by CO ad 

stripping and hydrogen adsorption/desorption have been discussed in the literature 

[277]. However, both evaluation methods show a higher ECSA for Pt-

NCNTs/RGO/CC and thus a higher surface area available for electrochemical 

reactions. The increase in ECSA in the presence of RGO might be attributed to the 

improved Pt dispersion resulting from adequate anchoring sites on the surface of 

RGO for nucleation during Pt deposition [357, 358]. 

 

 

 

 

Figure 3.3.5. Cyclic voltammograms of Pt-NCNTs/CC and Pt-NCNTs/RGO/CC electrodes 

recorded at a scan rate of 100 mV s-1 at room temperature in 0.1 M HClO4 aqueous 

electrolyte solution purged with N2 after MOR measurements. Dashed lines are intended as 

a help for the eye. 
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The activities of the electrodes towards methanol oxidation were investigated by 

CV measurements. For both types of electrodes CVs were recorded in nitrogen 

purged 1 M CH3OH/ 0.5 M H2SO4 aqueous solution at potentials ranging from -0.21 

to 1.0 V vs Ag|AgCl|KClsat.. The tenth cycle of each measurement is represented in 

Figure 3.3.7. Due to the observed large double-layer capacity a scan rate of 5 mV s-1 

was chosen to determine the MOR activity of the prepared electrodes. The current 

responses in the CVs were normalized respectively to the ECSA of Pt calculated 

from COad stripping and the Pt mass loading evaluated from ICP-OES. 

During the forward CV scan, methanol is oxidized to CO2 and partially to 

intermediate carbonaceous species such as CO which will adsorb on the Pt surface, 

leading to poisoning. The reverse scan is associated with the removal of residual 

carbonaceous species formed during the forward scan and to methanol oxidation on 

the Pt surface liberated from poisonous species and oxides. Therefore, the ratio of 

forward peak current (if) to the backward peak current (ib), namely if/ib is used to 

describe the tolerance of the catalyst towards poisoning by intermediately formed 

carbonaceous species in numerous literatures. However, the ratio is inadequate to 

assess the CO tolerance, which was reported by Hofstead-Duffy et al. [327] 

(described above in chapter 3.2.3). Thus, the CO tolerance was evaluated by COad 

stripping measurements.  

Figure 3.3.6. COad stripping voltammograms for Pt on (a) NCNTs/CC and (b) 

NCNTs/RGO/CC recorded at 20 mV s-1 in aqueous 0.1 M HClO4 electrolyte solution after 

MOR measurement. Dashed lines are intended as a help for the eye. 
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The voltammograms of Pt-NCNTs/RGO/CC and Pt-NCNTs/CC in Figure 3.3.7 

exhibit distinct features in terms of the specific activity and the ratio of peak current 

densities (if/ib). In the forward scan, Pt-NCNTs/RGO/CC exhibits a higher Pt surface- 

and mass-specific peak current of 0.34 mA cm
-2 
Pt  and 101.52 mA mg

-1 
Pt , respectively, 

with a current peak at 0.589 V compared to Pt-NCNTs/CC, which shows values of 

0.26 mA cm
-2 
Pt  and 74.27 mA mg

-1 
Pt , respectively, with a current peak at 0.614 V. The 

surface-specific peak current of Pt-NCNTs/RGO/CC is 1.31 times higher than that for 

Pt-NCNTs/CC, while the mass-specific peak current ratio of Pt-NCNTs/RGO/CC to 

Pt-NCNTs/CC is 1.37. Both values indicated that Pt deposited on NCNTs/RGO/CC 

provides higher methanol oxidation activity than Pt on NCNTs/CC. 

Figure 3.3.7. Cyclic voltammograms of Pt-NCNTs/CC and Pt-NCNTs/RGO/CC in N2 purged 

1 M CH3OH in 0.5 M H2SO4 electrolyte solution recorded at a scan rate of 5 mV s-1 

normalized to (a) Pt-ECSA evaluated by COad stripping and (b) Pt mass loading. Dashed 

lines are intended as a help for the eye. 
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Furthermore, the mass-specific peak current of Pt-NCNTs/RGO/CC is much 

higher than the 62 mA mg
-1 
Pt  for Pt-graphene/CNTs hybrid reported by Rajesh et al. at 

a scan rate of 50 mV s-1 for a 1 M methanol solution [185].While the mass-specific 

peak currents of Pt/CNTs/carbon paper and commercial Pt/C electrodes were 

reported to be 146.4 mA mg
-1 
Pt  and 62 mA mg

-1 
Pt  at a scan rate of 50 mV s-1, 

respectively [344], our Pt-NCNTs/RGO/CC demonstrate a 101.52 mA mg
-1 
Pt  mass 

activity at a scan rate of 5 mV s-1. According to the Randles–Sevcik equation, it can 

be expected that increased mass-specific peak currents would be obtained at higher 

scan rates, indicating that the activity of our electrodes was similar or superior to 

activities reported in the literature. To further promote the electrochemical activities 

for Pt-NCNTs/RGO/CC towards MOR, the Pt nanoparticles size and distribution 

should be improved towards commercial Pt/C (1.5–4 nm) in further studies. 

An exceptionally favorable if/ib ratio of 2.86 is obtained for Pt-NCNTs/RGO/CC, 

which is significantly higher than the values reported for Pt on graphene–CNT 

composites by Rajesh et al. and Jhan et al. [185]. Additionally, the if/ib ratio for Pt-

NCNTs/RGO/CC is also higher than that of Pt-NCNTs/CC (2.27), commonly 

demonstrating the enhanced tolerance towards poisoning by intermediately formed 

carbonaceous species (COad and CO-like species). However, it was reported by 

Hofstead-Duffy et al. that the if/ib ratio is inadequate to measure CO tolerance. Thus, 

COad stripping as shown as in Figure 3.3.6, was used to evaluate the CO tolerance. 

The onset potential of CO oxidation on Pt-NCNTs/RGO/CC (0.44 V) is less positive 

than that of Pt-NCNTs/CC (0.52 V). Similarly, the COad stripping peak on Pt-

NCNTs/RGO/CC shifts to less positive values compared to Pt-NCNTs/CC. This 

suggests that the electrocatalytic activity of Pt-NCNTs/RGO/CC composites for CO 

oxidation is superior to that of Pt-NCNTs/CC. However, the onset potential for 

methanol oxidation on Pt-NCNTs/CC is slightly more negative than for Pt-

NCNTs/RGO/CC (Figure 3.3.7). Both oxidation reactions require different 

prerequisites to occur. CO oxidation requires the activation of OH species on the Pt 

surface, while methanol oxidation starts with the dehydrogenation of methanol on Pt. 

Thus, the different behavior of the onset potential for CO and MeOH oxidation is not 

a contradiction. It should be mentioned at this instance that, although the observed 

differences in peak potentials are small, they are reproducible and we thus think that 
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it is justified to deduce slightly different electrochemical properties. In addition, Pt-

CNTs/RGO/GC shows higher oxidation current and good electrocatalytic stability in 

chronoamperometric measurements (Figure S3.3.4). In Figure S3.3.5 Pt-

CNTs/RGO/GC displays a more positive onset potential, indicating its improved 

electrochemical activity for oxygen reduction reaction. Due to the shape and the 

rough surface of carbon cloth, the RDE measurement could not be used. In the 

measurement hydrodynamics on CC surface would be distorted, so that the analysis 

of kinetic parameters might strongly deviate and not be accurate. 

The above mentioned improved electrochemical activity of Pt-NCNTs/RGO/CC 

could be associated with the presence of RGO, which could be explained by the 

following considerations: 1) in the NCNTs/RGO hybrids, RGO could be considered as 

a (conductive) bridge not only between the CNTs and CC, but also between different 

CC fibers and between CNTs to form a conductive network, so that efficient electron 

transfer pathways can be provided. In the literature, 3D-nanostructured CNTs/RGO 

hybrids exposed smaller charge transfer resistance and contact resistance measured 

by electrochemical impedance spectroscopy and two-probe resistivity measurement 

compared to CNTs or RGO alone. This meant improvement of charge transfer 

between the interface of NCNTs, RGO, Pt and electrolyte, which could result in an 

enhanced electrochemical performance [174, 183–186, 359]. We speculate that 

similar mechanisms are at work in our composite materials, too; 2) CNTs are 

anchored stably to different sites on the surface of RGO. CNTs may serve as steric 

hindrances to reduce restacking of RGO in the employed aqueous electrolytes [360, 

361, 183, 174, 184]. 3) Pt deposited on NCNTs/RGO/ CC provides larger ECSA and 

thus more active sites, resulting in better activity towards methanol oxidation; 4) few 

available oxygen-containing species still exist in RGO after heat treatment, which 

possibly promote the oxidative removal of COad ad and CO-like species on Pt to 

reduce the adsorbed carbonaceous intermediate-poisoning. 

3.3.4. Conclusion 

We have developed a strategy to prepare highly active nanostructured electrodes 

for methanol oxidation by implementing RGO into a NCNTs/CC composite before 

NCNT growth and Pt electrodeposition. A layered structure of RGO/CC was achieved 

by H2-assisted thermal reduction of GO deposited onto the surface of CC and NCNTs 
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were grown by chemical vapor deposition over electrodeposited iron particles. 

NCNTs with high density were obtained, and a homogeneous and dense distribution 

of Pt nanoparticles was achieved. The Pt-NCNTs/RGO/CC electrode provided higher 

ECSA and MOR activity in comparison to Pt-NCNTs/CC. The COad stripping 

voltammetry revealed high tolerance of Pt-NCNTs/RGO/CC towards poisoning, 

leading to efficient methanol oxidation. This brings us to the conclusion that RGO 

played a vital role in improving the overall activity of the nanostructured electrode. 

This work is part of a project aimed at the full bottom-up synthesis of gas-diffusion 

electrodes. While the feasibility of this approach and the fundamental benefits were 

clearly demonstrated in this paper, follow-up research is necessary. Next steps will 

include an improvement of the Pt dispersion as well as a scale-up of the synthesis, 

which are the requirements to conduct fuel cell tests as a definite proof of the 

advantages of our structures.  
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3.3.5. Supplementary Information 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3.3.1. SEM images of (a) CC, (c) GO decorated on CC, (e) reduced GO/CC; optical 

images of (b) CC, (d) GO/CC and (f) RGO/CC. 
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Figure S3.3.2: Raman spectra of commercial CC, NCNTs/CC and NCNTs/RGO/CC 

measured by 532 nm laser as excitation. Dashed lines are intended as a help for the eye. 

 

 

(b) 

(a) 

Figure S3.3.3. TEM images and particles size distributions for (a) Pt-NCNTs/CC and (b) Pt-

NCNTs/RGO/CC 
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Figure S3.3.4. Chronoamperometric curves of methanol oxidation for Pt-NCNTs/RGO/CC 

and Pt-NCNTs/CC in N2 purged 1 M CH3OH and 0.5 M H2SO4 at a fixed potential of 0.6 V vs. 

Ag|AgCl|KClsat.. The currents were normalized by the mass of Pt.  
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Figure S3.3.5. ORR polarization curves of Pt-NCNTs/RGO/CC and Pt-NCNTs/CC in O2 

purged 0.1 M HClO4 with a scan rate of 5 mV s-1 in the potential range between -0.15-0.9 V 

vs. Ag|AgCl|KClsat..  
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Figure S3.3.6. SEM images of Fe nanoparticles on CC obtained via double pulse 

electrodeposition with nucleation potential -1.75 V and growth pulse potential vs. 

Ag|AgCl|KClsat. (a) -1.2 V, 15 s (≈82 nm diameter); (b) -1.2 V, 20 s; (c) and (e) -1.1 V, 15 s in 

different scale; (d) -1.1V, 20 s; (f) CC without Fe deposition as reference electrode. 

(a) (b) 

1 µm 

(c) (d) 

9 µm 

1 µm 1 µm 

1 µm 

9 µm 

(e) (f) 

(a) (b) 

4 µm 4 µm 



Nanostructured NCNTs/RGO/CC Composite Electrode 

 

98 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3.3.8. SEM images of NCNT growth over the electrodeposited bigger Fe particles 

onto CC via CVD in 3 L h-1/3 L h-1 H2/ Ar purged acetonitrile atmosphere for 120 min at 750°. 

(a) (b) 

1 µm 4 µm 

9 µm 100 µm 

Figure S3.3.7. SEM images of NCNT growth over Fe particles onto CC via CVD in 3 L h-1/3 L 

h-1 H2/ Ar purged acetonitrile atmosphere for 120 min at (a) 650° and (b) 750°. (c) and (d) 

NCNT growth were repeated in the same conditions at 650° and 750°, respectively. 
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3.4 Hierarchically Structured Electrodes for Supercapacitors  

3.4.1. Motivation 

In the chapters above, the hierarchically structured electrodes have increased 

electrochemical activities, probably due to their enhanced available electrochemical 

surface area and improved electron transfer. Before Pt deposition, prepared 

hierarchically structured electrodes show enhanced CV currents, indicating higher 

double layer capacitances. The CC-based electrodes have much higher double layer 

capacitances than the electrodes based on GC. This performance might be adequate 

for supercapacitors. 

Supercapacitors are promising energy storage devices due to their high power 

density, high reliability, long lifetime and fast charging and discharging in seconds 

[362, 363]. To obtain the high capacitive performance and good rate capability for 

electrical double layer capacitors (EDLC), the mesoporous structure of carbonaceous 

materials and 3D hierarchically structured electrodes were studied by many 

researchers [364–371]. In the previous reports carbon fabric or carbon paper was 

used as current collectors, and CNTs grown on carbon fabric or carbon paper 

showed improved specific capacitance, rate capability and cycling stability. The 

structures led to the improved electron transport and penetration of electrolyte [372–

377]. Meanwhile, transition metal oxides (such as MnO2, Ni(OH)2) [378–380] and 

conductive polymers (such as polypyrrole, polyaniline) [381–383] were used for 

pseudocapacitors, which had higher capacitance but reduced cycling stability 

compared to EDLC. Additionally, a combination of EDLC and pseudocapacitors was 

studied, resulting in improved properties for supercapacitors [384–387].  

The hierarchical materials based on CC (namely CNTs/CC, CNTs/CNTs/CC and 

RGO/CC) prepared above were characterized for supercapacitors. Moreover, 

polyaniline was further deposited on CNTs/CC due to its high conductivity and easy 

synthesis, leading to a combination of EDLC and pseudocapacitors. The 

electrochemical properties of the electrodes based on CC were determined using 

cyclic voltammetry, galvanostatic charge/discharge and electrochemical impedance 

spectroscopy. Additionally, the electrochemical stability was measured through 

consecutive charge/discharge cycles. 
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3.4.2. Characterization of PANI/CNTs/CC Electrode 

 

 

 

 

 

 

 

 

Figure 3.4.1 represents the procedure of the preparation of PANI/CNTs/CC. 

CNTs/CC was grown by CVD under acetonitrile/Ar/H2 atmosphere at 750 °C for 120 

min in the same conditions mentioned above. Afterwards, the PANI was deposited 

onto the surface of the CNTs/CC via wet impregnation (WI, chemical oxidation 

polymerization) and electrochemical deposition (ED) to form PANIWI/CNTs/CC and 

PANIED/CNTs/CC, respectively. In wet impregnation polyaniline was synthesized in 

different acids (see Figure S3.4.1). Figure 3.4.2 shows SEM images of CNTs/CC 

before and after PANI deposition in low and high resolution, in which PANI was 

prepared in 0.1 M aniline + 1 M H2SO4 solution. The CNTs were densely grown onto 

CC. Their average diameter was evaluated by statistical analysis of 50-100 CNTs 

with the Lince software (TU Darmstadt, Germany) [388]. In Figure 3.4.2a CNTs grow 

homogenously on CC with the average diameter of 35 ± 7 nm. After polyaniline 

deposition by wet impregnation, PANI is homogenously covered on the surface of 

CNTs with small needle-like shapes. The average diameter of PANI decorated CNTs 

is increased to 162 ± 22 nm (Figure 3.4.2b). In addition, a few long PANI nanofibers 

are left on the surface after washing with de-ionized water.  

 

 

 

Figure 3.4.1. Scheme of the preparation of hierarchical PANI/CNTs/CC electrodes: (a) 

electrochemical deposition of Fe nanoparticles onto CC, (b) CNT growth onto CC over Fe 

particles via CVD, (c) deposition of PANI film onto CNTs/CC by wet impregnation, (d) 

Electrochemical deposition of PANI film onto CNTs/CC. 

a b 

c 
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PANIED/CNTs/CC PANIWI/CNTs/CC 

ED WI 



Hierarchically Structured Electrodes for Supercapacitor 

 

101 

 

 

 

 

 

 

 

 

 

 

 

 

 

PANI electrodeposition was carried out via cyclic voltammetry in the potential 

range from -0.4 V to 1.0 V vs. Ag|AgCl|KClsat. at a scan rate of 100 mV s-1 in a 0.25 M 

aniline and 0.5 M H2SO4 solution saturated with N2 at room temperature. In Figure 

3.4.3a and b, PANI was electrochemically deposited onto CC and CNTs/CC by cyclic 

voltammogram for 20 cycles, respectively, while PANI was decorated on CNTs/CC 

by CV for 10 cycles (Figure 3.4.3c). With absence of CNTs, short and granular PANI 

is agglomerated on the surface of CC and is not uniformly coated, whereas the PANI 

is deposited homogenously onto the surface of CNTs/CC in a form of film. In Figure 

3.4.3c, the PANI film coated on CC is not obviously recognized, but the average 

diameter of PANI coated CNTs is 70 ± 19 nm. This is wider than that before PANI 

decoration. It is observed that the PANI film prepared by CV for 20 cycles is covered 

not only onto surface of CNTs but also between CNTs. The average diameter of 

PANI covered CNTs is 89 ± 20 nm. Comparing the two deposition methods, the 

Figure 3.4.2. SEM images of (a) CNTs/CC and (b) PANIWI/CNTs/CC prepared by wet 

impregnation in low and high resolution. 

(a) 

(b) 
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Figure 3.4.3. SEM images of PANI electrodeposited on (a) CC and (b) CNTs/CC surface via 

cyclic voltammetry at a scan rate of 100 mV s-1 in a potential range of -0.4–1.0 V vs. 

Ag|AgCl|KClsat. in a N2 purged 0.25 M aniline and 0.5 M H2SO4 solution for 20 cycles; (c) 

PANI coated CNTs/CC by CV for 10 cycles in low and high resolution. 

(c) 

4 µm 1 µm 

(a) 

(b) 

4 µm 1 µm 

prepared PANI shows two different shapes: needle-like by wet impregnation and a 

film form by electrodeposition. 
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3.4.3. Electrochemical Investigations  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To evaluate the capacitance performances, the prepared materials were investigated 

by cyclic voltammetry, galvanostatic charge/discharge and electrochemical 

impedance spectra. In Figure 3.4.4, PANIWI/CNTs/CC and the CNTs/CC, 

CNTs/CNTs/CC, and CNTs/RGO/CC mentioned above were monitored by CV tests 

at different scan rates of 5, 25, 50, 100 mV s-1 in a potential range of -0.2–1.0 V vs. 

Ag|AgCl|KClsat. in N2-saturated 0.5 M H2SO4 electrolyte. The four materials show 

nearly unchanged shape and mirror images of CV curves at each scan rate, which 

demonstrates a good reversibility. CNTs/RGO/CC shows the nearly rectangular 

shape of CV curves in Figure 3.4.4d, while the CNTs/CC and CNTs/CNTs/CC show 

redox peaks in CV curves, due to the oxidation in the process of Fe removal in HNO3. 

In Figure 3.4.4c, two pairs of redox peaks are shown in the CV curves of 

Figure 3.4.4. Cyclic voltammograms of (a) CNTs/CC, (b) CNTs/CNTs/CC, (c) 

PANIWI/CNTs/CC, (d) CNTs/RGO/CC electrodes recorded at different scan rates of 5, 25, 50, 

100 mV s-1 in N2 purged 0.5 M H2SO4 at room temperature. 
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PANIWI/CNTs/CC. The redox peaks are attributed to the oxidation and reduction 

between leucoemeraldine, emeraldine and pernigraniline bases, which are three 

oxidation states forms of polyaniline (PANI): fully reduced, half oxidized and fully 

oxidized forms [389, 390]. This is pseudocapacitance behavior that follows the 

faradaic process. However, the oxidation peaks shift to more positive potentials and 

the reduction peaks shift to more negative potentials at the higher scan rates, 

probably due to the increased resistance. Meanwhile, the increased double layer 

currents are observed with increasing scan rates in all CV curves, which is consistent 

with the Randles-Sevcik equation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4.5 displays the CV curves of the different CC based electrodes recorded at 

a scan rate of 100 mV s-1 and their capacitances calculated by CV curves (see 

Figure 3.4.5. (a) Cyclic voltammograms of CNTs/CC, CNTs/CNTs/CC, PANIWI/CNTs/CC and 

CNTs/RGO/CC electrodes recorded at a scan rate of 100 mV s-1 in 0.5 M H2SO4 aqueous 

electrolyte solution purged with N2 at room temperature and (b) their capacitances calculated 

through CV at different scan rates. 
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Chapter 5.3.8) at different scan rates of 5-100 mV s-1. After the introduction of 

secondary CNTs, RGO and PANIWI on CC, the double layer currents and 

capacitances increased to varying degrees compared to CNTs/CC, depending on 

their tunable amount and their own properties. Due to a thin RGO layer covered on 

CC, the capacitance of CNTs/RGO/CC does not strongly increase like 

CNTs/CNTs/CC and PANIWI/CNTs/CC. PANIWI/CNTs/CC exposes much higher 

capacitance than the other electrodes. With an increase in the scan rates, the 

capacitances of PANIWI/CNTs/CC calculated at a scan rate of 100 mV s-1 decreases 

to 56% of the value calculated at 10 mV s-1 as shown in Figure 3.4.5b, probably since 

the resistance of electrolyte ions transport increases at higher scan rates and the 

electrolyte ions could not react completely with interior matrix like that at lower scan 

rates [391]. However, CNTs/CC and CNTs/CNTs/CC display slightly decreased 

capacitances and the capacitance of CNTs/RGO/CC scarcely changes, which 

demonstrates that the process on these electrodes is stable and repeatable [392–

394]. 

Afterwards, the galvanostatic charge-discharge test was carried out via 

chronopotentiometry measurements with different current densities of 5, 10, 20, 30 

mA cm-2 in a potential range of -0.2–1.0 V vs. Ag|AgCl|KClsat. in N2 purged 0.5 M 

H2SO4. In Figure 3.4.6, galvanostatic charge-discharge curves of the prepared 

electrode without PANI display a nearly triangular shape with nearly symmetric and 

linear shape, which is the typical characteristic shape of electrical double layer 

capacitance and demonstrates a good capacitive performance and electrochemical 

reversibility [362]. Meanwhile, the PANIWI/CNTs/CC electrode shows almost 

symmetric charge/discharge curves in Figure 3.4.6c, whereas there is a deviation to 

the linearity owing to the pseudocapacitive behavior in the Faradaic process. 

Furthermore, while the current density increases, the charge-discharge time 

decreases and the charge-discharge curves of all CC based electrodes maintain 

similar shapes, demonstrating a good electrochemical stability towards a wide range 

of current densities. 
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Figure 3.4.7 shows the comparison of galvanostatic charge-discharge behaviors of 

the prepared electrodes at a current density of 10 mA cm-2, and the capacitances 

determined by the charge-discharge curves at different current densities. The 

capacitance of PANIWI/CNTs/CC is much higher than that of the other CC based 

electrodes, which is consistent with the CV measurements. This is probably because 

PANI of nanoneedle arrays can provide high electrochemical active surface in 

electrode/electrolyte interface areas and short diffusion paths for ion, leading to 

electrochemical accessibility [395, 396]. The capacitances of the CC based 

electrodes without PANI slightly decrease with an increase in current densities, 

whereas the capacitance of PANIWI/CNTs/CC calculated at 30 mA cm-2 of current 

density shows an a significant decrease by 39%, in comparison with the capacitance 

calculated at 5 mA cm-2 of current density, probably caused by decreased dopants 

into/out the PANI in a higher current density [397]. 

Figure 3.4.6. Galvanostatic charge-discharge curves of (a) CNTs/CC, (b) CNTs/CNTs/CC, 

(c) PANIWI/CNTs/CC, (d) CNTs/RGO/CC electrodes measured at different current densities 

of 5, 10, 20, 30 mA cm-2 in N2-purged 0.5 M H2SO4. 
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Figure 3.4.7. (a) Galvanostatic charge-discharge curves of CNTs/CC, CNTs/CNTs/CC, 

PANIWI/CNTs/CC and CNTs/RGO/CC electrodes recorded at a current density of 10 mA cm-2 

in N2 purged 0.5 M H2SO4 aqueous electrolyte solution and (b) plot of their capacitances 

calculated via galvanostatic charge-discharge curves at different current densities. 
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Figure 3.4.8. Relative capacitance of CNTs/CC, CNTs/CNTs/CC, CNTs/RGO/CC, 

PANIWI/CNTs/CC after each 100 cycles of charge-discharge curves at a current density of 10 

mA cm-2. 
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To further study the electrochemical stability of the prepared electrodes, a long-

term test was carried out via 1000 consecutive galvanostatic charge-discharge cycles 

at a current density of 10 mA cm-2. The capacitance retention was calculated after 

each 100 cycles as shown in Figure 3.4.8. After 1000 cycles, the capacitance of the 

CC based electrodes without PANI scarcely changes, which indicates their high long-

term cycle stability and reversibility. However, the PANIWI/CNTs/CC reveals a poor 

cyclic stability due to the cyclic mechanical stress of conducting polymers, in which a 

significant decay is displayed in the first 300 cycles and then a slight decrease occurs. 

After 1000 cycles, 55% of the initial capacitance is left, which is higher than that of 

the other electrodes (see Table S3.4.1). This decrease is probably caused by 

swelling and shrinking of PANI during the doping and dedoping process [398]. Here, 

it is mentioned that the exact mass of CNTs could not be determined, since the 

etching and loss of carbon cloth occur to varying degrees in the CVD procedure of 

CNT growth. Instead of the mass specific capacitances, the surface specific 

capacitances were calculated. After 1000 cycles, the surface specific capacitances of 

CNTs/CNTs/CC and PANIWI/CNTs/CC are 79 mF cm-2 and 120 mF cm-2, respectively, 

which are much higher than those of the reported vertically aligned carbon nanotubes 

grown on carbon fabric (32.7 mF cm-2) [373]. 

Additionally, the Nyquist plots of CNTs/CC, CNTs/CNTs/CC and PANIWI/CNTs/CC 

are shown in Figure S3.4.2. The semicircle is not shown at high frequency, which 

corresponds to the charge transfer resistance at the interface between electrode and 

electrolyte. The equivalent series resistances (ESR) of the prepared electrodes are 

low, which is attributed to a good contact resistance, charge transfer resistance and 

electrolyte resistance. In the region of low frequency, a nearly vertical line is 

displayed, indicating a low diffusion resistance. The Nyquist plots of CNT/CNTs/CC 

scarcely changes after a long-term test, indicating a high electrochemical stability, 

while the ESR of PANIWI/CNTs/CC has slightly increased. In addition, 

PANIWI/CNTs/CC shows a deviation of the initial slope after 1000 cycling, revealing 

the increased ionic resistance [399]. This might be caused by the fouling of the 

diffusion pathway or the swelling and shrinkage of PANI during the doping and 

dedoping process. 
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3.4.4. Conclusion 

In this work, hierarchically structured electrodes were studied for EDLCs and 

pseudocapacitance by directly assembling secondary CNTs, RGO and PANI onto 

CNTs/CC. PANI was homogenously covered on the CNTs/CC surface to form the 

PANI/CNTs/CC by wet impregnation (chemical oxidation polymerization) and 

electrochemical deposition. The CVs of CNTs/CNTs/CC, CNTs/RGO/CC and 

PANI/CNTs/CC display increased capacitances to varying degrees compared to 

CNTs/CC, due to their tunable amount and their unique hierarchical structure. 

PANIWI/CNTs/CC shows much enhanced capacitances, while CNTs/CNTs/CC and 

CNTs/RGO/CC expose an excellent electrochemical stability. Thus, the hierarchical 

structure could be a promising approach for supercapacitor applications. 
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3.4.5 Supplementary Information 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3.4.1. SEM images of PANI decorated onto CNTs/CC via wet impregnation 

(chemical oxidative polymerization) in (a) 0.1 M aniline + 1 M HClO4 solution and (b) 0.1 M 

aniline + 0.1 M HClO4 solution for 24 h, respectively.  

(a) (b) 

1 µm 1 µm 

Table S3.4.1. Capacitance values determined before and after 1000 cycles long-term test 

for CNTs/CC, CNTs/CNTs/CC, CNTs/RGO/CC, PANIWI/CNTs/CC. 

 Cstart/ F Cafter 1000 cycles/ F 

CNTs/CC 0.027 0.027 

CNTs/CNTs/CC 0.078 0.079 

PANIWI/CNTs/CC 0.251 0.120 

CNTs/RGO/CC 0,032 0,032 

# 

Figure S3.4.2. Nyquist plots measured in the frequency range of 105-0.01 Hz with 5 mV 

amplitude of (a) CNTs/CC, CNTs/CNTs/CC and PANIWI/CNTs/CC; (b) CNTs/CNTs/CC and 

(c) PANIWI/CNTs/CC before and after long-term test.  

(a) (c) (b) (a) 

Zreal (ohm) 

CNTs/CC 

CNTs/CNTs/CC 

PANIED/CNTs/CC 

PANIWI/CNTs/CC 

CNTs/CNTs/CC before 

long cycling test 

CNTs/CNTs/CC after 

long cycling test 

PANIWI/CNTs/CC before 

long cycling test 

PANIWI/CNTs/CC after 

long cycling test 
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Chapter 4: 

Conclusion and Outlook 

4.1. Conclusion 

In this work, the hierarchically nanostructured catalyst support is designed to 

improve the Pt deposition and its electrochemical performance for the PEMFCs and 

DMFCs. To prepare the nanostructured materials, a toolbox strategy is developed via 

bottom-up approaches, in which the materials of required functionalities can be 

assembled by a stepwise build-up in accordance with a certain application. CNTs and 

RGO were chosen to synthesize the hierarchical structures. 

In the bottom-up approaches, CNTs were successfully grown onto oxidized 

commercial CNTs, GC and RGO covered CC, respectively, via a sequence of Fe 

deposition and CVD step to form 3D CNTs (CNTs/CNTs), CNTs/CNTs/GC, 

CNTs/RGO/CC (Chapter 3.1-3.3). In Chapter 3.2, the CNTs/CNTs/GC was prepared 

via primary CNTs growth and secondary CNTs growth. After primary CNTs growth 

over electrodeposited Fe by CVD, secondary CNT growth was carried out via a 

secondary Fe electrodeposition and CVD step. In Chapter 3.3, RGO/CC was 

prepared by H2-assisted thermal reduction of GO covered on CC before CNT growth, 

and then NCNT growth on RGO/CC was carried out via CVD with acetonitrile as 

carbon precursor. Each preparation step was monitored by SEM or TEM. CNTs with 

high density are observed in 3D CNTs (CNTs/CNTs), CNTs/CNTs/GC, 

CNTs/RGO/CC, respectively. Furthermore, tuning structural properties of CNTs is 

achieved by varying Fe electrodeposition time and potential as well as by varying the 

growth time, gas flow rate and ratio of H2/Ar in CVD step. In Chapter 3.1 the 

secondary CNTs were tailored with smaller diameter than primary ones to verify the 

successful preparation of the hierarchical structure, while the diameters of primary 
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CNTs and secondary CNTs were adjusted by tuning the size of Fe nanoparticels in 

Chapter 3.2. Additionally, the successful synthesis of hierarchical materials is also 

demonstrated by Raman spectra. The prepared hierarchically structured electrodes 

show much higher double layer capacitances in cyclic voltammograms, compared to 

the primary CNTs, CNTs/GC and CNTs/CC, respectively, demonstrating larger 

available surface area for the further Pt deposition. 

Afterwards, Pt deposition was achieved onto the prepared hierarchically structured 

materials. In Chapter 3.1 Pt nanoparticles were homogeneously deposited onto 3D 

CNTs by a wet-impregnation approach, while Pt deposition onto CNTs/CNTs/GC, 

CNTs/RGO/CC with a homogeneous distribution was achieved by electrodeposition 

(Chapter 3.2, 3.3), observed in TEM and SEM. The three types of prepared 

hierarchical electrodes show enhanced ECSA calculated by Hads/des and COad 

oxidation of the cyclic voltammograms, respectively. To demonstrate the suitability of 

the hierarchical electrodes for electrocatalytic applications, Pt-3D CNTs electrode 

(without substrate) was evaluated for ORR (Chapter 3.1), while Pt-CNTs/CNTs/GC 

and Pt-CNTs/RGO/CC electrodes were characterized for MOR (Chapter 3.2, 3.3). 

In Chapter 3.1, Pt-3D CNTs electrode has higher specific activities towards ORR 

and improved long-term stability in the accelerated stress test compared with Pt-

primary CNTs. In the MEAs single cell test, enhanced maximum power density of Pt-

3D CNTs maximum is shown. In Chapter 3.2, Pt-CNTs/CNTs/GC exhibits an 

approximately 2.5 times higher Pt mass specific activity for methanol oxidation with 

respect to Pt-CNTs/GC, while the Pt mass specific activity of Pt-NCNTs/RGO/CC for 

MOR is about 1.37 times higher than that of Pt-NCNTs/CC in Chapter 3.3. Meanwhile, 

improved tolerances towards CO poisoning are displayed. These improvements of 

electrochemical performance are probably attributable to the improved dispersion of 

Pt nanoparticles, which can arise from the lager available active surface, increased 

conductivity and efficient transport pathway caused by the hierarchical structures. 

Additionally, polyaniline was deposited on the surface of CNTs/CC by wet 

impregnation and electrodeposition to form hierarchical PANI/CNTs/CC electrodes 

for supercapacitors (Chapter 3.4). The PANI/CNTs/CC shows high capacitances, 

which were calculated by cyclic voltammetry and galvanostatical charge/discharge 

curves, respectively, compared to CNTs/CC, CNTs/CNTs/CC and CNTs/RGO/CC. In 
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summary, the CNT-based hierarchically structured electrodes show improved 

performances in electrochemical applications and the hierarchical structure strategy 

is suitable to develop a competitive catalyst support for PEMFCs and DMFCs. 

 

4.2. Outlook 

In this research, we focused on the preparation of the catalyst supports, namely 

the formation of CNT-based hierarchical structure. Since the dispersion and sizes of 

Pt-nanoparticles can affect the electrochemical activities for oxygen reduction and 

methanol oxidation, the optimization of Pt deposition on hierarchical materials should 

be studied in follow-up research. Furthermore, a scale-up synthesis of Pt-

CNTs/CNTs/CC and Pt-CNTs/RGO/CC can be attempted in the same manner to 

realize fuel cell tests. In this way, the advantages of hierarchically structured 

materials could be further evaluated in practical applications. Additionally, the 

hierarchically structured materials based CNTs and CC (CNTs/CNTs/CC and 

CNTs/RGO/CC) have enhanced double layer capacitances and stability, and are 

appropriate electrode materials for EDLC. Apart from polyaniline, a new component 

like metal oxides can be introduced to the hierarchical electrodes for further research 

of pseudo-EDLC supercapacitors. 
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Chapter 5: 

Experimental Section 

In this experimental section, the preparation of Pt supported CNTs/CNTs/GC 

electrode, preparation of Pt supported RGO/CNTs/GC electrode and their structural 

and electrochemical characterizations have been published in ‘Hierarchically 

structured 3D carbon nanotube electrodes for electrocatalytic applications, Pei Wang, 

Katarzyna Kulp and Michael Bron, Beilstein J. Nanotechnol. 2019, 10, 1475-1487’ 

[283] and ‘Pt supported on nanostructured NCNTs/RGO composite electrodes for 

methanol oxidation, Pei Wang, Dr. Tintula Kottakkat, Prof. Dr. Michael Bron, 

ChemElectroChem 2015, 2, 1396-1402’ [330]. (Reproduced with permission) 

5.1. Chemicals 

Name Specification Supplier 

Iron(III) nitrate Fe(NO3)3·9H2O 99.999 % Carl Roth, Germany 

Iron(II) sulfate ≥ 99.5 % Carl Roth, Germany 

Magnesium sulfate ≥ 99 %, p.a. Carl Roth, Germany 

Silica aerosil® 200, SiO2-aerosil 38 Evonik 

Primary CNTs (Multi walled 
carbon nanotubes) 

Baytubes® C 150P 
Bayer Material 

Science AG 

Glassy carbon Sigradur® G HTW, Germany 

Carbon cloth CC-G-8N without PTFE Quintech, Germany 

Alummina Suspension 1 μm and 0.3 μm 
LECO Corporation, 

Germany 

Nitric Acid, HNO3 ≥ 65 %, p.a. Carl Roth, Germany 

Sulfuric acid, H2SO4 98 % Carl Roth, Germany 
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Acetonitrile, CH3CN  ≥ 99.5 % Carl Roth, Germany 

Cyclohexane, C6H6OH ≥ 99 %, p.a. Carl Roth, Germany 

Ethylene Glycol, C2H6O2 ≥ 99 % Carl Roth, Germany 

Sodium nitrate, NaNO3 ≥ 99.0 % Sigma-Aldrich, USA 

Potassium permanganat, 
KMnO4 

≥ 99 %, p.a. Carl Roth, Germany 

Hydrochloric acid, HCl 37 % Carl Roth, Germany 

 Argon, Ar 99.999 % Air Liquid, Germany 

Hydrogen, H2  99.999 % Air Liquid, Germany 

Sodium hydroxide, NaOH ≥ 99 % p.a. ISO, Pellets Carl Roth, Germany 

Potassium hydroxide, KOH ≥ 85 %, p.a. Carl Roth, Germany 

Sodium Borohydride, NaBH4 99 % Acros organics, USA 

Nafion® 117 solution 
5% in mixture of lower aliphatic 

alcohol and water 
Sigma-Aldrich, USA 

Hexachloroplatinic acid, 
H2PtCl6. 6 H2O 

99.9 % Acros organics, USA 

Platinum (II) nitrate, Pt(NO3)2 99.99 % - 

Pt/C 
20 wt. % Pt on carbon Vulcan 

XC-72 
E-TEK, USA 

Glassy carbon rod Sigradur® G HTW, Germany 

Perchloric acid, HClO4 70 % Carl Roth, Germany 

Nitrogen, N2 99.999 % Air Liquid,Germany 

Carbon oxide, CO  10 % CO 1.8 in He 5.0 Air Liquid, Germany 

Oxygen, O2  99.995 % Air Liquid, Germany 

2-Propanol, C3H8O ≥ 99.98 % Carl Roth, Germany 

Ethanol, C2H5OH ≥ 99 % HPLC gradient grade Carl Roth, Germany 
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5.2. Preparation of Hierarchically Nanostructured Electrodes 

5.2.1. General Procedure of Carbon Nanotube Growth over Fe catalyst by CVD  

Growth of carbon nanotubes (CNTs) was carried out by thermal chemical vapor 

deposition (CVD). In this work the transition metal Fe was employed as a catalyst for 

CNT growth and CNTs were grown on different substrates, such as glassy carbon 

(GC), carbon cloth (CC), reduced graphene oxide (RGO) deposited on carbon cloth, 

etc. The parameters for Fe deposition and the conditions of the CVD process were 

studied on different substrates shown in the chapters above, respectively. To efficient 

CNT growth on different substrates, CNT growth over Fe deposited silica by CVD 

was carried out in preliminary study. 

Fe Deposition via Impregnation 

For CNT growth, the silica (SiO2-aerosil 380, Evonik) served as Fe support. 

According to the method of Van Dommele et al. [275], 3.62 g Fe(NO3)3·9H2O (20% 

Fe) were mixed with 1.61 g Urea and 2.02 g SiO2 in 200 ml H2O at 90 °C under 

stirring for 16 h. Then the mixture was filtered and washed with deionized water, and 

was dried at 100 °C for 24 h. Afterwards, the Fe/SiO2 was calcinated at 500 °C for 3 

h. 

Electrochemical Fe Deposition 

The Fe deposition onto substrates such as glassy carbon or carbon cloth was 

achieved using double pulse deposition [318] in a 0.005 M FeSO4·7H2O (≥ 99.5%, 

Roth, Germany) and 0.5 M MgSO4·7H2O (pure, Roth, Germany) solution, where no-

effect potential, nucleation potential and growth potential were applied. The three 

potentials were identified by linear sweep voltammetry at a scan rate of 5 mV s-1 in 

the potential range of -0.5- -1.75 V vs. Ag|AgCl|KClsat. in the Fe containing solution, 

and is shown in Figure S3.2.1. 

CVD Process 

After Fe deposition, chemical vapor deposition was used to grow CNTs. The 

different substrates with Fe nanoparticles were put in a quartz boat inside a quartz 

tube in horizontal furnace (see Figure 2.7). First, the quartz tube was flushed with Ar 
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(6 L h-1) for 50 min to remove the air, and then was heated to 750°C with a heating 

rate of 10 K min-1 with 3 L h-1 H2 /3 L h-1 Ar. During the process, the Fe nanoparticles 

were annealed and reduced. Afterwards, the gas was saturated with carbon 

precursors (acetonitrile or cyclohexane) and flowed into the quartz tube for 120 min 

to provide the carbon for decomposition for CNT growth, followed by cooling down 

the furnace to room temperature with Ar. In growth of CNTs different temperatures of 

750°C, 850°C, 950°C and 1050°C were studied. Afterwards, CNTs were separately 

grown onto primary CNTs, GC, CNTs/GC, CC, RGO/CC via CVD at 750 °C. The ratio 

of gas flow was slightly adjusted due to different carbon precursors and substrates as 

shown in the Chapters 5.2.2, 5.2.3 and 5.2.4. 

5.2.2. Preparation of Pt supported 3D CNT Electrodes 

Pt supported on 3D CNTs was prepared as illustrated in Figure 3.1.1. The 3D 

CNTs were formed by growing secondary CNTs onto the primary CNTs (commercial 

CNTs). Afterwards, Pt nanoparticles were deposited on the 3D CNTs. 

Oxidation of Commercial MWCNTs 

Commercial multi-walled CNTs (MWCNTs, Baytubes® C 150 P; Bayer Materials 

Science) were initially treated at 800°C under Ar atmosphere for 2 h to remove 

impurities as well as decompose oxygen functional groups on the CNT surface and to 

provide a homogeneous starting material. To activate the surface of CNTs and 

introduce surface functional groups, oxidation of CNTs to form OCNTs was carried 

out by refluxing in 5 M HNO3 (prepared by diluting ≥ 65% HNO3, p.a, Roth, Germany) 

at 100 °C for 6 hours, which led to the formation of the functional groups such as 

carboxyl, carbonyl or hydroxyl [269]. After oxidation, the OCNTs were separated by 

centrifuge and washed with MilliQ water until the pH was neutral. Then the OCNTs 

were dried at 100°C in an oven for 24 hours. The OCNTs were utilized as primary 

CNTs and are labelled as such in the following.  

Fe Deposition onto primary CNTs by Impregnation 

After oxidation of commercial MWCNTs Fe nanoparticles were deposition onto the 

primary CNTs as reported in [400]. 220 mg primary CNTs were dispersed in 40 ml of 

0.05 M FeSO4*7 H2O (≥ 99.5%, Roth, Germany) aqueous solution stabilized with 0.5 
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M ascorbic acid. Then the dispersion was stirred under Ar atmosphere for 2 h to 

allow Fe2+ to deposit onto the primary CNTs. After 2 h 0.1 M 150 ml NaBH4 solution 

was slowly added at 0.1 mL s−1using a peristaltic pump. This process reduces Fe2+. 

The primary CNTs with deposited Fe particles were then separated by filtration, 

washed with MilliQ water and dried at 100 °C overnight, followed  calcination in air at 

350 °C for 120 min after applying a 3 K min-1 heating ramp. 

Growth of Secondary CNTs onto primary CNTs via CVD 

 Secondary CNTs growth onto primary CNTs was carried out through CVD at 

750 °C for 2 hours in a mixture atmosphere of H2 (3 L h-1) and Ar (3 L h-1) saturated 

with acetonitrile (CH3CN, Roth) to create the 3D CNT network. Acetonitrile was used 

as carbon precursor. Before purging the gas saturated with acetonitrile (namely 

before the secondary CNT growth), the Fe nanoparticles were reduced under H2 and 

Ar in the heating process. To remove the Fe nanoparticles in the 3D CNTs after CVD, 

the samples were treated in the mixture of concentrated HNO3 and H2SO4 at a ratio 

of 1:1 for 2 hours by ultrasonication. For a valid comparison, the primary CNTs 

without secondary ones were also treated in concentrated HNO3 and H2SO4. 

Deposition of Pt Nanoparticles onto Primary and 3D CNTs 

Pt nanoparticles onto primary CNTs as well as 3D CNTs were produced according 

to [401]. First, 90 mg of primary CNTs or 3D CNTs were dispersed in 30 mL ethylene 

glycol (EG) using an ultrasonication finger to obtain a homogenous suspension. Then 

chloroplatinic acid (H2PtCl6·6 H2O, Acros Organics) and 30 mL ethylene glycol were 

added to this solution. The amount of Pt in the catalyst was adjusted to 20 wt.% Pt. 

The solution was stirred for 1 hour at room temperature. Afterwards, the mixture was 

heated to 150 °C for 3 hours followed by stirring at room temperature for 24 hours. 

The prepared samples were filtered and washed with MiliQ water and dried at 100 °C 

overnight. 

5.2.3. Preparation of Pt supported CNTs/CNTs/GC Electrodes 

The procedure for the preparation of hierarchically nanostructured electrodes is 

illustrated in Figure 3.2.1. Firstly, the iron nanoparticles were electrodeposited onto 

oxidized glassy carbon followed by CNT growth via chemical vapor deposition. 
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Secondary Fe deposition and CNT growth were subsequently carried out to form a 

hierarchically structured electrode, onto which Pt was finally deposited by 

electrochemical method. This electrode preparation has been published in [283]. 

Modification of Glassy Carbon 

Glassy carbon chips (GC, 2 x 1 cm2) were oxidized by refluxing in 5 M HNO3 

(prepared by diluting ≥ 65% HNO3, p.a, Roth, Germany) at 100 °C for 2 hours to 

activate their surface and form oxygen functional groups as anchor sites. 

Fe Deposition onto GC using Electrochemical Method 

Fe nanoparticles were formed by double pulse deposition [318] in 0.005 M 

FeSO4·7H2O (≥ 99.5%, Roth, Germany) and 0.5 M MgSO4·7H2O (pure, Roth, 

Germany) aqueous solution. A potential sequence consisting of a no-effect potential 

(E= -0.75V vs. Ag|AgCl|KClsat.; t= 5 s), a nucleation potential (E= -1.41 V vs. 

Ag|AgCl|KClsat.; t= 0.2 s) and a growth potential (E= -1.27 V vs. Ag|AgCl|KClsat.; t= 12 

s) was applied. The potentials were determined from linear sweep voltammograms 

recorded in the potential range from -0.5 V and -1.75 V vs. Ag|AgCl|KClsat. with a 

scan rate of 5 mV s-1 as shown in Figure S3.2.1. The deposited Fe nanoparticles 

served as catalyst of CNT growth. 

Growth of Primary and Secondary CNT Growth onto GC 

Growth of primary CNTs onto GC was carried out through chemical vapor 

deposition (CVD) at 750 °C in H2/Ar mixtures saturated with cyclohexane (Roth) at 

room temperature. The influence of growth time (30 min, 60 min and 120 min), gas 

flow rate and Ar/H2 ratio on the CNT growth was investigated, where gas flow rates 

were adjusted by mass flow controllers (Bronkhorst High-Tech, Germany). Prior to 

the CVD process, the Fe catalysts were conditioned at 750°C for 30 min in a H2/Ar 

gas mixture. After the CNT growth, the surface of CNTs/GC is highly hydrophobic. To 

remove the Fe nanoparticles, the CNTs/GC were immersed in concentrated HNO3 at 

room temperature for 12 h, where the CNTs were also oxidized to form anchor spots 

for a second Fe deposition, which was carried out in the same way as above but with 

8 s of growth time. Secondary CNTs were grown on the Fe-CNTs/GC under 

appropriate growth condition as discussed in Chapter 3.2.2 above, in which a gas 
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mixture of H2 (1.2 L h-1) and Ar (0.5 L h-1) at 750 °C for 120 min was chosen. 

Afterwards, the Fe nanoparticles were leached out in concentrated HNO3. 

Furthermore, the same procedure was performed using acetonitrile as carbon source 

to yield NCNTs/NCNTs/GC.  

Pt Electrodeposition onto CNTs/CNTs/GC 

Pt nanoparticles were electrochemically deposited onto CNTs/CNTs/GC in an 

aqueous 0.005 M Pt(NO3)2 and 0.1 M NaNO3 solution via linear-sweep voltammetry 

from 0 to -0.9 V vs. Ag|AgCl|KClsat. at a scan rate of 5 mV s-1 to form Pt-

CNTs/CNTs/GC. For comparison, Pt deposition onto GC and CNTs/GC was 

performed in the same manner. 

The amount of deposited Pt was calculated from the charge consumed during the 

linear sweep voltammetry according to the following faradic reaction (Equation 5.1) 

and Faraday’s law (Equation 5.2): 

𝑃𝑡2+  + 2 𝑒−  → 𝑃𝑡                    (Equation 5.1) 

𝑄𝑃𝑡  = 𝑛 ×
𝑚𝑃𝑡

𝑀𝑃𝑡
× 𝐹                    (Equation 5.2) 

With           QPt is the charge consumed to reduce Pt ions to Pt; 

                  n is the number of transfer electrons; 

                 mPt is the amount of Pt; 

                 MPt is the atomic weight of Pt (195.09 g mol-1); 

                 F is Faraday’s constant (96485.31 C mol-1). 

5.2.4. Preparation of Pt supported RGO/CNTs/CC Electrodes 

RGO, NCNTs and Pt were assembled on the CC in a bottom-up approach as 

represented in Figure 3.3.1. Initially, the surface of carbon cloth was uniformly 

decorated by thin RGO film followed by electrodeposition of iron nanoparticles onto 

RGO. Then CNTs were grown over the iron nanoparticles via chemical vapor 

deposition. Afterwards, Pt electrodeposition was carried out on CNT decorated 

RGO/CC to form Pt-CNT/RGO/CC. This experimental part has been published in 

[330]. 
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Modification of Carbon Cloth 

CC pieces (CC-G-8N without PTFE, Quintech, Germany) with dimensions in the 

range of 2.5 x 0.7 cm2 were refluxed in 5 M HNO3 (prepared by diluting ≥ 65% HNO3 , 

p.a, Roth, Germany) at 100 °C for 2 h. 

Preparation of Graphene Oxide and their Deposition onto CC 

The graphene oxide (GO) was prepared by Hummer’s method [260]. 250 mg 

NaNO3 were mixed in a 250 mg graphite and 25 ml concentrated H2SO4 solution 

under stirring for 1 h, and then 1.50 g KMnO4 were added very slowly in the solution 

in an ice bath. The temperature was kept below 20 °C. Afterwards, 11.50 ml 70 °C 

deionized water was added into the above solution followed by addition of ca. 5 ml 30% 

H2O2 until color of the solution is changed from dark brown to bright yellow. In the 

end, the solution was washed with 5% HCl and deionized water until it was neutral. 

The graphene oxide was dip-coated onto the surface of the CC (ca. 0.7 x 0.7 cm2) 

from a prepared 0.5 wt.% graphene oxide (GO) suspension and the resulting GO/CC 

was dried in an oven at 40°C for 24 h. The GO in GO/CC was reduced by heat-

treatment at 380 °C in a 2:1 mixture of H2 and Ar to form reduced graphene oxide 

decorated carbon cloth (RGO/CC). 

Electrochemical Deposition of Fe onto RGO/CC  

Fe nanoparticles were electrodeposited onto RGO/CC via the above mentioned 

double-pulse deposition from 0.005 M FeSO4·7H2O and 0.5 M MgSO4·7H2O 

aqueous solution. A no-effect potential (E= -0.3 V vs. Ag|AgCl|KClsat.; t=10 s), 

nucleation potential (E= -1.75 V vs. Ag|AgCl|KClsat.; t=0.2 s) and growth potential (E= 

-1.2 V vs. Ag|AgCl|KClsat.; t=15 s) were applied. The deposited Fe nanoparticles act 

as catalyst for NCNT growth.  

CNT Growth onto RGO/CC and CC 

NCNTs were grown through CVD at 750 °C for 2 h in an atmosphere of H2 (3 L h-1) 

and Ar (3 L h-1) saturated with acetonitrile (CH3CN, Roth). After cooling down, the Fe 

nanoparticles were leached out using cyclic voltammetry in the range of -0.2–1.0 V vs. 

Ag|AgCl|KClsat. in 0.5 M H2 SO4. 
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Pt Deposition onto CNTs/RGO/CC and CC 

Pt nanoparticles were electrodeposited onto the surface of NCNTs/RGO/CC by 

performing single-sweep voltammetry from 0 to -0.5 V at a scan rate of 5 mV s-1 in 

0.005 M Pt(NO3)2 and 0.1 M NaNO3 solution to form Pt-NCNTs/RGO/CC. Pt-

NCNTs/CC was prepared in exactly the same manner but without RGO. The Pt 

loadings of the NCNTs/CC and NCNTs/RGO/CC were 0.097 mg cm
-2 

CC (0.63 wt.%) 

and 0.080 mg cm
-2 

CC (0.52 wt.%) respectively, calculated based on ICP-OES results 

(see below).  

5.2.5. Preparation of PANI/CNTs/CC Electrodes 

First, CNTs/CC was prepared by the method mentioned above (see Chapter 5.2.4) 

followed by PANI deposition onto surface of CNTs/CC (Figure 3.4.1). The PANI 

coating was performed using chemical oxidation polymerization (PD) and 

electrochemical polymerization (ED). 

Chemical Oxidation Polymerization for PANI Coating 

PANI was synthesized onto the CNTs/CC by chemical oxidation polymerization of 

aniline. 142.5 mg ammonium persulfate (APS) and 45 µL aniline monomer were 

dissolved in 5 ml 1 M H2SO4 solution and stirred for 1 h in an ice bath, respectively. 

The molar ratio of aniline and APS was 1. The suspensions of the APS and aniline 

were mixed, and then the CNTs/CC was dipped in the mixed solution for 24 h. 

Afterwards, the PANI/CNTs/CC was formed and was washed with de-ionized water, 

and then was dried at 30 °C for 48 h.  

Electrochemical Polymerization for PANI Coating 

The prepared CNTs/CC as working electrode was dipped in a 0.25 M aniline and 

0.5 M H2SO4 solution, where the electrochemical polymerization of PANI was carried 

out by CV at 100 mV s-1 in a potential range between -0.21–0.9 V vs. Ag|AgCl|KClsat. 

for 20 cycles to form the PANI film coated onto the surface of CNTs/CC. 
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5.3. Structural Characterization  

5.3.1. Scanning- and Transmission-Electron Microscopy 

The morphology and structural properties of the nanostructured electrodes were 

estimated via scanning electron microscopy (SEM) employing an ESEM XI 30 FEG 

(PHILIPS, Germany) or transmission electron microscopy (TEM) with a LEO912 

OMEGA (Japan) microscope operating at 120 kV acceleration voltage. For TEM 

measurement the samples were dispersed via ultrasonication in ethanol and were 

dropped on a holey carbon filmed copper grid (300 mesh). The average particle size 

and size distribution of Fe and Pt nanoparticles were determined by statistical 

analysis of 200–300 particles with the Lince software (TU Darmstadt, Germany) [388] 

and the diameters of CNTs were be evaluated. 

5.3.2. Raman Spectroscopy 

Raman spectroscopy is employed to provide information on chemical structures 

and physical forms by detecting vibrations in molecules based on the processes of 

infrared absorption and Raman scattering [402, 403]. Raman spectra was measured 

with a Renishaw InVia spectrometer employing 532 nm excitation wavelength from a 

Cobolt CW DPSS laser to evaluate the prepared carbon materials by displayed D 

and G band, which are associated with structural defects within the carbon lattice and 

crystalline carbon, respectively.  

5.3.3. X-ray Diffraction 

X-ray diffraction (XRD) was carried out on a D8 advanced X-ray diffractometer 

from Bruker AXS using CuKα radiation (l=1.5406 Å) and a step size of 0.0138 (2° 

min-1) in the 2θ range of 5–80 ° to evaluate the crystalline nature. For GC and CC 

samples, XRD did not yield useful results regarding Pt structure and particle size due 

to the amorphous carbon and roughness of the GC and CC surface and the 

considerably thin film of Pt-CNTs. Additionally, XRD for Pt-CNTs and Pt-3D CNT 

powders was carried out with a STOE STADI-P diffractometer using germanium 

monochromized MoKα radiation (λ = 0.71069 Å) in the cooperation group (Prof. Dr. 

Christina Roth Workgroup). Here, the interplanar distance and crystallite size of 

catalysts could be determined by Equation 5.3 and Equation 5.4 [404, 405]. 
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𝐿 =
0.9λ

B2θ cos θmax
           (Equation 5.3) 

𝑑 =
λ

2 sin θmax
              (Equation 5.4) 

With            λ is the wavelength;  

                   θmax is the 2θ angle at the peak maximum;  

                   B2θ is the full width at half maximum (FWHM) in radians;  

                   L is the average crystallite size in nm; 

                   d is the interplanar distance in nm; 

                   0.9 is a shape factor. 

5.3.4. Inductively Coupled Plasma-Optical Emission Spectroscopy 

The Pt loadings in the nanostructured electrodes were determined by inductively 

coupled plasma-optical emission spectroscopy (ICP-OES; Ultima 2, Horiba scientific). 

The Pt-loaded electrodes were digested in aqua regia under microwave radiation 

followed by dilution with de-ionized water. 

5.3.5. Nitrogen Physisorption Measurement 

The nitrogen physisorption measurements were carried out at 77K, where specific 

surface area, average pore size as well as pore size distribution of the CNTs based 

carbon materials were determined using the Brunauer-Emmett-Teller (BET) and 

Barret-Joyner-Halenda (BJH) (for mesopores) approaches. 

5.3.6. Elemental Analysis 

Elemental analysis was achieved using a Vario EL (CHNS) analyzer to obtain the 

nitrogen contents after nitrogen doped CNT growth. 
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5.4. Electrochemical Characterization 

All electrochemical syntheses and measurements were carried out in a 

conventional one-compartment three-electrode electrochemical cell employing a 

computer-controlled Autolab potentiostat/galvanostat PGstat 302 (Eco Chemie, 

Netherlands) or a Gamry potentiostat PGI 4 (Gamry Framework 2.67 software) at 

room temperature. The three-electrode electrochemical cell consisted of a working 

electrode, a reference electrode and a counter electrode. The prepared 

nanostructured materials served as working electrode, while Pt mesh (GoodFellow, 

Germany) was employed as counter electrode and Ag|AgCl|KClsat. electrode (SE20, 

Sensortechnik Meinsberg, Germany) or a reversible hydrogen electrode (RHE, built 

in-house) was used as reference electrode. An RHE was used as reference electrode 

for characterization in acid, while Ag|AgCl|KClsat. was used as reference electrode for 

iron deposition, methanol oxidation, etc. For the electrochemical measurements, 

cyclic voltammetry (CV) and linear sweep voltammetry (LSV) were used to 

investigate the electrochemical properties of the catalyst materials towards methanol 

oxidation reaction or oxidation reduction reaction. 

5.4.1. Preparation of Working Electrode 

In this work, supported (namely glassy carbon or carbon cloth) or unsupported 

catalyst materials were studied. The catalyst materials based on glassy carbon or 

carbon cloth (size of 1 x 2 cm2) were directly measured as working electrode. But for 

the unsupported catalyst materials an ink was prepared. 4 mg catalyst material were 

suspended by ultrasonication in 800 µL of a mixture of isopropanol (780 µL) and 

Nafion® 117 solution (Aldrich) (20 µL) for 30–60 min followed by stirring overnight to 

obtain a homogeneous catalyst suspension. The mass ratio between the Nafion® 

and catalyst was 0.2. Then 5 µL catalyst suspension was dropped onto a glassy 

carbon rod inserted in Teflon cylinder with 4 mm diameter (0.125 cm2 area) and dried 

in isopropanol saturated atmosphere at room temperature. The catalyst loading was 

kept at 200 µg cm-2. The covered with catalyst film glassy carbon was employed as 

working electrode. Since the glassy carbon can be reused, it was important to clean 

the surface of glassy carbon before coating the catalyst materials, which can affect 

electrochemical properties. Therefore, the surface of glassy carbon was polished with 
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1 and 0.3 µm alumina slurry on a polishing cloth, respectively. Afterwards, it was 

separately washed with ethanol/water mixture and water in ultrasonic bath for 30 min. 

5.4.2. Initial Characterization by Cyclic Voltammetry 

Before Pt deposition, the carbon-based materials prepared above were 

electrochemically cleaned to remove the adsorbed impurities on the electrode 

surface using cyclic voltammetry (CV) in the potential range of 0 – 1.2 V vs. RHE. at 

a scan rate of 200 mV s-1 for 50 – 100 cycles in N2 saturated 0.5 M H2SO4 (prepared 

by dilution from 98% H2SO4, Roth, Germany) or 0.1 M HClO4 aqueous solution 

(HClO4, Roth, Germany) until the CVs did not change anymore, while Pt containing 

working electrodes were cleaned and activated in the potential range of 0.05-1.2 V vs. 

RHE. Ag|AgCl|KClsat. electrode can be also employed as reference electrode, where 

the potential ranges of -0.2-1.0 V and -0.15-1.0 V vs. Ag|AgCl|KClsat were used for 

the prepared materials before and after Pt deposition, respectively. 

After the above treatment, the double layer currents of electrodes without Pt and 

the hydrogen adsorption/desorption (Hads/des) of the electrodes containing Pt were 

monitored by CV at 100 mV s-1 in a fresh N2-saturated aqueous 0.5 M H2SO4 or 0.1 

M HClO4 solution. The hydrogen adsorption/desorption feature of Pt was used to 

calculate Pt-electrochemical surface area (ECSA). In the determination the average 

columbic charge obtained by integrating the area under the Hads/des peaks after 

subtracting the double layer charge [406, 356, 322] was used as shown in the 

following equations: 

 ECSA =
𝐴𝐻(𝑑𝑒𝑠)[µA 𝑉] + 𝐴𝐻(𝑎𝑑𝑠)[µA 𝑉]

2 × 210 [µC 𝑐𝑚−2] × 𝐿𝑃𝑡  [µg]  × 𝜈 [µV 𝑠−1]
         (Equation 5.5) 

With         AH(ads/des): average integrated area under the Hads and Hdes peaks after subtracting 

the double layer charge; 

210 µC cm-2: the required charge density to Hads and Hdes on surface of Pt; 

ʋ: scan rate in the CV measurements; 

LPt: Pt loading on the electrode. 

Additionally, ECSA can also be evaluated by COad stripping voltammetry as shown 

in below paragraphs. 
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5.4.3. Carbon Monoxide Stripping Voltammetry 

Carbon monoxide (COad) stripping voltammetry, namely oxidation of an absorbed 

monolayer of CO on the surface of Pt was used to calculate the electrochemically 

active surface area and to evaluate the activation of OH species on the Pt surface. 

The 0.1 M HClO4 or 0.5 M H2SO4 solution was purged with CO for 20 min to allow for 

CO adsorption on the Pt catalyst, subsequently followed by purging N2 for 20 minutes 

so that the dissolved CO was removed in the solution and only adsorbed CO on the 

Pt surface remained. The working electrode was held at 0.05 V during this procedure 

until the stripping voltammogram was recorded. COad stripping voltammetry was 

recorded at a scan rate of 20 mV s-1 in the potential range from 0.05 to 1.1 V vs. RHE 

or from -0.15 to 0.9 V vs. Ag|AgCl|KClsat.. 

The ECSA from COad oxidation reaction was estimated from the coulombic charge 

obtained by integrating the area under the COad oxidation peak after subtracting the 

double layer charge [277] using the flowing equation: 

ECSA =
𝐴𝐶𝑂[µA 𝑉]

420 [µC 𝑐𝑚−2] × 𝐿𝑃𝑡  [µg]  × 𝜈 [µV 𝑠−1]
         (Equation 5.6) 

With        ACO: integrated area under the COad oxidation peaks after subtracting the double 

layer charge; 

420 µC cm-2: the required charge density to oxidize a monolayer of CO on surface 

of Pt; 

ʋ: scan rate in the CV measurements; 

LPt: Pt loading on the electrode. 

5.4.4. Oxygen Reduction Reaction 

For the activity towards oxygen reduction reaction (ORR), linear sweep 

voltammetry (LSV) was performed in the 0.05 – 1.1 V vs. RHE or -0.15–0.9 V vs. 

Ag|AgCl|KClsat.. potential range at a scan rate of 5 mV s-1 in O2 saturated H2SO4 or 

HClO4 solution. Due to the double layer capacitance of the electrode surface, the 

results were normalized by the data carried out in N2 purged solution as reference 

measurements (baseline) in the same manner. 

As described above, GC rods as well as integrated GC and CC served as working 

electrodes, respectively. GC rod can be used as a rotating disc electrode (RDE), 
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which was measured with three rotation speeds of 400, 900 and 1600 rpm, while 

integrated GC and CC could not serve as RDE and their ORR activities were 

measured without rotation speeds. 

5.4.5. Accelerated Stress Test 

The catalysts durability towards an accelerated stress test was monitored by CV in 

O2 saturated 0.5 M H2SO4 or 0.1 M HClO4 in the potential range of 0.05 – 1.2 V vs. 

RHE at 1000 mV s-1 for 500 cycles followed by ORR activity measurement via the 

method mentioned above. Then N2 was purged in the acid electrolyte for 30 min and 

the CVs were recorded again at 100 mV s-1 for 3 cycles in comparison with the initial 

one. The measurement was repeated four times. 

5.4.6. Methanol Oxidation Reaction 

The activity of the Pt containing electrodes for methanol oxidation reaction (MOR) 

was investigated by cyclic voltammetry at a low scan rate of 5 mV s-1 in a N2 purged 

1 M CH3OH and 0.5 M H2SO4 aqueous solution in the potential range of -0.2–1.0 V 

vs. Ag|AgCl|KClsat.. A low scan rate was chosen due to the large double-layer 

capacity of the hierarchical composite electrode based on CNTs deposited GC and 

CC. 

5.4.7. Measurements of Multilayered Membrane Electrode Assembly 

To monitor polarization behaviors and power densities the multilayered membrane 

electrode assemblies (MEAs) were prepared by the LBL method employing separate 

Pt-3D CNTs, Pt-primary CNTs and Pt-C with Pt deposited Polyaniline (Pt-PANI, 

prepared by workgroup of Prof. Dr. Christina Roth) as cathode.  

Preparation of PANI Nanofibers and Pt-PANI 

PANI nanofibers were prepared by oxidative polymerization [407]. 0.45 mL Aniline 

and 1.428 g ammonium peroxodisulfate (APS) were dissolved in 50 ml 0.4 M H2SO4, 

respectively. APS solution was added into the aniline solution under stirring at room 

temperature overnight. The prepared PANI was washed by filtration and MilliQ water 

until the pH value was neutral. The precipitate was green and was dried in vacuum at 

80 °C. 
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The deposition of Pt nanoparticles onto the PANI was carried out by the method 

proposed by Guo et al. [408]. 290 mg PANI nanofibers were ultrasonicated in 25 mL 

MilliQ water followed by adding 165 mg H2PtCl6·6 H2O. The solution was stirred for 1 

hour. Then 3 mL of formic acid were injected into the suspension, which was stirred 

at room temperature for 24 h. After filtration and washing, the Pt-PANI was dried 

under vacuum at 80 °C. 

Preparation of Multilayer Membrane Electrode Assembly 

The preparation of the multilayer membrane electrode assembly (MEA) was 

carried out using the airbrushing method spraying catalyst ink onto the polymer 

exchange membranes (Nafion® 117) that were fixed at 100 °C in an upright spraying 

mask for an electrode area of 5 x 5 cm2 to form a uniform catalyst film. For the 

multilayer (Figure S3.1.4a), Pt-PANI and Pt-3D CNTs inks were separately prepared. 

100 mg Pt-PANI were homogenously ultrasonicated in 50 ml mixture aqueous 

solution of ethanol and water (1:1). The pH value of the suspension was adjusted to 

2.6 by the addition of H2SO4. Meanwhile, the prepared 100 mg Pt-3D CNTs were 

suspended in the 50 ml ethanol/water solution and the pH value was adjusted to 12 

by the addition of NaOH. Afterwards, 1 ml Pt-PANI ink was first sprayed onto the 

Nafion® membrane according to the method described above with zig-zagging 

spraying mode and was dried for 2–3 s. Then 1 ml Pt-3D CNTs ink was sprayed. This 

alternate coating manner was repeated until the inks ran out. For the opposite 

electrode, commercial 20% Pt/C (Alfa Aesar, platinum nominally 20 % on carbon 

black) was used. The 200 mg Pt/C was dispersed in 9 ml MilliQ water, 1 ml Nafion 

and 20 ml isopropanol by Ultra-Turrax (IKA 25 digital) to form the homogenous ink. 

The Pt/C ink was sprayed on the other side of Nafion® membrane using the same 

method. For a comparison, Pt-primary CNTs with Pt-PANI were assembled in the 

multilayered MEAs in the same manner. 

Single Cell Testing 

The polarization curves of the MEAs were tested in a homemade single cell test 

bench via a Quickconnect® fixture (5 bar contact pressure) in H2/O2 operation (FU 

Berlin, Germany). The MEAs were assembled between two gas diffusion layers 

(Freudenberg I3, Weinheim) and two graphitic gas flow plates. The Pt/C side as 
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anode and the LBL prepared side as cathode were prepared for MEAs. The cell 

temperature and the humidifier temperature were set to 70 °C and 80 °C, 

respectively. Meanwhile, 150 ml/min of hydrogen mixed with water was fed into 

anode and 80 ml/min of oxygen were injected into the cathode. As a reference, the 

MEA was tested using Pt/C as anode and cathode in the same measurement 

conditions. 

5.4.8. Capacitance Test 

Capacitance test was carried out by CV and galvanostatic charge/discharge in 0.5 

M H2SO4 aqueous solution at room temperature. The CV curves were monitored at 

different scan rates of 5–100 mV s-1. Galvanostatic charge/discharge was measured 

via chronopotentiometry in a voltage range of -0.2–1.0 V vs. Ag|AgCl|KClsat. at 5 mA 

cm-2, 10 mA cm-2, 20 mA cm-2 and 30 mA cm-2 of current density, respectively. 

Capacitance was estimated by CV and charge/discharge curves according to the 

following equations, respectively: 

𝐶 =  
1

2 × 𝑣 × ∆𝑉
∫ 𝐼(𝑉)𝑑𝑉          (Equation 5.7) 

𝐶 =  
𝑖

2𝑑𝑉/𝑑𝑡
                                         (Equation 5.8) 

Here, C is capacitance (F), ʋ is scan rate in the CV measurements (mV s-1), ∆V is the 

potential window (1.2 V), ⌠I(V)dV is integrated area of CV curve, i is the discharge current (A) 

and dV/dt is the slope of the discharge curve. 

 

5.4.9. Electrochemical Impedance Spectroscopy 

Electrochemical impedance spectroscopy (EIS) was performed with the above 

mentioned Gamry potentiostat PGI 4, which was recorded at open circuit potential 

with 5 mV AC voltage amplitude in the frequency range from 105 to 0.01 Hz in 0.5 M 

H2SO4 aqueous solution. 
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Abbreviations 

3D  Three dimension 

AFCs Alkaline fuel cells 

CC Carbon cloth 

CE Counter electrode 

CNTs Carbon nanotubes 

CR Cathodic reaction 

CV Cyclic voltammetry 

DFT Density functional theory 

DMFCs Direct methanol fuel cells 

DPD Double pulse deposition 

ECSA Electrochemically available active surface area 

EG Ethylene glycol 

FWHM Full width at half maximum 

GC Glassy carbon 

GDL Gas diffusion layer 

GO Graphene oxide 

HER Hydrogen electrode Reaction 

HOR Hydrogen oxidation reaction 

HWP Half-wave potential 
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ICP-OES Inductively coupled plasma optical emission spectroscopy 

LSV Linear sweep voltammogram 

MCFCs Molten carbonate fuel cells 

MEA Membrane electrode assembly 

MWCNTs Multi-walled carbon nanotubes 

NCNTs Nitrogen doped carbon nanotubes 

OCNTs Oxidized carbon nanotubes 

ORR Oxygen reduction reaction 

PAFCs Phosphoric acid fuel cell 

PANI Polyaniline 

PANIED Polyaniline prepared by electrodeposition 

PANIWI Polyaniline prepared by wet impregnation 

PEMFCs 
Proton exchange fuel cells 

Polymer Electrolyte Membrane fuel cells 

RDE Rotating disk electrode 

RGO Reduced graphene oxide 

RHE Reversible hydrogen electrode 

RPM Revolution per minute 

SCNTs Secondary carbon nanotubes 

SWCNTs Single wall carbon nanotubes 

SEM Scanning electron microscopy 

SOFC Solid oxide fuel cell 

TEM Transmission electron microscopy 

WE Working electrode 

UPD Uderpotential deposition 

XRD X-ray diffraction 
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Symbols 

Å Angstrom Å 

B Levich constant  

B2θ Full wave half maximum  

C Concentration mol L-1 (M) 

CO2 Concentraiton of dissolved O2 in electrolyte mol L-1 

DO2 Diffusioncoefficient of oxygen cm2 s-1 

e- Electron  

E0 Standard potential for half-cell reaction V 

F Faraday constant C mol-1 

h Hour  

Hads/des Hydrogen adsorption/desorption  

H+ Proton  

Hupd Underpotential deposited hydrogen  

j Current density mA cm-2 

jd Diffussion-limited current density mA cm-2 

jk Kinetic current density mA cm-2 

L Crytallite size of polycrystallized Pt nm 

LPt Pt loading in the catalyst mg  

n Number of transferred eletrons in oxygen reduction 

reaction 

 

nm Nanometre nm 

ω Rotation speed of rotating disk electrode rpm 

QCO Columbic charge consumed by oxidation of 

adsorbed CO 

mC 

QH Columbic charge of the underpotential deposited 

hydrogen 

mC 

T Temperature ºC 

µm micrometre µm 
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V Cell voltage V 

W Watt  

wt.% Weight.%  

θ The diffraction angle ° 

λ The wavelength nm 

ʋ Kinematic viscosity cm2 s-1 
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