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ABSTRACT 
       Electro-oxidation of methanol was investigated on platinum catalyst supported on a 

double oxide nanocomposite support of tin oxide and carbon-doped titanium dioxide. The 

Pt-SnO2-C-/CNTs electro catalyst demonstrated about 20% and 44% percent higher 

forward peak current density than Pt-SnO2/CNTs and E-TEK, respectively. The kinetics of 

formation of the oxygenated species (-OH) groups was dramatically enhanced upon doped 

titanium dioxide incorporation. This leads to a much lower onset potential of adsorbed CO 

oxidation. Doping by carbon in the titanium dioxide makes the oxide support electrically 

conductive.   

       Shifting in Pt oxidation state was noted, which refers to the influence of the metal 

oxide incorporation with platinum on the CNTs. The purpose of the coating is to avoid 

corrosion at high potentials and enhance the durability of the catalyst in an acidic medium. 

Therefore, the oxide coating was the key factor for the enhanced stability of the Pt catalyst 

and for the increase of current density during methanol electro-oxidation. 
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CHAPTER 1. Introduction  

        In 1839, William Robert Grove described the main principles of the fuel cell when he 

noticed the generation of electrical current from the reaction of oxygen and hydrogen in 

the presence of platinum in sulfuric acid. He called his observation a “gaseous voltaic 

battery” [1]. In 1889, the two chemists Ludwig Mond and Charles Lenger defined the term 

of “fuel cell” when they were attempting to design the first device by using the air and 

industrial coal gas. However, in the end of 1800s, and after the internal combustion engine 

was invented and the use of fossil fuels grew exponentially, the efforts on perfecting the 

fuel cell diminished. 

        Nevertheless, in today’s world, due to environmental issues from oil burning and other 

pollutant sources, Proton Exchange Membrane (PEM) fuel cells, as clean, energy-

converting devices have drawn a great deal of attention in the recent two decades due to 

their high energy density and negligible emissions [2]. PEM fuel cells have many 

remarkable application areas, including transportation, stationary and portable power, and 

micro-power. Since the 1960s, chemical engineers have done great and intensive work in 

the development of PEM fuel cells. People have started seeking other approaches that are 

environmentally-friendly and cost-effective. Direct methanol fuel cells (DMFCs) are one 

of the most efficient power sources that have the potential to be used in portable electronics 

applications, co-generation systems, and the automobile industry. They have unique 

advantages such as the ability to directly convert chemical energy into electrical energy 

with efficiency up to 70%, and they produce less polluting emissions. It is widely accepted 

that the catalytic performance of metal catalysts depends not only on their
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 geometry and dimension, but also on their support as well. Therefore, Pt and Pt alloys are 

applied as catalysts in DMFCs for methanol electro oxidation in acidic solutions [3].  

       Researchers believe that the electrochemical reaction mechanism of methanol takes 

place in dual pathways both directly and indirectly. The direct path is via weakly adsorbed 

intermediates. Likely candidates for such intermediates are formaldehyde and formic acid. 

The indirect path, which is more accepted, involves a strongly adsorbed intermediate, 

which is commonly accepted to be CO [4].  While Pt is the most active anode catalyst, cost 

and durability issues still hinder large-scale commercialization. Therefore, to overcome 

these obstacles, various binary and cluster Pt-based catalysts have been developed, such as 

Pt-SnO2/CNTs (carbon nanotubes) as reported [5]. Such metal oxides are WO3, CeO2, 

MnOx, and RuO2 all show enhancing in catalytic activity for methanol electro-oxidation 

[6].  

       Moreover, it was suggested that Pt-SnO2/CN (Nitrogen doped carbon) had a high 

performance in methanol oxidation process [7]. Well dispersed Pt-SnOx nanoparticles 

supported on multiwall CNTs were reported by Hu et al., effectively averting CO poisoning 

and leading to improved efficiency [8]. Therefore, exploring new catalysts, improving 

catalyst activity and stability, durability, and reducing catalyst cost are currently the major 

tasks in fuel cell technology and commercialization. 

      Recently, Sasaki and co-workers summarized that Pt as a metal could be oxidized at a 

high potential, causing a decrease in active sites on the surface layer of the Pt [9]. Fuel cell 

performances are highly dependent on the oxidation states of the Pt crystallites on the 

surface of the catalysts. It was proposed that some non-noble metal oxide could prevent 

CO poisoning [10]. Generally, the effect of the promoters on the electro-catalytic activity 
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of platinum nanoparticles can be explained based on two major phenomena: the 

bifunctional mechanism and the ligand effect [11]. Because of the extraordinary thermal, 

mechanical and electrical properties, CNTs were used as a support for the catalyst [12]. 

However, the pristine surface of carbon materials is inert, making it a difficult substrate to 

attach metal catalyst particles. Therefore, it is of vital importance to develop effective 

techniques to improve adhesion through surface modification of carbon materials before 

metal deposition such as Pt can be attached directly onto such surface [13].  

       Generally, CNTs are surface functionalized before Pt attachment. In our work, tin 

oxides SnO2 with titanium dioxide TiO2 have been investigated as a double metal oxides 

support for platinum. By this process, the thin coated layer of TiO2 could be formed in the 

presence of –OH and -COOH groups. In this study, tin oxide SnO2 is incorporated on doped 

TiO2 coated on CNTs as a bifunctional element for the noble metal in catalytic oxidation 

of methanol at low temperature. The support was prepared via hydrolysis of tin di-

hydrochloride (SnCl2·2H2O) in hot water in the presence of coated CNTs. Then, Pt/SnO2-

C-TiO2/CNTs (later abbreviated to PtSTC in chapters 2&3) were prepared by a 

straightforward in situ liquid phase reduction of K2PtCl4 as a metal precursor. The effect 

of TiO2 with SnO2 was very clear in terms of activity and durability. X-ray photoelectron 

spectroscopy (XPS) analysis indicated a high binding energy of Pt with both oxides. This 

observation combined with the result of the cyclic voltammetry of the catalysts in sulfuric 

acid revealed that there was no surface onset peak at high potential, indicating high 

electronic stability of Pt in the acidic medium [14]. 
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1.1General concept of fuel cells  

       Fuel cells are devices that generate power as electricity by a chemical reaction. As 

shown in Figure 1, every fuel cell has two sided electrodes, one positive and one 

negative, called, respectively, the anode and cathode. In addition, the fuel cell has a 

membrane that transports the positive ions from anode to cathode. The reactions that 

produce electricity take place at the electrodes. On the anode, the oxidation reaction 

takes place generating electrons to the external circuit as a current and positive ion that 

pass through the membrane to meet the anions that are produced on the cathode,  

 

Figure 11.Basic features and operating principles of methanol fuel cell. 

where the reduction reaction takes place. Every fuel cell also has a unique electrolyte 

which carries electrically charged particles from one electrode to the other, and a 

catalyst which speeds the reactions at the electrodes. There are different fuel cell feed 

types such as hydrogen, methanol and ethanol fuel cells. Each feed has its own 

operating conditions and different catalysts that could be used to produce the electric. 
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1.2 Types of fuel cells 
      There are several kinds of fuel cells, systemized mainly by two groups depending 

on the operation conditions like the temperature and the electrolyte type. Table 1 

below lists the major types of fuel cells. 

Table 1. Different types of fuel cells, main properties and operating conditions. 

Fuel cell type  Operating 

Temperature (C) 

Electrolyte  Fuel  oxidant 

Polymer 

electrolyte 

membrane fuel cell 

   70- 120  Ion- exchange 

membrane 

H2 O2, air 

Direct methanol 

fuel cell (DMFC) 

    70-90 Ion- exchange 

membrane 

methanol O2, air 

Phosphoric acid 

fuel cell (PAFC) 

    180-220 Phosphoric acid 

 

Natural gas 

Gasoline 

disesel  

O2, air 

Molten carbonate 

fuel cell (MCFC) 

    650-700 Molten alkali 

carbonate 

Carbon gas, bio 

gas, natural gas 

O2, air,CO2 

Solid oxide fuel 

cell (SOFC) 

   800-1000 Yttria- stabilized 

zirconia 

Carbon gas, bio 

gas, natural gas 

O2, air 

Alkaline fuel cell 

(AFC) 

     60-90 Aqueous alkline 

solution 

Pure H2 Pure O2 
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  1.3 Reactions of fuel cells 
  1.3.1 Hydrogen fuel cell 

       In the H2 fuel cell, hydrogen is oxidized electrochemically at the anode electrode 

where the electrons are produced. On the other hand, oxygen is reduced 

electrochemically at the cathode as shown in Figure 2. Hydrogen fuel cells work 

relatively at low temperature (70-90 °C) [15]. 

 

Figure 2 Basic principles of Hydrogen fuel cell. 

      Hydrogen is continuously supplied from a compressed storage tank to keep the 

electron flow. Oxygen is usually taken from the air and goes to the cathode. On 

both of the anode and the cathode, there is a functional catalyst. At the anode, the 

catalyst adsorbs the hydrogen afterward the oxidation reaction occurs, and it takes 

a few steps to complete the reaction. On the cathode, oxygen is adsorbed on the 

catalyst surface and is reduced to an anion that could meet the incoming positive 

(H+) from the anode side and produce the H2O as shown below in the reaction steps: 

 Anode Reaction:           H2 → 2H+ + 2e−                                     (1) 
Cathode Reaction:      0.5O2 +2H+ + 2e− → H2O                         (2) 
Overall Cell Reaction:     H2 +0.5O2 → H2O                               (3) 
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       Hydrogen fuel cells face challenges in the operating condition and the feed purity. First, 

the high storage tank pressure could make a deadly explosion. Second, the feed purity is 

still a complicated obstacle. Since the hydrogen is produced from the fossil oil sources, the 

carbon monoxide content is a destructive material that poisons the catalyst active sites. 

Thus, the trace of CO must be converted to CO2 by a catalytic process to reduce the CO to 

<10 ppm before the fuel gas enters [16]. 

1.3.2 DMFCs 
       DMFCs are devices that transform the chemical energy of methanol to electrical 

energy directly, with high efficiency up to 80-85%. Methanol is electrochemically oxidized 

at the anode, whereas the oxidant, the oxygen, comes from the air which is reduced at the 

cathode. Generally, methanol is the smallest alcohol molecule and is the most studied one. 

Small organic molecules containing one or two carbon atoms are one of the tricky catalytic 

issues. The oxidation of methanol involves six electrons which make the mechanism quite 

complicated. In 1988, Parson and Van der Noot presented their theory about the alcohol 

electrochemical oxidation reaction. They assumed that the methanol will undergo dual 

pathways which consist of two routes to get the complete reaction done as shown in Fig. 3 

[17]. 

        One is called the indirect pathway involving a strongly adsorbed intermediate. This 

intermediate is commonly accepted to be CO. The main obstacle of this pathway is how to 

oxidize the carbon monoxide. Another pathway is the direct path involving weakly 

adsorbed species which could be formaldehyde and formic acid. Besides that, in 1975, M. 

Watanabe, S. Motoo stated the presence of another element with platinum can enhance the 

activity of the catalyst according to the bifunctional theory. The theory states that the 

http://www.sciencedirect.com/science/article/pii/S0022072875802610
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platinum will adsorb the methanol leading to one of the pathways explained above. On the 

other hand, the bimetal will activate the water that could react with the carbon monoxide 

forming CO2.  

 

 

Figure 3. Shows the dual pathway mechanism [17]. 

 

 

1.4 Catalyst literature review   
         Heterogeneous catalysts are the most successful substances found to decrease the 

severe reaction conditions. The catalysts have seen many improvements for the last few 

decades. Such advances are modifying the parent metal to alloys or metal oxides 

incorporated to be bi-metallic or bi-oxides catalyst supported. The bi-oxides technique has 
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emerged to be the most interesting technology that provides high stability and activity 

regarding fuel cell applications [18]. So, understanding and finding the hidden properties 

of bi-oxides supported catalysts have become a necessity. Also, their surfaces show unique 

properties that do not exist in the monometallic catalyst surface [19]. Nevertheless, 

knowing how the chemical and electronic properties could be altered according to the 

original metal still faces some challenges. Many investigations have been devoted to 

studying the binary oxides or mono-oxide supported catalyst surfaces [20]. Park et al., have 

stated two reasons that contribute the modification of chemical and electronic properties. 

First, the strong interaction between the noble metal and the metal oxide alters the 

electronic configuration of the surface, which is called the ligand effect. Second, metal 

oxides have a high amount of hydroxyl groups which could serve as co-catalysts of noble 

metal, based on bifunctional mechanism [21]. 

          In our current work, a noble metal (Pt) supported on a non-noble metal oxide catalyst 

has been chosen for two reasons. First, they have wide applications in different areas 

because of their abundant sources, low cost, and environmental acceptance. Second, they 

have distinguished corrosion resistance in the electrochemical environment of PEFCs 

compared with carbon material supports because the noble metals in oxides exist in high 

binding energy and do not readily lose further electrons to be further oxidized. Thus, to 

date, they are the most common group used on electro-catalytic applications. However, 

other non-platinum bi-metallic catalysts exhibit interesting outcomes and important 

applications as well. For instance, the Au-Ag catalyst is used for carbon monoxide 

oxidation due to the strong synergistic forces between the two metals [22]. However, using 

noble metals costs a lot of money which is not practical if it is used on a commercial scale. 



 

10 
 

Another aspect regarding the high activity and durability is the catalyst support. In this 

review, we are trying to demonstrate and cover the mostly used catalyst supports.  We will 

also focus on an important utilization of the catalysts in alcohol oxidation reaction such as 

methanol. 

 

1.4.1 Catalyst Support 
      PEM fuel cells are still not practical for market needs and are inhibited in broad 

applications due to two great challenges; the high cost production catalyst and poor 

durability and reliability [23]. Therefore, using a proper catalyst support is highly 

recommended; using supported catalysts shows a great influence regarding the cost and 

durability [24]. Most of the currently Pt-based catalysts are supported on porous and 

conductive carbon with a high specific area. The support material is essential to obtain a 

high dispersion and uniform distribution which lead to enhancing the catalyst performance. 

Moreover, some of the supports play a role as co-catalyst that reinforces the catalyst. Such 

supports are transition metal oxides like TiO2 [25], ZrO2, and WO2 [26]. They support not 

only the activity enhanced by the oxide support incorporation but also the durability. In 

summary, the catalyst supports to be considered as a commercialized product should meet 

the following conditions: 1) high specific area in which the catalyst could be dispersed, 2) 

high electrochemical stability, 3) conductive, and 4) the interaction between the metal and 

the support should be accounted to improve the catalyst durability [27]. Regarding carbon 

based supports, there are three carbon-based popular catalyst supports: carbon black, CNTs, 

and graphene. Vulcan XC-72 carbon black is considered the most popular supporting 

material. In addition to the recently increased uses, much work has been done to developing 

novel catalyst supports, including nanostructured carbons such as CNTs, carbon nanofibers 
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(CNFs), and metal oxides. Oxide coated CNTs can also be activated by other conductive 

atoms such niobium, or compounds to enhance both the catalytic activity and durability of 

the resultant catalysts. In the next part, we report the three kinds of carbon-based supports. 

We also demonstrate their activities in the methanol oxidation reactions with and without 

metal oxides in co-existence. We will point out the crucial presence of a metal oxide on 

carbon material substrates and how to enhance the kinetics, durability, and stability.   

1.4.1.1 Pt-based supported with and without metal oxides on carbon in DMFCs 

     Vulcan XC-72 carbon black is considered the most popular supporting material. 

However, there are more than one types of carbon material such as mesoporous carbon, 

activated carbon and XC-72 carbon black. Each one of them has a unique morphology, 

activity and surface area [28]. For instance, mesoporous carbon has pore sizes in the range 

2-50 nm which can be classified into two types: the ordered mesoporous carbon (OMC) 

and disordered mesoporous carbon (DOMC). The proper pore size is crucial. For instance, 

the DOMC exhibits large pore size which could lower the conductivity and makes any 

metal deposited irregularly distributed, leading to diminished catalyst performance. On the 

other hand, a study was conducted by using OMC as a catalyst support, and the results 

were reported by comparing Pt/C and Pt/GMC at the same metal loading 20% [29]. The 

authors reported enhancing the current density from 27.1 mA/cm2 in Pt/C to 37.5 mA/cm2 

in Pt/GMC. In contrast to Vulcan XC-72, the mesoporous carbon shows distinguished 

properties such as surface area and three dimensional interconnected mesoporous net. 

Subsequently, extensive studies have been devoted to using mesoporous carbon in fuel 

cells [30]. Yu et al., investigated the effect of the pore size in range [10-100 nm] in catalytic 

activity of the supported PtRu in DMFCs [31]. They found at 25 nm pore size, the activity 
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was the higher by a 43% increase comparing to commercially catalyst [32]. Then, they 

stated that not only the pore size or the pore volume is the reason of the activity, but it is 

also highly interconnected pore system that permits an effective mass transport [33]. For 

that finding, a mesostructured composite catalyst Pt-SnO2/GMC was investigated in 

methanol electro-oxidation [34]. They compared the activity with the commercial catalyst 

Pt/C. They found after oxide incorporation there was an increase in catalyst activity (Figure 

4A) and negative shift in oxidation peak as in Table 2. Also, they attributed that to two 

aspects: first, the unique pore size of the support and 3D pore channel provided 4 nm room 

for Pt nanoparticles to disperse and made it accessible for methanol to diffuse. Second, the 

SnO2 presence, which could assist the Pt in methanol oxidation, could activate the water at 

a low potential. In addition, we can see in Figure 4B that the 20PtSnO2/GMC has a high 

durability after 600 seconds. 

Table 2 Electro-catalytic activity parameters of the catalysts for methanol oxidation. Ref. [34]. 

Catalyst Maximum current 
density/mA cm−2 

Maximum current 
density/mA mg-Pt−1 

Potential of maximum 
current  /V 

20Pt/GMC 34 481 0.75 

20PtSnO2/GMC 45 1273 0.68  

20 wt.%Pt/C 26 368 0.70 
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Figure 4. A) Cyclic voltammetry curves of catalysts toward methanol oxidation in 0.5 MH2SO4 + 0.5 M CH3OH 
solution with a scan rate of 0.05 V.s_1 at 298 K, (forward scan: 0.2 – 0.8 V and reverse scan: 0.8 – _0.2 V), B) 
Chronoamperometry curves of samples for methanol oxidation at 0.55 V,298 K. Ref. [34].  

 
      Carbon black under DMFC operation conditions suffers from two constraints: carbon 

corrosion at high potential leading to loss in the catalyst surface area and reducing the 

catalyst durability [35]. A study was conducted by utilizing carbon black to determine its 

resistance under fuel cell operation conditions, and they compared it with carbon 

nanostructure [36]. They found a reduction in surface area 35% in Pt/CB and 20% in 

Pt/CNP after 15 hr. Also, they reported surface area loss rate 0.0032 m2/g.hr-1 and 0.00152 

m2/g.hr-1 for Pt/C and Pt/CNs, respectively. Consequently, many researchers have started 

modifying carbon black surface with other materials, or replacing it with metal oxides [37].  

A study functionalized the CB with silicon oxide and tin dioxide to overcome on the Pt 

aggregation [38]. They used SnO2 as a catalyst promoter and SiO2 as a stabilizer; in 

addition, they reported increasing in the oxidation state of the platinum by 0.6 eV. They 

found that at 0.9 V the Pt/C-Sn0.3Si0.7Ox the current is about 1.5 times in Pt/C. They 

concluded that the coexistence of incorporated binary oxide prevented the carbon corrosion 

to Pt and protected the SnO2 from dissolution. 
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1.4.1.2 Pt-based supported with and without metal oxides on graphene in DMFCs 

       The second popular carbon material support is the graphene. In 2004, graphene was 

first discovered experimentally by Giem and his co-worker at Manchester University by a 

peel-off technique [39]. Technically, there are more than one allotrope of the graphene 

which are one dimensional and two dimensional; however, the latter was thought to be not 

stable thermodynamically at certain temperatures [40]. Graphene has distinguished 

properties such as high surface area (2600 m2/g), good electrical conductivity, chemical 

stability and intrinsic mobility (15000 cm2/vs) [41]. These unique properties made 

graphene a proper candidate for many applications. For instance, it could be applied as a 

transparent electrode in solar cells and light emitting [42]. Considering the fuel cells, there 

is a rapidly growing interest in utilizing the graphene in the electrochemical application 

such a catalyst support. Another form of graphene is graphene oxide which is manufactured 

by breaking the graphite sheets apart by acid oxidation and physical agitating like 

sonication [43]. 

       Therefore, many researchers have devoted their intensive work to use graphene in fuel 

cells [44]. Comparing to CNTs, graphene has a much higher surface area and conductivity; 

however, graphene production cost is much higher than CNTs and the carbon black. Since 

the fuel cells are considered as an upcoming alternative power source, great work must be 

done to reduce the cost and enhance the efficiency. Thus, using the strong catalyst support 

such as graphene could achieve the target in term of the efficiency. Currently, the most fuel 

cell issues are overpotential in cathode side, poisoning intermediates species such as carbon 

monoxide in anode side, and fuel crossover in the interfacial membrane. [45]. Twenty 

percent of Pt/graphene has been used to increase ORR activity as reported by Balbuena, 
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Perla B et al. [46]. They stated that the deposited Pt particles decorated the graphene 

surface with small sizes which attributed to a high surface area. Also, they reported 

enhancing in methanol oxidation performance. Another study by Liu and co-workers 

functionalized the graphene surface sheets (FGS) by the thermal expansion of graphene 

oxide [47]. They found the Pt/FGS exhibits high current density and good retention on the 

electrochemical surface area after 5000 cycles. Further investigation has been devoted to 

Pt/RGO composites which were prepared in situ chemical reduction of graphene oxide and 

H2PtCl6 using NaBH4 as a reducing agent [48]. Compared to commercial Pt/C, the ECSA, 

current activity and peak positions were found the best in Pt/RGO. A fast kinetic reaction 

was found in Pt/RGO, which shows that the onset potential shifted to a more negative 

potential as shown in Figure 5. 

 

Figure 55. Cyclic voltammograms of (a) Pt nanoparticles and (b)Pt–Ru nanoparticles on different carbon-based 
supports in1M CH3OH/0.5MH2SO4 at 50mV/s. Ref. [48].  

      The high performance of Pt/graphene could be attributed to the robust interaction 

between Pt particles and graphene Nano-sheets [49]. Considering the methanol oxidation 

reaction, there are several parameters that assess the catalyst performance. First, the 

forward and backward peak ratio can refer to the catalyst CO-tolerance indicator. Second, 
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onset starting reveals the pace of the catalyst reaction kinetics to reach a current peak early. 

Pt/graphene shows good If/Ib ratio as depicted in Figure 5 for methanol oxidation which 

refers to complete reaction path with less carbonaceous species residue such as CO [50]. 

Owing to the bi-function theory, Ru decorated with Pt could promote the methanol 

oxidation to occur at a more negative potential. It was suggested that the Ru will activate 

the water (O-H-O) at a low potential, reacting with Pt-CO adsorbate. Wang and co-workers 

elucidated the synthesis of Pt on Pd- nanoparticles as a bi-metal on graphene via a wet 

chemical approach as shown in Figure 6 [51].  

 

Figure 6. TEM (a) and HR-TEM (b) images of TP-BNGN. The circled parts in panel B denotes as Pd nanoparticles. 
Ref. [51]. 

       Pt particles formed on Pd-core graphene nano-sheets. The prepared catalyst shows 

high electrochemical surface area 81.6 m/g and 54.7 m/g for Pt-Pd/graphene and Pt/C, 

respectively. However, keeping the expensive metals as a helper catalyst is not affordable. 

Recently, a study investigated a novel nanostructured support of ZrO2/nitrogen-doped 

graphene Nano sheets (ZrO2/NGNs) as a support for Pt in methanol oxidation [52]. They 

used the atomic layer deposition (ALD) method to deposit the ZrO2 on NGNs, which is as 

they reported the ALD technology can control the oxide size and the distribution of metal 

oxides. They reported results as shown in Figure 7a. An enhancement in the catalyst 
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activity and the surface area after oxide incorporation as in Pt-ZrO2/NGNs was 2.1 times 

higher than that in Pt/NGNs with 65 m2/g and 48 m2/g, respectively. Also, they found a 

high catalyst stability and durability after 4000 cycles in the Pt-ZrO2/NGNs surface which 

was 50.2% of the initial; however, in Pt/ NGNs it was 23.5%.  

 

Figure 7. (a)  Cyclic voltammograms of Pt/ZrO2/NGNs and Pt/ NGNs electrodes in 1 M CH3OH +0.5 M H2SO4 
solution at scan rate of 50 mV s-1. (b) XANES spectra of Pt L3 edge of composite electro-catalysts. Ref. [52].  

  

        Consequently, they decided to study the triple the interaction in ZrO2-Pt-NGNs by 

using XANES spectra of PtL3. They found an absorption energy 11567 eV which refers to 

2P3/2 to 5d transition. The Pt-ZrO2/NGNs has lower intensity than Pt/NGNs. As shown in 

Figure 7b, they interpreted the last observation to the less electron vacancies in 5d orbital, 

which is reasonable evidence of the electron transfer resulting from the stronger metal 

support between Pt and ZrO2/NGNs [53]. Concluding from the last study mentioned, the 

presence of a metal oxide as a Pt co-support enhanced the noble metal stability and activity 

even in using the graphene as a support. In the next part, we will illustrate the use of CNTs 

as a catalyst support, which is the related work of this thesis.    
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1.4.1.3 Pt-based supported with and without metal oxides on carbon nanotubes 
 in DMFCs 
      In 1991, Iijima discovered the CNTs during the fabrication of fullerene by arc discharge 

[54]. Due to the fascinating properties of CNTs, carbon nanotubes are applied in many 

usages such as gas storage material, energy storage material, electronics and catalysis [55]. 

In our current review, we present the application of the CNTs in electro-catalysts as a 

support. Because of the chemical stability and electronic conductivity, CNTs have been 

chosen by many researchers to utilize them in fuel cell catalysts and photo catalysis. 

However, the pristine surface of the CNTs is chemically inert. Thus, they need to be 

functionalized by either chemical agents or electrochemical techniques. Once they are 

modified, the CNTs possess different types of oxygen species such as hydroxyls, epoxies, 

and carboxylic groups [56]. Surface functionalization can increase the hydrophilicity or the 

wettability of the CNTs in water. The oxygen-containing groups can serve as active hosts 

for subsequent by covalent, electrostatic and hydrogen bonds. Additionally, a proper 

amount of oxygen-containing species on the CNTs could lower the activation energy and 

facilities electronic transfer. Nevertheless, extreme oxidation could disrupt the CNTs 

backbone or make severe corrosion [57]. To address this issue, ionic liquid polymer (PIL) 

was used as an agent to introduce a large number of oxygen groups on the CNTs surface 

as reported by Wu et al., [58]. On the same a nonacid treatment track, Wang et al., used 1-

aminopyrene to modify the surface [59]. Different oxidants and different oxidation 

conditions introduce various kinds of oxygen groups. For instance, air oxidation generates 

more phenol [60]. However, using nitric acid which is the most used oxidant for carbon 

surfaces gives more -C=O groups, whether the nitric acid was diluted or concentrated [61]. 

According to the outstanding reported properties for CNTs, the CNTs by themselves could 
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be used as a non-metal catalyst such as in a nitrobenzene hydrogenation reaction [62]. The 

CNTs as a catalyst support has advantages such as less inner diffusion of reactants and 

products, π- interaction between Pt and CNTs [63]. Moreover, there is a high mass transfer 

through the 3D network and electronic conductivity and good metal dispersion. In addition 

to that, the sp-c vacancies on the CNTs surface could enhance hydrogen adsorption which 

is an indicator of affinity to C1-3 alcohols [64]. Unlike other carbon materials catalyst 

supports, CNTs exhibit remarkable result regarding hydrogen fuel production by using 

microwave assisted dehydrogenation [65]. Also, CNTs show much higher resistance 

against poisoning than carbon black XC-72 [66]. Owing to the mentioned CNTs 

advantages, many people have begun decorating various metals on the CNTs surface. A 

study reported 20% Pt/MWCNTs activity in DMFCs and compared that with Pt/C XC-72 

[67]. The authors stated that the current density was 14.7 mA/mg Pt and 3 mA/ mg Pt for 

Pt/MWCNTs and Pt/C XC-72, respectively. 

        A major breakthrough is reported to deposit the Pt-Ru on CNTs as reported by He et 

al., [68]. The prepared catalyst Pt-Ru/CNT showed remarkable forward peak to backward 

ratio and enhanced kinetics. In addition, they investigated the Pt/Ru ratio on the forward 

peak potential position. As shown in Figure 8a, the authors have stated that at low platinum 

loading the methanol reaction shifts to a more negative potential. This is because of the Ru 

ability to adsorb and activate the water at a low potential [69]. Nevertheless, reducing Pt 

loading with increasing Ru content ratio could retard the catalyst activity since Ru has no 

catalytic activity toward the electro-oxidation of methanol as Figure 8b depicts [70]. Also, 

Ru is still expensive which is the major impractical issue.  
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Figure 8. (a) activity of PtRu/CNTs in Methanol (b) shows Pt/Ru ration effect on peak Potential position, (c) show 
catalyst activity with Pt/Ru ratio, (a) activity of PtRu/CNTs in Methanol. Ref. [70]   

        Investigators have made considerable efforts to avert catalyst poisoning by CO-like 

intermediates. Alloying Pt with Ir, Ni, Co, Ru and Sn as metals or their oxides has become 

the most interesting topic for the researchers. PtRu has shown a superior performance 

regarding complete CO2 production; however, Ru still is expensive which makes the 

catalyst non-feasible. To make the catalyst commercially practical, it was recommended 

that decorating a non-noble metal oxide could enhance the Pt activity, durability, and at 

less cost [71]. In the direct methanol fuel cells, methanol oxidation mechanism has 

sequential steps. The first step is methanol adsorption on the catalyst. Next, 

dehydrogenation will take place. Then, the formate species or the carbon monoxide will 

form. The faster kinetics is, the more functional catalyst is needed, and that has been 

achieved by adding the second element with Pt. The indicator is called the “onset potential 

position.” The earlier peak onset marks how fast the kinetic is. Incorporating the metal 

oxide could affect it in two ways: either altering the Pt electronic structure called the 

“ligand effect” or adsorbing and activating the water at a low potential which is called the 

“bi-function technique”. Coupling both is also possible; however, it was stated by Lu et 

al., [72] based on UHV, NMR and electrochemical studies that bi-functional rout influence 
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is higher than ligand by four times. Chuangang et al. reported that Pt-SnO2/HQ-MWCNTs 

showed distinguished results in methanol oxidation reaction [73]. 

 

Figure 9. (a) TEM of Pt-SnOx/HQ-MWCNTs catalyst (b) Cyclic voltammograms of: (a) Pt-SnOx/HQ-MWCNTs 
catalyst, (b) JM 20% Pt/C catalyst, and (c) Pt-SnOx/AO-MWCNTs catalyst in 0.5M H2SO4 and 0.5M CH3OH 
solution saturated by N2 with the scan rate of 50mV.s−1 at 20±1 ◦C. Ref. [73]. 

 

     Such results were early onset at 0.18 V at Ag/AgCl and there was a high forward current 

density peak up to 150 mA/cm2 at 0.74 V vs. Ag/AgCl. They stated also well-dispersed of 

Pt-SnO2 and covered most of 8-hydroxyquinoline HQ-MWCNTs. In addition, they 

described the catalyst tolerance toward incomplete carbonaceous species by calculating the 

forward to backward peak ratio. The early peak observation could be assigned to the SnO2 

presence in the Pt vicinity with high Pt 4f binding energy (71.9eV) that enhances the CO-

removal mechanism since the Pt has less affinity to bond with CO adsorbate. Another study 

demonstrated reducing Pt loading to 10% with titania rutile phase with Nb as a dopant 

NTO/CNTs and compared it with Pt/CNTs at the same loading [74]. They found a modest 

difference in surface area of 36.8 m2/g and 21.4 m2/g for Pt/NTO/CNTs and Pt/CNTs, 

respectively. In addition, increasing in the binding energy 71.2 eV to 71.5 eV was noticed 
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which is attributed to a strong interaction between Pt particles and the NTO/CNTs support. 

In Figure 10a, methanol oxidation onset was noted early at 0.2 V (vs. Ag/AgCl) and 0.275 

V (vs. Ag/AgCl) for Pt/NTO/CNTs and Pt/CNTs, respectively.  

 

Figure 10. (a) Specific activities of methanol oxidation on the Pt/NTO/CNTs and Pt/CNTs catalysts in N2-saturated 0.1 
M HClO4 solution with 1.0 Methanol, (b) CV of initial cycleand that after 3000 cycles for Pt/NTO/CNTs with 
scanning rate at 50 mV/s. Ref. [74].    

       However, they reported electrochemical surface area (ECSA) loss after 3000 cycles in 

Pt/NTO/CNTs less than in Pt/CNTs as in Figure 9b. In this sense, we could infer that even 

in CNTs the Pt could be corroded, or even aggregated. Platinum deposited on ZrO2/CNTs 

and ZrO2/C was examined in DMFCs [75]. The study reported a surface area 211.59 m2/g, 

69.60 m2/g for Pt/ZrO2/CNTs and Pt/ZrO2/C, respectively. Also, they found a more 

negative methanol onset potential in Pt/ZrO2/C of about 0.587 V, and in the case of Pt/ 

ZrO2/CNTs the onset was 0.208 V (vs. Ag/AgCl). However, Pt/ZrO2/CNTs showed high 

If/Ib about 2.2; nevertheless, Pt/ZrO2/C exhibited 1.61. Another study incorporated Pt onto 

Ru-doped SnO2 [76]. The study reported 0.23 V vs. Ag/AgCl onset potential with high 

forward to backward ratio. They attributed the good performance to: first, reducing the CO-

poisoning effect. Also, there was Ru existence with tin dioxide that generates more 

hydroxyl groups at low potential from water dissolution. Moreover, Ru improved the SnO2 

conductivity which enhanced the methanol electro-oxidation. Dou et al, have utilized SnO2 
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as a durable catalyst support avoiding the carbon corrosion at high potentials [77]. They 

found remarkable Pt stability at high voltage and less ECSA loss in Pt/SnO2 11.3% 

compared to Pt/C 64.7%. Even though they showed good stability, no solid explanation 

was presented. They attributed that to the strong Pt and SnO2 interaction which was 

consistent with the Pt 4f XPS result. Nevertheless, their statement regarding no electron 

supply is theoretically unconvincing. Another study was made by pulse electrodeposition 

of Pt on porous TiO2 thin film. They improved the electric conductivity of TiO2 by thermal 

annealing in a vacuum 0.1 Torr. They stated a high surface area 172.9 m2/g and good 

forward-backward current ratio 1.44. In addition, they mentioned 0.327 V (vs. Ag/AgCl) 

as an onset potential [78]. Another study was done by preparing a composite by deposition 

of PtRu hydrothermally on SnO2/CNTs [79]. They claimed a difficulty with SnO2 

deposition on the CNTs, so they utilized ethylene glycol and polyvinyl pyrrolidone (PVP) 

to assist tin oxide deposition. They found a high surface area, current density and 

appreciable Pt stability at a high potential. Additionally, they attributed that to 

homogeneous and porous SnO2 layer over CNTs. In addition, Ru-SnO2/CNTs modified the 

electronic properties of Pt; moreover, hydrothermal synthesis supplied a uniform 

environment for nucleation and growth of metal particles. However, they reported a high 

onset potential around 0.37V (vs. Ag/AgCl). Song et al., investigated TiO2-Pt/CNTs after 

heat treatment at 200 °C for 2 hrs. They found that there was no effect on the Pt crystal 

phase after heating in the presence of the titanium dioxide, which remained in hydrous 

form. Also, they stated that the Ti-OH hydrous form could accelerate the CO adsorbate 

oxidation reaction rather than need to activate the water from the electrolyte. They reported 
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1.11 mA/cm2 as the forward current activity and surface area 51.5 m2/g; however, the onset 

was 0.407 V (vs. Ag/AgCl) [80].  

In our present work, we uitilized two metal oxides, titanium dioxide as a coating 

agent to coat the CNTs and tin oxide as a Pt reinforcer agent and denoted as Pt-SnO2-C-

TiO2/CNTs. According to the Pt 4f XPS spectra, the binding energy shifted to the high 

oxidation state of the platinum. A high oxidation state means high electrons back donation 

from Pt  to both oxide which renders the Pt to oxidize the carbon- adsorbates at low 

potential. We observed the lowest methanol onset potential (0.11 V. vs Ag/AgCl) and 

methanol oxidation peak potential (0.62 V. vs Ag/AgCl). In addition, we recorded a high 

catalyst activity in PtSTC (2.4 mA/cm2) compared with (1.98 mA/cm2) in PtSC and (0.98 

mA/cm2) in Pt/C. Thus, the binary metal oxides idea could be considered a succsseful 

method for methanol oxidation.  

         In summary, regarding carbon material supports, each catalyst support serves 

uniquely and shows a different performance in different applications. Carbon black is the 

cheapest carbon material that is used as a catalyst support. It has good performance in an 

oxygen reduction reaction since it provides four electrons which yield water as a final 

product. Compared to the CNTs and carbon black, graphene has more surface area and 

high intrinsic mobility. However, the production cost of graphene is higher than both CNTs 

and carbon black. Conversely, CNTs have a strong penchant to adsorb the hydrogen and 

small alcoholic organic molecules such methanol and ethanol. CNTs show much higher 

resistance against poisoning than carbon black XC-72. Also, CNTs exhibit outstanding 

results regarding hydrogen fuel production by using microwave assisted dehydrogenation. 

As a consequence, they are applied as a catalyst support in the direct methanol fuel cells. 
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Despite all the advantages reported above for carbon material as a support catalyst, it must 

be mentioned that they have insufficient corrosion resistance in in the overall long term 

operation. Thus, replacing carbon catalyst support by inorganic metal oxides is one of the 

solutions people have started trying to work on. On the other hand, some people have kept 

using CNTs, CB and graphene by coating or incorporating other metal oxides on their 

surface. 
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CHAPTER 2. Catalyst Preparation and Characterization Methods 

2.1 Catalyst preparation  
2.1.1 Carbon nanotube coating by titanium dioxide 
        Multiwall CNTs (purity >95%, diameter 35-60 nm) were obtained from NanoLab. 

SnCl2·2H2O was purchased from Acros Organic. Potassium tetrachloroplatinate (K2PtCl4) 

was supplied from Alfa Aesar. Titanium isopropoxide (C12H28O4Ti, 99.9% metal basis) 

was purchased from Sigma Aldrich. A desired amount of CNTs was treated with 3:1 

H2SO4–HNO3 (volume ratio) in an ultrasonic bath at 60 °C for 2 hours for surface 

functionalization followed by filtration and a thorough washing with deionized water. In a 

sol-gel technique, 20 mg was treated and CNTs were dispersed in a solution containing 8 

mL ethanol, 2 mL benzylalcohol plus excess water with aid of ultrasonication and stirring. 

A certain amount of titanium isopropoxide was dissolved in ethanol and slowly (drop-wise) 

dripped into CNT suspension with a pipette. After 2 hours of stirring, the final solution was 

vacuum-filtered, washed in ethanol, and dried at 80 °C in a vacuum oven overnight. The 

desired amount of TiO2/CNTs was doped by carbon with 10% acetylene C2H2 in N2 at 

700 °C for 20 min at flow rate of 40 ml/s, which is denoted as C-TiO2/CNTs. 

2.1.2 Synthesis of oxides on CNTs  
      The coated and doped CNTs (15 mg) were dispersed in 8 ml of hot water at 70 ˚C and 

sonicated for 30 minutes followed by hydrolysis of 3.2 mg tin dehydrate chloride by stirring 

for 12 hours at 70 ˚C, to obtain 10% weight loading of the metal oxide. The above 

suspension was washed with deionized water during vacuum filtration and then dried in an 

oven at 70 ˚C for 8 hours. The black powder was then calcined at 600 ˚C under nitrogen 

gas for 1 hour. Pt/SnO2-C-TiO2/CNTs and Pt/SnO2/CNTs catalysts were prepared by in 

situ liquid phase reduction 

2.1.3. Preparation of Pt on metal oxide coated CNTs 
        Pt catalysts were prepared by a polyol process. The process was as follows: 10 mg of 

metal oxide coated CNTs were dispersed in the solution of 2.5 ml water and 2.5 ml ethylene 

glycol, followed by ultrasonication for 20 min. Then 1.87 ml (0.007M) of platinum 
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precursor was added (to achieve 20% loading), followed by 6 hours of stirring at 80 ˚C. 

After stirring, the obtained catalyst was washed with ample amount of deionized water to 

remove any ethylene glycol residue. Finally, the powder was placed in an oven at 70 ˚C for 

8 hours. In this way, catalysts of Pt/SnO2/c-TiO2/CNTs and Pt/SnO2/CNTs were prepared 

for study. These catalyst names, for convenience, were abbreviated to PtSTC and PtSC, 

respectively. Another catalyst prepared, Pt/TiO2/CNTs, without carbon doping is 

abbreviated as PtTC. 

 

2.2 Characterization and spectroscopic methods  
2.2.1 Transmission electron microscopy 
        The transmission electron microscope (TEM, JEOL-1400-120kV) and FEI Tecnai 

F30 Twin -300kV) was used to determine the morphology of the coating layer on CNTs 

and to characterize size and shape of the Pt particles. A small amount was taken from the 

catalysts of PtSTC and PtSC and dispersed in ethanol under sonication. A drop of the 

prepared ink was transferred with a pipette and dripped on a TEM grid (400-mesh carbon-

coated copper, Electron Microscopy Sciences). The specimen was left in the open 

atmosphere to dry rapidly. Then, the grid was examined by TEM and the results were taken 

to be analyzed. 
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 2.2.2 X-Ray photoelectron spectroscopy  
       Oxidation states of the C 1s, Ti 2p, Sn 3d, O 1s and Pt 4f in the prepared catalysts were 

analyzed by X-ray photoelectron spectroscopy (XPS, Kratos Axis 165). The spectrometer 

is equipped with a concentric hemispherical analyzer which uses 8 channel Tron detectors. 

The sample was ion sputtered with a differential ion gun for 60 seconds at 4 kV. A Mg Ka 

anode, operated at 15kV and 225 W with a photon energy of 1253.6 eV, was used as the 

X-ray source. The base pressure of the chamber during inspection was 10-9 Torr. The pass 

energy was 80 eV during the survey scan and 20 eV for the windows scan [81].  

   2.2.3 X-Ray diffraction  
       X-ray diffraction (XRD, Philips X-pert) equipped with Cu Kα was performed to 

analyze the crystalline phase of the catalysts. The data were collected with a Philips X-pert 

diffractometer over an angle range of 2θ = 20-90˚ at a scan rate of 0.026˚ s-1. The results 

explained the crystalline structure of Pt and SnO2. 
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2.3 Electrochemical methods  
        All electrochemical tests were carried out by an Electrochemical Workstation 

(BAS100) to study the electrochemical performance of the prepared catalysts and compare 

with a benchmark E-TEK catalyst Pt/C, all at the same Pt weight loading of 20%. An 

Ag/AgCl electrode and a Pt coil wire were used as the reference and counter electrodes, 

respectively, in a three electrode cell. The prepared catalysts were dispersed in ethanol and 

water to prepare an ink of 1 mg ml-1. 10μL of the dispersed catalyst were dripped onto a 

polished carbon glassy electrode (5mm), followed by 5 μL of (0.05%) Nafion. Cyclic 

voltammetry (CV) was carried out at a scan rate of 30 mV s-1 in a 1.0 M H2SO4 electrolyte 

with nitrogen purge (for 15 min). The electrochemically active Pt surface area was 

determined by integration of the areas of the CVs in the potential region of under potential 

deposition of hydrogen, after double layer charge correction and taking into account the 

reference value of 210 μC cm−2 for full monolayer coverage. Measurements were carried 

out in 1.0 M H2SO4 + 1.0 M CH3OH at a loading of 2:1 (20%:10%) to determine methanol 

oxidation reaction activity. To investigate the durability, i-t curves were obtained as well.  
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CHAPTER 3. Results and Methanol Electro-Oxidation Activity 

3.1 Transmission electron microscopy results 
        Figure 11 (a) shows a TEM image of a thin layer of TiO2 conformably coated on 

CNTs without aggregation. Low temperature carbon doping with slow heating during the 

doping process ensured that the coating would retain its shape without sintering. Figure 11 

(b) illustrates the uniform distribution of tin oxide as well as Pt deposited onto the C-TiO-

2/CNTs, due to the robust interaction between TiO2 and CNTs which is stronger than in Pt 

on CNTs [82].   

 

Figure 11. TEM images: (a) well coated CNTs by C-TiO2 without aggregation; (b) Pt distributed (dark spots) on SnO2-
C-TiO2/CNTs and the lattice spacing of each element (inset).  
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Fig 11. (c) Histogram of particles sizes 

 

Fig 11. (d) low resolution TEM image for group of CNTs 
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       The Pt and SnO2 particles were uniformly loaded on the TiO2/CNTs surface due to 

strong interactions between the metal and the oxides [83]. The Pt, TiO2, and SnO2 were 

identified by the lattice spacing in the inset, and were found to be 0.22, 0.35, and 0.32 nm, 

respectively [84]. The morphological character of is revealed in more details in Figure 11b. 

The particle size, calculated by Bragg’s law and PtSTC displayed in Figure 11c shows that 

the size of the Pt particles in the presence of the double oxides is smaller than that in the 

catalyst containing only SnO2. In Figure 11d, a group of CNTs coated by titanium dioxide 

without any bare surface left. Figure 12 shows the XRD patterns of CNTs, PtSTC and PtSC. 

Diffraction peaks of CNTs at 26˚, 42˚, 53˚ and 77˚ were identified. They matched with the 

literature corresponding to planes of hexagonal of the graphitic structure [85]. The PtSTC 

and PtSC exhibited similar results except at 54˚, which can be attributed to TiO2 sub-oxides 

[86]. The peaks in the catalysts at diffraction angles 26.7˚, 34˚, 38˚ and 52˚ were indexed 

to crystal plane (110), (101), (200) and (211), respectively. The diffraction of peaks at 39.9˚, 

46.6˚, 67.8˚, 81.5˚, and 86˚ refers to Pt (111), (200), (220), (311) and (222), respectively. 

By combining the TEM and XRD data, it can be inferred that the presence of the two oxides 

enhanced the dispersion of Pt and reduced the particle size as well. Both oxides may act as 

a catalyst for the growth of Pt nanoparticles in the direction of the Pt (111) crystallographic 

plane, which is the most stable plane and active surface in methanol electro-oxidation. It 

was reported that incorporating some transition metal oxide such MnOX with Pt could 

enhance the growth of platinum nanoparticles in the direction of Pt (1 1 1) crystallographic 

plane [87]. In this particular case, the oxides could be considered as a sort of ligands [88]. 
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                                                Figure 12. XRD pattern for the two catalysts, and CNTs. 

 

     3.2 Electrochemical results     
       The cyclic voltammograms (CVs) for the catalysts are present in Figure 13. As shown 

in Figure 13, the presence of the two oxides enhanced the Pt bonding interaction within the 

PtSTC catalyst significantly. The Pt adsorption/desorption peaks are much higher in this 

catalyst than in the two others with one without TiO2 and one without oxides at all. The 

relatively flat CV curve positive of -0.05 V for PtSTC is remarkably pronounced. This is 

an indication of the resistance to oxidation of the Pt when the support has C-doped TiO2, 

together with SnO2. This can be attributed to a back donation of electrons from Pt to the 

two oxides, making Pt more electronegative, which can be also observed from the XPS 

studies presented below. This stability was confirmed by the absence of surface oxidation 

in the Pt metal itself. The reduction peak at ca. 0.6 V is attributed to reduction of SnO2. 

The reduction peak at +0.05 V is attributed to hydrogen adsorption on the catalyst. 
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                                Figure 13. Cyclic voltammetry of the catalysts in 1.0MH2SO4 at scan rate 0.03 V/s. 

          

      In the other two catalysts there were rising peaks at high potentials, attributed to the 

lowering of the electronic Fermi level of the electrode, leading to water reaction with the 

positive accumulated charge close to the electrode surface forming Pt-OX [89]. Xu et al., 

found the activation energy of Pt-Ox dissociation to be 0.77 eV at 25% ML coverage [90]. 

Adzic’s group suggested that most of the Pt-skin surfaces should have an intermediate 

value of such energy, providing a compromise between the ability to dissociate O2 and 

preventing poisoning of the surface with oxygenated intermediates or products [91]. 

Hydrogen evolution could be determined and compared from Figure 13 as well. The 

prepared catalyst exhibited less hydrogen desorption potential which refers to the ability of 

the catalyst to oxidize CO at an early potential. In addition, the early hydrogen adsorption- 

desorption could be assigned to changing in the crystal face structure of the prepared 

catalyst as reported. Methanol oxidation on these catalysts is shown in Figure 14a. The 
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highest activity was found in PtSTC s in the electro-oxidation of methanol. The peak 

potentials significantly shifted negatively, and the onset potential was reduced as well. The 

shift in the potential peak of methanol oxidation can be explained by reduced interaction 

between poisoning species and the Pt catalyst, since the latter had already shared some of 

the valence electrons with the oxides. First, the forward scan peak referred to strongly 

adsorbed CO oxidation since the CO binds very strongly by 5σ and 2π* bonds with the 

metals [92]. The required potential for oxidizing chemisorbed species of COads was 0.62V. 

However, the backward peak at 0.38V indicated a weakly adsorbed, non-oxidized species 

such as formic acid or formaldehyde [93]. The dehydrogenation step of methanol to yield 

CO starts at low potential; however, other species were formed in the high voltage range 

[94]. As a result, it can be presumed that the two oxides made remarkable changes in the 

electronic state of Pt [95].  

 

Figure 14. (a) Cyclic voltammetry of the three catalysts at scan rate 30mV s-1 in 1.0M CH3OH and 1.0M H2SO4, (b) i-t 
curve at 0.7V in1.0M CH3OH and 1.0M H2SO4 electrolyte solution. 

      The oxides, tin oxide in particular, introduced large enough amounts of OH groups that 

donate two electrons to convert CO to CO2 [96]. Janik and Neurock calculated the barrier 

of the reaction of OH and CO on Pt (111) surface, which was 0.5 eV. However, they found 
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the reaction of CO and O has a higher energy than that between CO and OH [97]. This 

corroborates with the bifunctional mechanism that the CO is oxidized OH on the SnO2 at 

lower potentials, making the Pt catalyst on the double oxide support more durable, as 

shown in Figure13 (b). The PtSTC were the most durable, giving 140% higher activity than 

the PtSC and more than 280% of Pt/C. The durable performance is a result of the double 

oxide support, interacting with the metal catalyst [98]. Figure 15 shows the CV results of 

the initial cycling and that after 1000 cycles for the PtSTC catalyst. The PtSTC loses 11% 

in ECSA. Often at high potential, the platinum surface is strongly oxidized by O-species 

such as OH from water to form Pt-OH at 0.6-0.9V as reported by Conway et al. [99]. 

Therefore, the Pt-OX decreases the active sites of the catalyst by forming a monolayer [100] 

of chemisorbed O as observed in the E-TEK catalyst and less observed in the single oxide 

support in PtSC. 

Table 3.Shows the ECSA, current density and potential positions of PtSTC, PtSC, and Pt/C. 

Catalyst ECSA 

(m2/g-Pt) 

Onset 

peak (V)  

If 

(mA/cm2) 

Peak If 

Potential 

(V) 

Ib 

(mA/cm2) 

Peak Ib 

Potential 

(V) 

PtSTC    46 0.11 2.3 0.62 2.4 0.38 

PtSC 39 0.36 1.87 0.68 1.98 0.47 

Pt/C 34 0.38 1.3 0.70 0.95 0.45 
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                         Figure 15. Cyclic voltammetry at scan rate 30mV s-1 in 1.0M 1.0MH2SO4 before and after 1000 cycles. 

 

In the case of double oxide support, the Pt-Ox formation was almost eliminated even 

at high potentials due to the SnO2 coupling with TiO2 as support. According to the d-band 

theory, the binding energy of an adsorbate to a metal surface is largely dependent on the 

electronic structure of the surface itself [101]. The rich oxide surface increases the anti-

bonding level (d-σ)* and lowers the d-band center (Ef) [102], which makes a weak 

interaction between the metal and the adsorbate. ESCA obtained by integration of the 

adsorption–desorption of hydrogen underpotential region after double layer correction is 

listed in Table 3 above. 
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3.3 X-Ray photoelectron microscopy results 
    Figure 15(a) illustrates that the Pt4f 7/2 binding energy in PtSC was observed 71.6 eV, 

and it was identical with that reported previously [103]. However, it was shifted in PtSTC 

to 72.0 eV.  

 

Figure 16. XPS spectra for catalysts, (a) reveals the increasing of binding energy at presence of Titanium dioxide with 
tin oxide which is strong evidence that Pt electronic state was changed. 

     The difference was 0.4 eV (corresponding to 38.59 kJ/mole), which reduced the 

activation barrier of the reaction of the CO with OH on the Pt over layer [104]. Binding 

energy increases as the oxidation state becomes more positive, implying more stability of 

the prepared catalyst rather than sharing with poisoning adsorbates [105]. In addition, high 

binding energy refers to a high CO-tolerance catalyst that could oxidize the CO-like groups 

at low potentials [106]. The electronic effect can be understood on the basis of the d-band 

shift model. Flow of electrons occurred from Pt to TiO2 as a back donation electron [107]. 

Probably, the calcinations of the SnO2-C-TiO2/CNTs at elevated temperatures increased 
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the level of SnO2 concentration. Thereby, the high concentration of SnO2 could lead to 

high Pt concentration due to the presence of Pt-Sn bond. The 600 ˚C calcination facilitates 

the crystal perfection of tin oxide; however, some of the SnO2 particles may disengage 

from the surface [108]. Apparently, the presence of both oxides could lead to altering the 

center of gravity of the d-band regarding to the Fermi level in order to sustain constant 

filling of the d-band of Pt [109]. Such change is achieved by lowering the d-band center by 

modifying the electronic and inducing a degree of irregularity in the Pt lattice that makes 

oxygen species bind more weakly. A higher binding energy of Pt with the support SnO2-

C-TiO2/CNTs would decrease the binding energy of adsorbates. The evidence for that is 

the early onset potential and early oxidation peak position in methanol oxidation. 

      The latter observation can be explained as a different behavior in the methanol 

oxidation mechanism. In the PtSTC, the forward peak potential refers to strongly adsorbed 

species oxidation such as carbon monoxide to carbon dioxide as well as the formation of 

formic acid [110]. The backward low potential might be attributed to formic acid oxidation 

since the HCOOH has two oxygen atoms. However, other catalysts show positive potential 

shifting in forward scan that refers to a higher potential required to oxidize the adsorbates. 

The other catalytic mechanism is to form formaldehyde groups rather than formic acid or 

the complete dehydrogenation of methanol. Therefore, the presence of tin oxide with 

titanium dioxide enhanced the complete path of methanol oxidation reaction and promoted 

the kinetics.  

 Figure 16 (b) shows the binding energy in high resolution spectra for Sn 3d. All peaks 

refer to the oxide form of Sn in either Sn (II) or Sn (IV) form which matched the XRD 

analysis; no metallic tin was detected.  
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Figure 16. (b) depicts binding energy of tin oxide increased by (0.1eV) 

      The PtSTC Sn XPS spectra depicts the binding energy Sn 3d 5/2 and Sn 3d 3/2 at 487.4 

eV and 495.7 eV respectively. On the other hand, the PtSC shows BEs at 487.5 eV and 

495.9 eV. The binding energy of the pristine SnO2 as reported in both oxidized forms are 

487.2 ev and 495.5 eV [111]. The shift of Sn BEs in PtSC is higher than in PtSTC. It could 

be assigned that Sn shared more electrons with the CNTs and Pt. However, in PtSTC, the 

coating agent reduced the Sn BEs. This could be explained with two reasons. First, Pt 

bonded with SnO2 and TiO2 simultaneously but in different strength degrees, but Pt gives 

electron back donation to tin oxide. Second, there could be electron sharing between the 

two oxides for a certain extent as well as with Pt. Figure 16 (c) shows the chemical state of 

Ti. According to previous report, pure TiO2 displays BEs at 464.2 eV and 458.5 eV [112]. 
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However, it was suggested the shifting in Ti2p from defect free TiO2 is caused by surface 

oxygen vacancy defects [113]. 

 

Figure 16. (c) shows Ti 2p ½ and Ti 2p 3/2. 

       Incorporated carbon could substitute oxygen, which can have a synergistic effect with 

oxygen vacancies leading to change in the electron structure [114]. Therefore, in the 

prepared catalyst, the BEs of Ti 2p1/2 and Ti 2p3/2 were found to be 464.7 eV and 458.8 eV, 

respectively. The latter observation can be attributed to partially reduced Ti compared with 

the Magneli phase Ti4O7 which shows BEs at 464.7 eV and 459 eV leading to an 

improvement in titania electric conductivity [115]. As shown in Figure 16 (d), the binding 

energy of O 1s in Pt-SnO2/CNTs was 531.3 eV, which was completely consistent with the 

value reported previously [116]. However, the double oxide support catalyst shows two 



 

42 
 

peaks of O 1s BE, one at 531.3 eV which refers to SnO2 and at 530.1 eV which indicates 

to TiO2 [117]. This may be attributed to less Pt-Ox groups available as observed in the CVs 

described above [118]. In addition, oxide coating reduced the oxygen binding energies by 

shifting them to lower values that could increase the oxide conductivity as observed in 

Hahn’s work [119]. Figure 16 (e) shows that the binding energy of C 1s was 284.7 eV in 

PtSTC and was 285 eV in PtSC which corresponds to graphite [120]. The difference (0.3 

eV) between them could be attributed to the TiO2 presence with SnO2 reveals high degree 

of carbon crystallite state which can provide a more stable electrochemical environment 

for Pt particles. Moreover, no peaks were noted above 285 eV, due to the absence of 

carbonate species [121]. Also, at 281 eV there was not a detected peak, which indicates no 

TiC structure was formed [122]. 
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Figure 16. (d) shows the difference of oxygen bonding group with each catalyst referring to less Pt-Ox group on the 

platinum. (e) XPS spectra of C 1s. 
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CHAPTER 4.  Conclusions and Future Work 

       As reported in the previous catalyst literature and for all carbon materials including 

carbon black, graphene and carbon nanotubes as a catalyst support, the mono metal catalyst 

shows low activity, durability and stability. In addition, incorporation of other noble metals 

with Pt makes the catalyst non-practical in terms of commercial feasibility. Therefore, it 

could be concluded that the existence of non-noble metal oxides on the carbon material 

surface improved the catalyst activity, stability, and durability in the long term. In our work, 

C-TiO2/CNTs coated and doped layers were prepared by a sol-gel process and acetylene-

decomposition at 700C˚, successively. Tin oxide was incorporated at the presence of C-

TiO2/CNTs by hydrolysis of tin dihydrochloride at 70 ˚C in aqueous solutions. Then, Pt 

was deposited onto SnO2-C-TiO2/CNTs in a polyol process. The catalyst exhibited 

remarkable methanol oxidation activity of 2.4 mA/cm2, good durability, and high ECSA. 

Shifting in potential toward the negative region was observed   and early onset was 

displayed as well. No Pt surface metal oxidation appeared at high potential due to the back 

donation of electrons of the platinum to the oxide support. XPS revealed an increase in 

binding energy of Pt by 0.4 eV, when the coating layer was present. The BE difference 

(38.59 kJ/mole) decreased the activation energy to oxidize the carbon monoxide, which 

took place at 0.62 V. Therefore, it can be stated that the key factor was the double oxide 

support of tin oxide on TiO2 coated CNTs. From our research results and from literature 

review presented, we can state that any deposition of platinum on bare carbon material is 

wasteful of the precious metal. Also, platinum loading on the bare metal oxide is not active 

regarding the efficiency due to less surface area and less conductivity compared with the 

carbon material supports. So for the future work, we suggest that intensive efforts are 

necessary to combine the metal oxides with carbon material in the following way: 1) 
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modify the topography of the metal oxide by increasing the surface area and porosity such 

as make a mesoporous and conductive coating., and 2) increase the metal oxide 

conductivity by elemental doping or change its phase to a Magneli phase. 
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