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In the search of better catalysts for fuel cells, synthesis of several intermetallic 

compounds and alloys as nanoparticles has been investigated. In order to obtain these 

materials as catalysts for fuel cells, chemical co-reduction of precursors in the absence 

of surfactants with suitable reducing agents has been chosen as the method of 

synthesis. This work was done in collaboration with combinatorial groups and 

electrochemists for identifying potential catalysts and electrochemically evaluating 

them. 

Starting with PtPb, the scope of this method has been extended to obtain Pt 

intermetallic compounds and alloys with metals across the periodic table with sodium 

naphthalide as the reducing agent. The sodium napthalide method has been compared 

side by side with the sodium borohydride method for metals which can be reduced by 

both. Other reducing agents have also been explored.  

PtPb synthesis using sodium naphthalide has been investigated in detail as a case 

study. Factors affecting room temperature crystallization of PtPb and contributing to 

low activity observed previously have been identified and addressed by changing the 

Pt precursor and post reduction work-up. Extending to Pt-Ti, additional factors, which 

need to be considered for highly reactive metals have been identified. Each of the 

parameters involved (metal precursor, reducing agent, reducing agent and precursor 

concentrations, reaction solvent, stirring time, reaction temperature, post reaction 



washed and annealing) have been analyzed in depth for co-reduction of Pb, Ti and  the 

elements lying in between in reactivity. The observations and inferences in each case 

have been discussed. Alloy and intermetallic phases of Pt with Ni, Mn, Cr, V, Cd and 

Hg have been synthesized as nanoparticles. Powder X-ray diffraction, SEM and TEM 

(scanning and transmission electron microscopy respectively) imaging, surface area 

measurements (using BET isotherm) and energy dispersive X-ray analysis (EDX) 

have been performed on all phases mentioned above. In some cases, IR, TGA 

(thermogravimetric analysis) and MS (mass spectroscopy) studies have also done on 

these phases in-order to identify contaminants. 

Several of these phases have shown significant activity for oxidation of formic acid. 

The electrochemical evaluations have been discussed. 

Challenges encountered in obtaining these materials clean with the sodium napthalide 

method have been discussed and are being addressed with other reducing agents like 

nBuLi.  

Lastly, in collaboration with the Adzic group in the Brookhaven National Laboratories, 

activity of PtPb for the oxygen reduction reaction in both nascent and modified form 

(with monolayer of Pt deposited by underpotential deposition) has been studied. Pd 

alloys and intermetallic compounds with Pb and Fe have also been synthesized, 

characterized and similarly evaluated. All these materials were found to active and 

stable catalysts for the oxygen reduction reaction. Initial experiments were done with 

Pt3Cr and PtNi. 
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Chapter 1

INTRODUCTION

1.1 Origin of  the project

Advancement in fuel cell technologies for practical applications requires, amongst

other things, highly efficient catalysts for cathode and anode reactions. In the quest for

more efficient anode reactions with carbon containing fuels, it was observed that some

ordered intermetallic compounds, are efficient CO tolerant catalysts even in bulk

form1. The efficiency of Bi sub-monolayers on stepped Pt single crystals in mitigating

CO poisoning of the Pt surface during formic acid oxidation (HCOOH) was

demonstrated by Dr. Sean P. Smith, a then graduate student in Prof. Hector D.

Abruna’s  research  group  in  the  Department  of  Chemistry  and  Chemical  Biology,

Cornell University, in this doctoral work2-4. This work suggested a very wide, and at

that time, a completely unexplored class of new materials based on ordered

intermetallic compounds that could be promising in addressing fuel cell challenges.

This laid the foundation for the Cornel Fuel Cell Institute (CFCI). Established in 2002

by Professors F. J. DiSalvo and H. D. Abruna in order to address material challenges

posing impediments in the practical realization of fuel cell technologies, the institute

has now grown to include eight research groups working in collaboration with

industry and national laboratories (BNL). In addition to work that has repeatedly

demonstrated improved performance of bulk PtPb and PtBi towards formic acid and

methanol oxidation and their tolerance to CO poisoning, extensive synthesis work has

also been done in the DiSalvo group by previous group members: Dr. Laif Alden, Dr.

Hideki Abe and Dr. Chandrani Roy Chowdhury to obtain these materials in
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nanoparticle form. Electrochemical evaluation was performed on these materials by

Dr. Futoshi Matsumoto5-7. Obtaining homogenous nanoparticles of specific

composition and structure is vital in order to achieve high surface areas and high

activities from a small amount of material (keeping in mind the cost and size issues in

real fuel cells).

However, the synthesis of these materials as compositionally and dimensionally

uniform nanoparticles (both alloys and intermetallic compounds) is a complex

problem owing to the many factors that need to be controlled during the synthesis

process. In addition the electrocatalysts require clean uncontaminated surfaces. This

prevents us from using surfactants (removal of surfactants would require extensive

post reaction washes which in turn work against size and composition control). This

work delves into the details of understanding and controlling the above mentioned

challenges, explores quite a few alternative approaches and demonstrates the potential

of these materials not only as anode catalysts, but as cathode catalysts for the oxygen

reduction reaction.

The key concepts essential for understanding this research are briefly discussed in the

following sections.

1.2 Fuel Cells

1.2.1 Need for fuel cells

 The combined effect of depletion of fossil fuel reserves and global warming is a

strong motivation for researchers to look into renewable, efficient and clean energy

sources.  Fuel  cells  may be  able  to  address  the  need  for  more  efficient  conversion  of

chemical to electrical energy, since they are not Carnot engines and in principle can
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convert the chemical free energy of reaction at nearly 100 % efficiency8. Although

real fuel cells with 50-60% efficiencies at their operating point and 10 to 100 kW

outputs are already realizable, cost and durability issues are the largest barriers to

commercial use3,  9. These issues can only be addressed by improved materials

(membranes, catalysts and catalyst supports)10.

1.2.2 Concept and construction

Fuel cells and batteries are close relatives. Both have two electrodes – anode and

cathode, separated by an ionically conducting medium. In batteries the reactants are

included in the packaging. In fuel cells the reactants are supplied from an external

power source. Fuel cells produce electricity as long as they are supplied with reactants

(the  fuel  and  the  oxidant),  by  converting  the  energy  from  chemical  reaction  directly

into electricity. The term ‘fuel’ used above is generally hydrogen or sometimes other

small molecules that are oxidized at the fuel cell anode. The oxidant (oxygen) is

reduced at the fuel cell cathode. Taking the simple example of reaction between

hydrogen and oxygen:

                              (Eqn. 1)

At the atomic scale, hydrogen-hydrogen and oxygen-oxygen bonds are broken while

hydrogen-oxygen bonds are formed through re-configuration of the electrons. The

energy difference from the processes is released as heat. Since the entire process is

extremely fast, this energy is recoverable only as heat. This is the case in combustion

engines, where heat is released by combustion of the fuel, which in the above case

would be hydrogen. However, this heat energy then needs to be converted into

OH2OH2 222 →+
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electricity via intermediate steps. The basic laws of thermodynamic limit the fraction

of heat energy that can be converted to other forms of energy (mechanical, electrical,

etc) to (Th –  Tc)/Th,  where  Th is the temperature of the heat source and Tc is the

temperature of the heat sink (usually cooling water). The remainder of the heat is

rejected into the heat sink. Fuel cells by-passes the heat step by spatially separating the

fuel and the oxidant so that the electron transfer happens over an extended length

scale,  and  the  electrons  moving  from  the  fuel  to  the  oxidant  species  can  be  directly

harnessed as electrical current. Figure 1.1 gives a simplified diagram of a hydrogen

oxygen fuel cell. The spatial separation between the oxidation of the fuel and the

reduction of the oxidant is achieved by using an electrolyte, and the electrons flow

through the external circuit.

Figure 1.1: A simplified schematic diagram of a fuel cell.
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Fuel Cells cannot convert all the enthalpy of reaction (heat at constant temperature and

pressure) to electricity. Rather, a small amount, T S (where T denotes absolute

temperature), is rejected as heat. As shown in equation 2:

                                                                                                                              (Eqn. 2)

where E0 is the cell potential at standard conditions, G0 is the free energy of reaction,

H0 is the enthalpy of reaction and S0 is the entropy change in the reaction. T, n and

F are the absolute temperature, number of moles of electrons transferred in the redox

reaction and the Faraday constant respectively. G0 (= nFE0) is the thermodynamically

obtainable electricity from a fuel cell. At room temperature, the difference between

H (the heat of reaction) and G (the free energy of reaction) is small, on the order of

5-10%.

Depending on the electrolyte the fuel cells are categorized into five major types. These

types differ in materials used, temperature range of operation, fuel tolerance and

performance. Table 1.1 gives a summary of different types of fuel cells and their

major characteristics.
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                                    Table 1.1: Types of fuel cell technologies11.
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1.2.3 Challenges and research

The simplistic picture of fuel cells portrayed in the above section has numerous hidden

challenges. The major steps in the process include: reactant transport, electrochemical

reaction, ionic and electronic transfer (through the electrolyte and the electrode

respectively) and product removal. The first and the last step require fast and

continuous supply of fuel and oxidant and removal of the reaction products. A

combination of flow field plates and porous electrodes are employed to achieve these

goals. For example, in PEMFCs (polymer electrolyte membrane fuel cells) ‘flooding’

by product liquid water blocks oxygen from entering pores. Since electrochemical

reactions are necessarily heterogeneous (can take place only at the electrode

electrolyte interface), the current produced by the fuel cell is directly proportional to

the total surface area where the reactants, the electrode and the electrolyte can meet.

Since high power densities are necessary for most applications, high current densities

are necessary. High currents mean a high reaction rate. Choosing a proper catalyst is

important to achieve fast reaction kinetics. This poses a critical challenge, especially

for low temperature fuel cells. Proper designing of the reaction zones is also vital. The

electrolytes in fuel cells have to be made as thin as possible to lower the resistance of

the ionic medium by minimizing the distance over which ionic conduction needs to

occur.

Of  the different types of fuel cells described in the previous section, PEM (polymer

electrolyte membrane) fuel cells have been of central interest, since they can be

operated at close to ambient temperature range (-20 oC to 80 oC) and are therefore, the

most practical for commercialization of this technology in automobiles and portable

electronics.
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Hence, we confine ourselves to discussions pertinent to PEM fuel cells. The major

challenge impeding the success of the fuel cell technology lies on developing new

materials for membranes, catalyst supports and electrocatalysts. The electrocatalyst is

specific to the fuel used in the anode. The simplest fuel is hydrogen, while small,

single carbon molecules like formic acid and methanol are also being considered. The

next sections discuss in details each of these areas: membranes and electrocatalysts

(including catalyst supports). Here, we will briefly state some other issues faced with

hydrogen fuel cells which caused people to look elsewhere for fuels.

1.2.3.1 Other issues with hydrogen fuel cells

Hydrogen as fuel is very attractive, since its use in fuel cells for energy production

would give zero carbon emissions. Of course, the hydrogen would have to be

generated in a carbon free manner, perhaps using solar energy to split water. Also, the

oxidation rate of hydrogen on a Pt anode catalyst is very fast, generating high current

densities under fuel cell operating conditions. These factors make hydrogen the fuel of

choice for fuel cell vehicles as they can be twice as efficient as conventional internal

combustion engine technologies and can also incorporate other technologies for

increasing efficiency 12. However, generation of clean hydrogen, along with its storage

and production are the some of the issues plaguing this seemingly ideal solution.

Current hydrogen fed fuel cells need to be accompanied either with reforming units, or

hydrogen storage tanks (which typically have low capacity) as energy storage density

for hydrogen is poor compared to liquid hydrocarbons13. Power densities express how

much power can be produced per unit volume (volumetric power density) or per unit

mass (gravimetric power density). Combustion engines and batteries have higher

power densities than hydrogen fuel cells. Especially in volumetric power density, the
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later lags far behind10. Currently there are three principle hydrogen storage

technologies available: high pressure gas storage, cryogenic storage of liquid hydrogen

near 20 K and hydride storage14.Given the interest in hydrogen as a fuel, serious

research efforts are continuing to improve gravimetric and volumetric energy densities

for hydrogen storage. These efforts include approaches like compression and

liquefaction. Material approaches to hydrogen storage involve materials like metal

hydrides, metal organic frameworks, clathrates, chemical hydrides and nanoscale

carbons in which hydrogen can be chemisorbed or chemically bonded to atoms in the

bulk providing high gravimetric and volumetric hydrogen density. Metal hydrides and

complex hydrides are being investigated for both reversible and irreversible hydrogen

storage with recent approaches to improve their hydrogenation and dehydrogenation

properties15.  The  US  DOE  has  set  90  g/kg and 81 g/L as standards for hydrogen

storage to be attained by 2015 to implement wide-scale application of hydrogen

technology in transport16. Current hydrogen production technologies involve

electrochemical or chemical generation of hydrogen. Electrochemical generation of

hydrogen involves electrolysis and the resulting hydrogen can be very clean and

carbon monoxide free. This method has been used for on-board production of

hydrogen in buses (electrolysis of KOH)17. However, the maximum energy efficiency

of  the  whole  cycle  (electric  energy  –hydrogen-  electric  energy)  is  only  30  %.  Much

higher efficiencies can be obtained with batteries (e.g. 80 % for lead acid batteries)18,

19. Chemical production of hydrogen on-board vehicles (predominantly from methanol

or ethanol) is less useful as the carbon monoxide content is high in spite of best

research efforts till date17. CO is known to poison the electrocatalyst by adhering to

the catalytic sites. Chemical hydrogen production at fueling stations can be much

better regulated and much more efficient removal of carbon monoxide can be

achieved. However, in case of on-site production of hydrogen at fueling stations,
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issues with storage and fueling safety arise. The bottom line for ‘clean hydrogen’

technology rests on the clean generation of hydrogen; however, with current

technologies production of hydrogen from renewable sources is much more costly

than hydrogen production from fossil fuels. Research is ongoing to explore a number

of more efficient hydrogen production technologies. These include photochemical and

photoelectrochemical routes using solar energy, thermolysis using nuclear reactor

waste heat or solar concentrators, electrolysis using low carbon electricity and

catalytic and chemical conversion routes from biomass. Hydrogen production is

projected to become much more cost competitive by 203020.

1.2.3.2 Major issues with MeOH and other fuel cells

The issues with hydrogen as a fuel (discussed above) have caused researchers to

explore other fuels. Methanol and other alcohols and other small molecules like formic

acid have come up as viable options. However, not unexpectedly, each of these comes

with  issues  of  their  own,  requiring  research  for  new electrocatalysts  compatible  with

the  fuel.  Indeed,  a  particular  fuel  (for  example  formic  acid),  might  be  suitable  for  a

particular application (such as for cell phones and other portable electronics).

Methanol has advantages over hydrogen in being a liquid fuel at normal temperatures

which has high solubility in aqueous electrolytes and can be stored and transported

easily.  It  also has a high theoretical  energy density,  about 50 % of that of gasoline21.

However, methanol suffers from disadvantages of its own, like toxicity (toxic in both

liquid and vapor form) and flammability. Most importantly, unlike hydrogen, MeOH

is not a renewable fuel. Other alcohols (e.g. ethanol) can be generated from biomass

and are preferable in this respect to methanol. Looking into thermodynamics and

kinetic for the alcohols, reversible energy efficiency for alcohols is much better than
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H2/O2 fuel cell (which is only 0.83% at 25 oC), approaching unity for the lighter

alcohols21. However, slow kinetics is an issue with all these fuels given their complex

multi-step and multi-electron oxidation21. This gives rise to high anodic

overpotentials, particularly with the heaviest alcohols. However, research efforts have

lead to development of electrocatalysts (particularly bi or multi metallic

electrocatalysts) which can significantly improve the kinetics. For example,

Pt0.50/Ru0.50 alloys decrease the overpotential for MeOH oxidation by 0.2 V compared

to pure Pt. The second metal often plays a role in oxidizing the strongly adsorbed

intermediate species, such as carbon monoxide, generated during the multi-step

mechanisms.  For  formic  acid  oxidation,  good  catalysts  are  known  to  promote  an

alternative mechanism for oxidation thus improving efficiency22. Efficiency can also

be increased by increasing the operating temperature. However, that requires

development of new membrane materials, as traditionally used Nafion membranes are

not durable above 120 oC to 140 oC. The research efforts with electrocatalysts and

membranes for DMFCs and such are discussed in the catalyst and membrane section

respectively.  With  Methanol  fuel  cells,  MeOH  crossover  through  Nafion  type

membranes cause depolarization (voltage loss) of the cathode. This issue, once again,

can be tackled only through development of new membrane materials. Also, methanol

tolerant cathode catalysts (having no effect on MeOH oxidation) are being developed

by some groups to counter the cathode polarization problem. Some of this effort is

discussed in the catalysts for fuel cell cathodes section. In summing up, for methanol

fuel cells, slow oxidation kinetics with even the best electrocatalysts, catalyst

poisoning by adsorbed intermediates (primarily CO for MeOH oxidation) and MeOH

crossover are major challenges, which can only be overcome by development of new

and improved catalysts (mainly anode electrocatalysts although as mentioned above,

MeOH tolerant cathode catalysts could also help) and membranes (with low MeOH
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crossover, higher temperature of operation) materials. The issue of slow anode kinetics

is also pertinent to other small molecule fuel cells. Developing better (higher

efficiency, lower cost) anode catalysts for MeOH and other small molecule oxidation

is the primary focus of this work, though we have also explored the potential of our

materials in other areas of fuel cell catalysis.

1.3 Membranes

Several different kinds of membrane have been studied for PEM fuel cell applications.

Modifications to membranes for hydrogen PEM fuel cells, which are primarily

comprised of perfluorosulfonic acid polymers, have been explored in order to

accommodate the additional requirements for methanol fuel cells23. Standard

membrane requirements are high proton/ion conductivity, high mechanical and

thermal and chemical durability, and low cost. For methanol fuel cells other

requirements include low methanol crossover, low Ru crossover (the anode catalyst

for  MeOH  contains  Ru),  high  temperature  operation  (for  improved  kinetics  of

methanol oxidation and improved electrode tolerance to CO poisoning) and increased

lifetime (Nafion membranes have insufficient durability under DMFC conditions for

commercial  applications).  Table  1.2  gives  the  four  major  classifications  of  the

different types of membranes. The first two groups consist of fluorinated commercial

membranes (including Nafion, most commonly used) and have issues like high

methanol cross over and stability in limited temperature ranges. The properties of

these membranes are improved by adding organic-inorganic and/or acid –base

constituents to produce composite membranes (which comprise the third and fourth

group). For example, methanol cross over (MCO) is reduced by modifying the

fluorinated and non-flourinated membranes by adding inorganic constituents. Non-
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flourinated hydrocarbon membranes were developed for their higher durability and

lifetime (especially for high temperature operations)24. Addition of inorganic

constituents to hydrocarbon membranes also improves their stability25. The proton

conductivity of the membranes is most commonly improved through the use of

additives26-34. Membranes with higher proton conductivity than Nafion include

membranes modified by addition of inorganic compounds like SiO2, MoPh

(molybdophosphoric acid) and ZrP21, 23.  Membranes  with  lowest  MCO  ratio  are

poly(1-methylpyrrole) modified Nafion and membranes developed by companies 3P

energy and Pall21. AMPS (asymmetric based acrylic) membranes have best thermal

stability35. In summing up, for hydrogen fuel cells, Nafion (perfluorosulfonic acid

based) membranes dominate, while for DMFCs, several different alternatives arise,

each with its own advantages and disadvantages21.

Table 1.2: Different types of membrane23.

1 Nafion Membranes

2 Non-Nafion fluorinated membranes

3 Composite fluorinated membranes

Organic-inorganic composite, Acidic-basic composite

4 Composite non-flourinated membranes

Organic-inorganic composite, Acidic-basic composite
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1.4 Fuel Cell catalysis: avenues and advances

1.4.1 Catalysts for fuel cell anodes

For hydrogen fuel cells, research efforts in catalysis are predominantly concentrated in

developing better cathode catalysts. Pt is currently serving well as the anode catalyst

producing high power densities with hydrogen as the fuel. In the future, however,

keeping in mind the cost and availability of Pt, the need for other catalysts might arise.

Also, catalysts tolerant to CO could allow the use of ‘dirty’ hydrogen, eliminating the

need to generate squeaky clean hydrogen. We’ll mostly discuss the catalysts for

methanol and other small molecules in this section. In order to improve both cost and

activity, alloying (often non-noble metal) has proved to be a successful strategy for the

development of new catalysts for methanol and other small molecule oxidation. CO is

more often than not an intermediate in these oxidative processes and causes catalyst

poisoning by adhering to the Pt surface. A second metal can provide oxygenated

species at lower potentials for oxidative removal of the adsorbed CO. Pt alloys of Ru,

Os, Sn, W, Mo etc. have been investigated, of which Pt-Ru (1:1) alloys have been

found to be the most active and is the current commercially used catalyst in DMFCs36-

38. Optimization of catalyst activity by exploring different catalyst preparation

methods and techniques to support these catalysts are ongoing39, as is the search for

less expensive (non-noble metal) catalysts40 and more durable catalyst supports

(discussed in a later section). In fact, in recent years, the focus of research for

improved catalysts for small  molecule oxidation have been on enhancement of Pt-Ru

based materials. These efforts include advancement in nanotechnology leading to

synthesis of 3-5 nm particle catalysts41, 42, surface structure elucidation of the catalysts

and refining catalyst composition. However, serious issues still remain with Pt-Ru
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alloys as catalysts (like phase separation and Ru leaching under real working fuel cell

conditions). Exploring intermetallics as alternative catalysts for small molecule

oxidation to counter the shortcomings of Pt-Ru alloy catalysts have been the primary

goal  of  the  DiSalvo  and  other  research  groups  in  the  CFCI  and  was  a  major  force

behind its establishment in 2002. These issues with Pt-Ru alloy catalysts and previous

research in the group with intermetallics will be discussed in greater detail in the

alloys vs intermetallics and following sections. Not unexpectedly, the motivation for

this work arises in continuation of work done in the group previously.

1.4.2 Catalysts for fuel cell cathodes – the oxygen reduction reaction.

The slow kinetics of the oxygen reduction reaction (ORR) have always been the most

critical challenge to overcome and the most limiting factor in the energy conversion

efficiency of state-of-the-art fuel cells. Starting with noble metals, the catalytic

activities of noble metals towards ORR has been explored for both bulk and

nanoparticle materials. Pt and Pt alloys expectedly lead the pack. Of other materials

investigated, Cu/Ru and Au (111) surfaces have shown promising results. Au(111)

electrodes modified with 1/3 ML Cu, 1/3 ML Ag and Bi(2X2) have shown a two fold

increase in the reduction current in alkaline media43. Bimetallic catalysts have also

been explored44, of which, Pd/Co on glassy carbon have shown high ORR activities.

The Adzic group in the Brookhaven National Laboratories has done significant work

in exploring the electrocatalytic activity of metal surfaces modified by underpotential

deposition of other metals. They have also introduced a new class of electrocatalysts

for the ORR based on the deposition of a monolayer of Pt on different late transition

metals like Au, Pd, Ir, Rh and Ru. Pd – M binary alloys and even ternary ones have

been shown to have high activity by Adzic45-47 and other research groups48. They have
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then combined the two techniques: Pt, Pd, or sub Pt (part of the Pt replaced by a late

transition metal) monolayers on Pt or Pd alloys to obtain high activity catalysts with

lower Pt loadings49, 50. Some of the other noble metal nanoparticulate systems found

to be promising include TiO2 nanoparticles coated with Au monolayers51, Pd

nanoparticles on carbon nanotubes, an Ag/C system52 and a Ru containing Cheverel

phase Ru2Mo4Se8
53. Transition  metal  N4-macrocycles like porphyrin complexes

(which catalyze oxygen reduction under physiological conditions) and other

structurally similar transition metal complexes have also been extensively explored for

ORR activities54-59.  Of  the  non-noble  metal  catalysts  explored  for  ORR,  Cu 60, Ni 61

and metal oxides like TiO2 on a Ti surface62 are worth mentioning. Other metal oxides

including spinel, perovskite and pyrochlore structures show high ORR activity in

alkaline media63-65. In acid media however, they fare poorly in terms of activity and

stability, indeed most of them dissolve at low pH. Transition metal compounds and

non-metallic counter ions derived from the chalcogenides have also shown remarkable

activity towards ORR in the recent years66-77. As discussed previously, MeOH tolerant

catalysts for ORR are very important for DMFCs as a viable route for countering the

MeOH crossover problem. Researchers have shown that the mass activity of Pt in

MeOH oxidation decreases significantly with a decrease in particle size from 4.6 nm

to 2.3 nm78. Accordingly, several preparatory routes have been proposed and explored

to synthesize Pt and Pt alloy electrocatalysts as finer particles79. Pt/Fe-C and Pt/Co-C

have also been reported to be MeOH tolerant electrocatalysts80, 81.  Of  the  transition

metal chalcogenides, RuSe has shown the most promise as a selective ORR catalyst.

The above discussion does not include all those materials being explored as potential

ORR catalysts, but a complete review is beyond the scope of this modest section. This

thesis mostly originated and mostly evolves around anode (non hydrogen) catalysts;

however, we have successfully explored the potential of our materials towards the
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ORR in collaboration with the Adzic group in BNL. This work is discussed in Chapter

7.

1.4.3 Catalyst supports

Catalyst support strategies are necessary to achieve high dispersion of the

nanoparticles, resulting in stable nanoparticles and increasing utilization of the catalyst

surface. Desirable properties for catalyst supports include good electrical conductivity

and stability under fuel cell operating conditions. Corrosion of catalyst support

causing decline in catalyst activity remains a major challenge. Carbon materials have

been a popular choice as catalyst supports given their electrical conductivity, relative

kinetic stability in acidic and basic media and high surface area. Different types of

carbon blacks have been extensively explored as catalyst supports. Properties of the

carbon support (like pore size distribution and surface functional groups of the carbon

blacks) have been shown to significantly affect the properties and performance of the

supported catalysts82-86. Issues like metal nanoparticles sinking into micropores of the

support  resulting  in  low  activity  of  the  supported  catalyst  arise  from  some  synthesis

techniques. The metal catalyst utilization in a supported catalyst is decided by the

electrochemically accessible active area and not the carbon specific surface area but

depends on the porosity and pore size distribution in the support. Optimum catalyst

loadings also depend on these factors, since even with high loadings of Pt (or other

catalyst nanoparticles), activity can be reduced by catalyst particles getting trapped in

pores inaccessible to reactants or the Nafion ionomer (electrolyte in PEM fuel cells)87.

Ketjen black and Vulcan XC-72 are two of the most commonly used carbon blacks.

Recently, a lot of attention has been given to nanostructured carbon (most

predominantly to different types of carbon nanotubes) and mesoporous carbon
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materials88. Both single walled (SWNT) and multi walled (MWNT) carbon nanotubes

with supported Pt have been shown to give much higher current densities for methanol

oxidation than bulk Pt electrodes89, 90. This increased activity is attributed to larger

surface area and lower overpotential for MeOH oxidation on carbon nanotubes.

Although promising, issues like CNT synthesis, loading of catalysts and electrode

preparation with CNT supported catalysts need to be further sorted out. Mesoporous

materials like mesoporous carbon and mesoporous oxides which are electrically

conducting are other materials for catalyst supports being explored extensively. The

DiSalvo and Weisner groups in the Cornell Fuel Cell Institute have done a significant

amount  of  work  exploring  the  latter  materials.  For  all  the  supported  materials

discussed in this work, Vulcan XC-72 was the support used.

1.5 Catalysts for oxidation of small molecules: background

1.5.1 Alloys vs intermetallics

Materials made from two or more metallic elements can be classified into two major

sub-types: alloys and intermetallics. The former refers to a material in which the

elemental crystal structure of one of the constituent elements is adopted, but with

random  site  occupancy  of  each  element  on  the  atomic  positions.  Alloys  are  also

referred to as “solid solutions” given the analogy of solutes dissolving into solution.

Intermetallics on the other hand, are true compounds between the constituent

elements;  having  crystal  structures  with  specific  sites  assigned  for  the  atoms of  each

constituent element (Figure 1.2 a, b). Alloys typically form between similar elements,

while dissimilar elements tend to form intermetallics, similarity here referring to

characteristics like size, electronegativity and number of valence electrons.
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Intermetallics have more negative free energy of formation than alloys. The enthalpy

contribution to the free energy of formation of alloys is not very high, since the work

function difference between elements forming alloys is not very large91. For many

alloys, the entropy of mixing times temperature at room temperature is only a few

kilojoules92. For  example,  the  Gf of a PtRu 1:1 alloy (current industry standard for

anode catalysis in DMFCs) is about -2 kJ/mol of alloy atoms according to theoretical

calculations91. Intermetallics however, have much higher Gfs  since  they  form

between elements with dissimilar electronegativities, which result in large bond

enthalpies that contribute significantly to the free energy of formation. PtBi and PtPb

are calculated to have Gfs of -63 kJ/mol and -51 kJ/mol, respectively91. Hence alloys

are less stable thermodynamically and are likely to be more susceptible towards

surface rearrangement and phase separation, both known to be issues with PtRu alloy

catalyst under fuel cell operating conditions. Also, random site occupancy of alloys

results in many different co-ordinations around an individual Pt atom. This limits the

‘good’ catalysis sites available only to certain regions.  For example,  the sites with Pt

directly adjacent to Ru are believed to be the ‘good’ catalysis sites in the PtRu alloy:

Ru is believed to exist in partially oxidized state (possibly Ru-OH) providing oxygen

for oxidation of CO molecules (a reaction intermediate in MeOH oxidation which

requires to be oxidized to CO2) adsorbed on the adjacent Pt atoms93. In an alloy, such

sites would be found only in regions rich in both elements. The intermetallics on the

other hand, with their regular repeating array of surface atoms would ensure

homogeneity  of  the  ‘good’ sites,  if  they  are  active.  Real  catalysts  will  have  multiple

crystal planes exposed (either because it is polycrystalline or in nanoparticle form).

Therefore, some variation in activity across the surface of the entire sample is

expected  as  different  crystal  surfaces  of  a  material  (e.g.  Pt)  are  well  known to  show

markedly different electrochemical behavior94-96. This variation would be found in
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both alloys and intermetallics, but the potential advantage that intermetallics could

have over alloys if their structure is retained under real catalysis conditions is evident.

Figure 1.2: a) A possible random arrangement of the 111 surface of Pt-Ru alloy, black

spheres represent Pt atoms and grey spheres represent Ru atoms. b) The 001 surface of

PtPb intermetallic, black spheres represent Pt atoms and grey spheres represent Pb

atoms.

1.5.2 Synthesis of intermetallics as nanoparticles

1.5.2.1 Need for nano-materials

Demand for nano-materials of elemental metals and their alloys are on the rise owing

to their remarkable properties. Due to the high surface area of the nanomaterials, the

ratio of surface to bulk atoms is very high, making these materials ideal for catalytic

application. Also, since most catalysts contain precious metals, the cost comes down

significantly when using nanomaterials as higher activity can be obtained from smaller

amounts of the catalyst. High surface area nanoparticles are vital for fuel cells in order

a) b)a) b)
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to generate the necessary current densities while keeping the cost relatively low.

Lastly, the catalytic properties of a material can be drastically altered when it is in

nanoparticle form. Au nanoparticles are well known to be able catalyze certain

chemical reactions97 even though in bulk it  cannot.  It  is  thus entirely possible that an

intermetallic/alloy in nanoparticle form would have markedly different (and hopefully

improved!) catalytic properties compared to that same material in bulk.

1.5.2.2 Issues with syntheses

Synthesis of any material as nanoparticles brings some tricky issues into the picture –

nucleation of the desired phase and control of size distribution. Adding the terms

‘intermetallic compounds’ and ‘catalyst materials’ to the equation further complicates

the issue. The former requires nucleation for the specific ordered crystal structure and

the later requires the route followed to be devoid of surfactants (often used in solution

phase nanoparticle synthesis for maintaining the size distribution by preventing

particle agglomeration). The issues with intermetallic nanoparticle synthesis will be

discussed in further detail in the next chapter, for now we concentrate on nanoparticle

synthesis and extrapolate additional needs for nanoparticles to be used as catalyst

materials.

Most conventional methods to make metal nanoparticles by mechanically grinding the

material in bulk are unable to reproducibly achieve small particle sizes with narrow

size distributions. Particle sizes below about 0.5 m are difficult to achieve by

grinding. Therefore, the synthetic strategy used in this work was to prepare

nanoparticles  by  nucleation  and  growth,  a  “bottom  up”  approach,  rather  than  a  “top

down” approach. Also, traditional solid state methods involve reactions at very high

temperatures to obtain the desired phases also result in particle growth by sintering,
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and hence usually cannot be employed for obtaining nanomaterials. Metal

nanoparticles for catalytic applications have been prepared by various techniques98, 99

such as metal vapor deposition, controlled decomposition (usually thermally,

photochemically or sonochemically) of zero- or low-valent metal containing

precursors, electrochemical reduction, or chemical reduction of metal precursors from

solution. The most common technique to make metal nanoparticles remains chemical

reduction and precipitation from aqueous or organic solutions98, 100-104. Metal cations

are reduced by a chemical reducing agent to their zero-valent state in solution where

they nucleate and grow into nanoparticles as long as they do not react with the solvent

or other included or generated species. The three distinct steps in this event are:

reduction, nucleation and growth. In the ideal case of reduction of a metal cation

precursor (in absence of interference from any included or generated species), Mx+ is

reduced to M0. Nucleation occurs when a critical number of M0 atoms agglomerate so

that the rate of growth is larger than the rate of dissolution. After nucleation, the

nanoparticle will continue to grow via one or more mechanisms: addition of more

metal atoms (alternatively Mx+ can also attach to the growing cluster and can then be

reduced to give Mn), Ostwald ripening and oriented attachment of metal crystallites.

The latter requires aligned attachment of the crystallites, unaligned attachment is

agglomeration. Generally, fast nucleation and slow growth means smaller

nanoparticles and slow nucleation and fast growth means larger nanoparticles, hence

the balance of these two rates is vital for achieving the desired size distribution.

Next, the issue of stabilizing the synthesized nanoparticles has to be considered. Metal

nanoparticles suspended in solution fuse together to diminish their total surface

energy. To keep the metal particles from agglomerating, a repulsive interaction needs

to be introduced. The stabilization methods employed can be steric, electrostatic or a

combination of both. A steric approach means adding a bulky substance that



23

chemisorbs  or  physisorbs  to  the  nanoparticle  surface.  As  two  such  nanoparticles  are

brought into close contact with one another, configurational constraints of the

adsorbed molecules will keep them apart physically and prevent them from

agglomerating.  If  the  particles  have  sufficiently  large  surface  charge,  electrostatic

repulsion between the double layers around the particles keeps them from

agglomerating. This is the principle of electrostatic stabilization methods. Surface

charge can be generated by controlling the pH of the solution and/or by adding

charged ligands and their counter ions. Electrostatic stabilization is primarily

employed only in polar media. Supporting the nanoparticles by bonding the

nanoparticles to the surface of another material also keeps them apart. For example,

the Pt and PtRu nanoparticles in fuel cell applications are usually carbon supported88.

For application of the nanoparticles as catalyst materials, the stabilization issue creates

an inherent conflict. The reason for preparing these catalytic materials as nanoparticles

is to maximize the surface area of the material so that it is catalytically available.

Agglomeration can greatly diminish the surface area per unit mass. However, the

stabilizers used to prevent agglomeration and retain the high surface area of these

nanoparticles invariably coat the surface of the nanoparticles, which usually prevents

the reactants from accessing the surface and prevents catalysis from occurring (i.e. the

surface is “poisoned”). Preparing catalyst nanoparticles so that they bind to the surface

of a supporting material is one way to prevent agglomeration and maintain a relatively

high active surface area. To achieve this, solution phase synthesis techniques need to

be first explored for unsupported materials and then extended to trapping them on a

support during synthesis. In this work, the support material explored was always

Vulcan (Carbon black) keeping the fuel cell applications in mind.
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1.5.2.3 Previous work in the group in synthesis and characterization of catalyst

nanomaterials

The idea of exploring Pt intermetallics as potential catalysts for small molecules

oxidation  was  inspired  in  part  by  the  doctoral  research  of  Sean  P.  E.  Smith  in  Prof.

Abruna’s group showing the favorable effects of Bi sub-monolayer on stepped Pt

single crystal surfaces for the oxidation of formic acid. The increased activity and

observed mitigation of CO poisoning, combined with the possible advantages of

intermetallics as catalysts led to the desire to synthesize and explore Pt intermetallics

as  nanoparticles.  In  the  past  years  since  then,  significant  work  has  been  done  in  the

DiSalvo groups towards understanding the syntheses of intermetallics as

nanomaterials. Unlike the syntheses of bulk materials, which has been explored in

detail by many solid state chemists, the synthesis of these materials as nanoparticles,

for reasons discussed in detail in the previous sections, pose a much greater challenge.

The first studies explored the synthesis of PtPb and PtBi nanoparticles by chemical co-

reduction using NaBH4 as  the  reducing  agent.  Later  the  syntheses  were  extended  to

reactions using sodium napthalide as the reducing agent in search of a stronger

reducing agent which could encompass broader range of metals. PtPb is the most

explored case of the two. Using NaBH4 as the reducing agent in MeOH solvent, Dr.

Chandrani RoyChowdhury, a previous group member was able to synthesize single

phase  PtPb,  Pt3Pb, PtBi and PtSn as aggregated nanoaparticles with domain sizes

between 8-15 nm. These materials were characterized by powder X-ray diffraction,

BET surface area measurements, scanning and ultra high vacuum scanning

transmission electron microscopy (SEM and UHV-STEM) and energy dispersive X-

ray analysis (EDX). Some of these compounds have been found to be active towards

the  oxidation  of  small  organic  molecules  such  as  formic  acid,  methanol  and  ethanol.
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PtPb exhibited impressive tolerance towards carbon monoxide and sulfur-containing

poisons. Chandrani also showed in her work with NaBH4 that choice of precursors and

synthesis technique has a profound effect on the electrochemical activity of the

products. For example, PtPb prepared using Pb(MOEEAA)3 (where MOEEAA = 2-[2-

(2-methoxyethoxy)ethoxy]acetic acid7 was found to have much higher current density

for formic acid oxidation than PtPb prepared from Pb(C2H3O2)2 (lead acetate)5.

Borohydride reduction was found to give much cleaner end products compared to the

other techniques (primarily sodium napthalide reduction) to be discussed below. The

ability to carry out the reduction in aqueous or alcohol media is an advantage of the

borohydride method. There are typically a wide variety of precursors and consequent

side products that are soluble in protic solvents. This is a challenge we are still trying

to overcome with the organic solvents required for sodium napthalide reductions. In

order to obtain enhanced surface area and prevent particle aggregation, the

borohydride reduction technique was extended to the synthesis of supported PtPb

nanoparticles on commercially available carbon black: Vulcan. Initial work on the

synthesis of ternary phases as nanopowders was also done using sodium borohydride

as a reducing agent. Moving on to sodium napthalide, Dr. Laif Alden, in his doctoral

research, targeted the synthesis PtPb and PtBi nanoparticles with sodium napthalide as

the reducing agent. His work showed that unlike with sodium borohydride, thermal

energy needed to be provided by in-situ heating for crystallization/growth of the PtPb

phase.  The  difference  between this  two is  indistinguishable  by  XRD since  the  broad

pattern obtained could be either due to amorphous material, from an alloy with a broad

composition, or from extremely small crystalline particles. Reaction temperature,

method of injection, stirring time after injection and the method of exposure to air

following work-up influenced the properties of the products (most notably, the domain

sizes of the PtPb particles). Particle domain size was found to saturate after a certain
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temperature and stirring time. These results, along with lower activity of PtPb particles

synthesized by sodium napthalide reduction compared to those from borohydride

reduction lead to an initial hypothesis that the sodium napthalide method might not be

generating clean particles. This dissertation was started with the goal of understanding

the underlying factors affecting the synthesis and properties of these particles.

Improved method for sodium naphthalide reduction to synthesize PtPb nanoparticles

with higher activities is discussed in detail in Chapter 2. The insights obtained were

used to explore the limits of sodium napthalide reduction in order to obtain products

containing more electropositive elements and establish general guidelines for doing so

(Chapter 3 and 4). As work progressed, other reducing agents (Chapter 5) were

explored in order to address the challenges inherent to sodium napthalide reduction. It

should be mentioned here, that methods like grignard reduction, the polyol process

and hydrazine reduction had already been explored by the researchers mentioned

above105, 106.  The  results  from  those  are  not  pertinent  to  this  work  and  won’t  be

discussed  here.  Lastly,  as  will  be  discusses  in  Chapter  3  in  detail,  Dr.  Hideki  Abe,  a

post doctoral researcher in the DiSalvo group, had initiated exploring the potential of

sodium napthalide reduction for synthesizing Pt-Ti phases6 and synthesized ordered

(Pt3Ti) and disordered phases which showed promising activity towards MeOH and

formic acid oxidation.

Lastly, the role of the combinatorial sub-group in the CFCI in helping to choose

compositions is important to note. In order to expedite the search for remarkable

catalyst materials, a combinatorial method was developed using sputtering of different

materials  as  thin  films,  followed  by  electrochemical  testing  of  the  film  to  rapidly

screen  for  active  catalysts.  Often  the  synthesis  of  nanoparticles  of  a  particular  phase

was driven by combinatorial screening results given our ultimate goal of developing

more efficient catalysts. This is why systems such as Pt-Ti and later Pt-Cd and Pt-Hg
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(Chapter 6) were explored in otherwise seemingly random (non-periodic or non-

systematic) ways.
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Chapter 2

PtPb NANOPARTICLES BY SODIUM NAPTHALIDE REDUCTION:

OPTIMIZATION OF PROPERTIES

In the introduction section, we mentioned the advances in syntheses of intermetallics

as nanoparticles for fuel cell catalysts. The challenges were found to be higher on

switching to sodium napthalide as the reducing agent from sodium borohydride,

presumably due to the cleaner overall system in the later case (solvents and easily

washable side products form precursors). As we will see in this and the forthcoming

chapters, these conditions (precursors, reaction solvent, work-up techniques and

solvents)  play  a  major  role  in  deciding  the  chemical  composition  of  the  alloy  or

intermetallic compounds targeted. Hence, it was important to explore, understand and

control these factors for a familiar phase (like PtPb)1,  2 and optimize its properties.

Sodium borohydride reduction is a very useful method for metals it can reduce.

However, sodium borohydride cannot be used for reducing all metals across the

periodic table. As our goal is not to limit ourselves in our search for new catalyst

materials, understanding and modifying reductions with sodium napthalide, a much

stronger reducing agent, becomes imperative for widespread application of the

chemical reduction method. This chapter is adapted from a paper published in the

Journal of Nanoparticle Research.

With  kind  permission  from  Springer  science  +  Business  Media:  Journal  of
Nanoparticle Research, PtPb nanoparticle electrocatalysts: control of activity through
synthetic methods, 11, 2009, 965-980, Tanushree Ghosh, Futoshi Matsumoto, Jennifer
McInnis, Marilyn Weiss, Hector D. Abruna and Francis J. DiSalvo, © Springer
Science + Business Media B. V. 2009.
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2.1 Introduction

The need for more efficient and alternative energy sources to cope with the issues

arising from fossil fuel usage is becoming more and more evident. One potential

technology for higher efficiency is direct fuel cells operating near room temperature.

So called direct fuel cells use small molecules as the fuel source, completely oxidizing

the  fuel  to  CO2 and  H2O3. Fuel cells are not heat engines so their efficiency is not

bound by Carnot cycle limitations, but rather the entire free energy of a redox reaction

can (in principle)  be converted to electrical energy. Real fuel cells with efficiencies of

about 50-60% at their operating point with 10-50 kW outputs are already realizable4.

Cost and durability/longevity factors, however, still keep these fuel cells from being

practically usable, which is inhibiting their introduction into the market. Nevertheless,

the potential of polymer electrolyte membrane fuel cells (PEMFCs) in the

transportation market and as small portable power sources are being explored by many.

The basic components of the fuel cell, including the electrocatalyst, present a

challenge for most fuel cell technologies. The common industry standard for the anode

electrocatalyst is still Pt (for H2 as  a  fuel)  or  a  1:1  PtRu alloy  (for  MeOH as  a  fuel)

usually in the form of 3-5 nm particles supported on carbon to achieve high surface

areas and generate the high current densities needed5.  The  use  of  nanoparticles  also

diminishes the amount (and therefore cost) of Pt used.

Recently, the authors and their collaborators have shown that high performance

electrocatalysts can be obtained from the family of Pt based ordered intermetallic

compounds6-11. Two of these intermetallics, PtBi and PtPb have, indeed, shown not

only higher tolerance to S and CO poisoning (surface poisoning of the catalyst by CO

is a pertinent issue when carbon containing fuels are considered) but also superior

electrocatalytic activity toward formic acid oxidation compared to Pt, 1:1 PtRu and
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Pd1, 2, 6, 7, 9, 10, 12. However, the electrocatalytic activity, along with the size and surface

properties of the nanoparticles were found to be highly dependent on the details of the

synthesis methods. Initially, sodium borohydride was used as a reducing agent for

preparing PtPb and PtBi intermetallics1,  2,  7,  but  in  order  to  explore  intermetallics  of

metals with a wider range of reduction potentials as anode electrocatalysts, stronger

reducing agents needed to be considered. Also, it is important to prepare the particles

by a number of different chemical routes to investigate the role of synthesis in

determining the surface composition, morphology, impurity contamination and

subsequently, electrochemical activity of the nanoparticles.

PtPb nanoparticle syntheses using sodium napthalide as the reducing agent and

dimethyl(1,5-cyclooctadiene)platinum and lead(II)2-ethylhexanoate as the precursors

was also undertaken previously in the group2, 12,  and interestingly, the domain size of

the nanoparticles was found to be dependent on stirring time and reaction temperature.

For reductions done at room temperature, crystallization of the nanoparticles to give

an  identifiable  PtPb  phase  by  XRD  was  observed  only  when  the  particles  rapidly

warmed by surface oxidation when exposed to air quickly post synthesis. Higher

reaction temperatures and stirring times were seen to be necessary13 for increased

crystal domain sizes. These observations indicated a ‘barrier’ to crystallization of the

PtPb nanoparticles that required a thermal treatment. Some observations suggested

that the presence of organics from the precursors (or the reducing agent) bound to the

nanoparticle surfaces (or even inside the nanoparticles) contributed to this

crystallization ‘barrier’. Varying the platinum precursors and studying the resulting

nanoparticles  is  one  way to  explore  this  phenomenon.  Also,  if  these  organics  are  the

main inhibitors of crystallization, quantification of the amount of organics in or on the

nanoparticles, and possible correlation with particle domain sizes would be revealing.

Moreover, finding precursors with ligands having smaller binding affinity to platinum
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would be useful for further syntheses of Pt based intermetallics. Another important

issue with these solution based syntheses is the solubility of platinum and other metal

precursors. Using sodium napthalide as the reducing agent limits solvent options to

tetrahydrofuran (THF) or glymes. The platinum precursor (dimethyl(1,5-

cyclooctadiene)platinum), though considerably soluble in THF, has fairly low

solubility in diglyme (a THF substitute for higher temperature reactions). Comparable

solubility of both metal precursors in the reaction solvent is highly desirable for the

purpose of co-reduction of metals with widely different reduction potentials. Hence,

higher solubility is a desirable attribute for the platinum precursors to be investigated.

The above research led us to a plausible mechanistic picture of the processes that

occur in the synthesis of intermetallic nanoparticles from solution by chemical co-

reduction of the precursors (Scheme 2.1).

We started our investigation by synthesizing a number of Pt precursors having 1,5-

cycloctadiene derivatives in place of the 1,5-cyclooctadiene (hoping that  alkyl based

derivatives would make the molecule less symmetric and more soluble) and screened

them primarily based on their solubility in THF and diglyme. We also started working

with platinum acetylacetonate (obtained commercially) following our quest for a

platinum precursor with ligands having lower affinity for platinum (on the basis of Pt-

L bond enthalpies)14.
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Scheme 2.1:  Key issues in intermetallic nanoparticle syntheses by chemical co-

reduction of precursors.

We used the precursors having considerable solubility in THF and diglyme (Table 2.1)

to  synthesize  PtPb.  We  also  explored  different  synthetic  strategies  with  platinum

acetylacetonate (the most soluble one of all). Interestingly, the resulting nanoparticle

domain  sizes  showed  different  behavior  with  different  synthesis  or  annealing

temperature as well as different electrocatalytic activities depending on the method of

synthesis employed. It was also possible to identify some organic groups from the

precursor in the products. Quantitative studies further revealed a clear correlation

between the amount of organics and crystal domain sizes supporting our hypothesis

about organic interference in PtPb nanoparticle crystallization. Sodium was also

detected in the nanoparticles product, but could be removed by a water wash. However,
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evidence suggested that sodium may also play a role in the crystallization dynamics.

Organic and sodium contamination in the products could be mitigated by modification

of the method of solvent removal after reduction. Thermogravimetric analyses and IR

studies of the particles confirmed the presence of organics. At the same time, organics

from  the  reducing  agent/lead  precursors  have  not  yet  been  detected.  SEM  and  TEM

images of the nanoparticles prepared from Pt acetylacetonate offered evidence of the

change  in  nature  and  composition  of  the  particles  crystallizing  when  the  reaction

temperature was increased. Although the particles are always agglomerated (expected,

since stabilizers/surfactants were not employed), crystal grain boundaries were

observable as the smallest features in the images (with domain sizes corresponding to

those measured from XRD of the particles).  CBED and SAED studies confirmed the

crystalline nature of these particles.

Table 2.1: Solubility of different Pt precursors in THF and diglyme.

More interestingly, the PtPb nanoparticles prepared from platinum acetylacetonate had

the highest electrocatalytic activity (mass activity normalized to the BET surface area)

in Diglymein THF

0.0410.049Pt(acac)2

0.0020.002PtCl2-

0.0100.011PtCl2-

_0.006PtCl2

0.0450.108PtMe2

Solubility in mmol/mlCompound

in Diglymein THF

0.0410.049Pt(acac)2

0.0020.002PtCl2-

0.0100.011PtCl2-

_0.006PtCl2

0.0450.108PtMe2

Solubility in mmol/mlCompound
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compared to nanoparticles previously synthesized using sodium napthalide or sodium

borohydride as reducing agents. In each case however, different precursors were used1,

2, 12.

2.2 Experimental

2.2.1 Platinum precursors

All materials used were at least reagent grade. All platinum precursors, except

platinum acetylacetonate and platinum hexafluoroacetylacetonate (Aldrich), were

synthesized in the laboratory starting from Pt (Englehard, 99.9 %). Platinum (1g, 5.13

mmol) was dissolved in 20 ml of aqua-regia (3 parts of 12 M HCl with 1 part of 12 M

HNO3), and stirred in an open flask at 120 oC  for  30  min.  The  resulting  orange

solution was cooled down to room temperature and solid KCl (0.848 g, 11.4 mmol)

was added. The resulting mixture was cooled in an ice bath for 30 min, and the yellow

precipitate was collected by suction filtration, washed with chilled water, ethanol and

diethyl ether. XRD showed the dried precipitate to be pure K2PtCl6. The K2PtCl6 was

reduced to K2PtCl4 with  H2SO3 (commercially obtained from Aldrich) following a

standard reduction procedure15.  The  K2PtCl4 was dissolved in glacial acetic acid

(Aldrich) and water (purified with a Millipore Milli Q system) in a 12.5:8 by volume

solution, and then 1,5-cycloctadiene, or 3-methyl 1,5-cycloctadiene or 3,4-dimethyl

1,5-cyclooctadiene (all from Aldrich) was added to obtain the corresponding platinum

organic dichloride compound. Platinum acetate was synthesized by refluxing platinum

tetrachloride (0.406 g, 1.21 mmol) and silver acetate (0.1 g, 0.6 mmol) for 3 hrs in 24

mL glacial acetic acid and worked up following a reported procedure16. However, we

found that washing the final product with acetone improved its purity. A
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recrystallization of the product from acetone was also attempted. However, the attempt

failed due to the high solubility of platinum acetate in acetone. Platinum acetate was

found to decompose to platinum metal (which precipitated out) when its solution in

acetone was heated to just 60 oC. Thus, all reactions with this precursor were carried

by injecting the precursors into reducing agent at room temperature, heating up only

later, if necessary.

2.2.2 Napthalide reduction

Materials: Naphthalene was purchased from Fisher. Sodium metal and diglyme were

purchased from Aldrich. THF and diglyme were freshly distilled over sodium prior to

use. Lead(II)2-ethylhexanoate was purchased from STREM Chemicals Inc. Because

of the high viscosity of lead(II)2-ethylhexanoate, 0.05M stock solutions were prepared

by dissolving 2.496 g in 100 mL THF.

2.2.3 Synthesis of PtPb nanoparticles

A solution of sodium napthalide was prepared by weighing out stoichiometric amounts

of naphthalene (0.1923 g, 1.50 mmol) and sodium metal (0.0345g, 1.50 mmol) in an

argon atmosphere glovebox and loading these reactants into a flask containing 50 mL

diglyme  or  THF.  The  flask  was  sealed  and  removed  from  the  glovebox  and  stirred

overnight under argon to produce a dark green sodium napthalide solution.

Platinum acetylacetonate (0.0988 g.0.25 mmol) was dissolved in a 5.0 mL aliquot of a

0.05 M stock solution of lead(II)2-ethylhexanoate in diglyme (0.25 mmol lead(II)2-

ethylhexanoate). Meanwhile, an argon purged flask containing the freshly prepared

sodium napthalide was connected to a water cooled condenser. If the reaction was to
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be carried out above room temperature, the flask was heated to the desired reaction

temperature in an oil bath. The aliquot of metal precursors was injected into the dark

green sodium napthalide solution which immediately became black and opaque. The

solution was stirred for 30 minutes. If the reaction mixture was heated (either before –

labeled series 1, or immediately after the reduction step - labeled series 2) the mixture

was stirred for 10 minutes at temperature and then cooled to ambient by removing the

oil bath. The solvent and any volatile side products were carefully pumped out of the

flask using first static followed by dynamic vacuum, leaving a black residue. Once the

flask was pumped down to a suitably low pressure (~ 200 m Torr), 40 mL of degassed

ethanol were added to the flask, which was then sonicated in an immersion bath

sonicator  for  10  min.  The  contents  of  the  flask  were  then  transferred  to  a  centrifuge

tube with a cannula and centrifuged (2K rpm, 10 min). The supernatant (colored

yellow) was removed and 40 mL of hexanes were distilled into the black precipitate.

The tube was sonicated for 10 min and centrifuged again. The supernatant (usually

colorless) was removed and the black precipitate was dried under vacuum. The tube

was then backfilled with argon, and was left overnight with a needle in the septum to

allow  slow  exposure  of  the  nanoparticles  to  air.  Another  series  (labeled  series  3)  of

reactions  were  done  in  which  the  preparation  of  reducing  agent  and  injection  of

precursors were done in the above mentioned way. Following the injection, the flask

was heated up to the desired temperature using an oil bath (it took approximately 10 -

15 min for the bath to reach the desired reaction temperature). Once the desired

temperature was reached, the flask was stirred for 10 min and the solution was allowed

to cool to 40 oC. The reaction mixture was cannula transferred into a centrifuge tube

and was centrifuged for 10 min at 2K rpm. The diglyme was syringed off leaving a

black residue. 40 mL of degassed ethanol were added to the flask, which was then

sonicated in an immersion bath sonicator for 10 min. The contents of the flask were
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then transferred to a centrifuge tube with a cannula and centrifuged (2K rpm, 10 min).

The supernatant was removed with a syringe following which; the usual washings and

slow exposure to air were carried out. Table 2 gives a summary of each of the series

described above.

2.2.4 Characterization

X-ray powder diffraction powder patterns (Scintag XDS 2000) were taken of the black

PtPb nanoparticles to confirm the composition and structure of the intermetallic phase.

The particle morphology and size was studied by scanning electron microscopy (SEM)

using a LEO-1550 Field emission SEM (FSEM). Energy dispersive X-ray analysis

(EDX) was also done on the particles on the same instrument. For EDX analysis,

unless otherwise specified, particles in dry powder form were used on GaAs wafers. A

JEOL 8900 EPMA Microprobe was  used  for  preliminary  EDX  on  most  of  the  PtPb

samples. Scanning TEM images and convergent beam electron diffraction (CBED)

data were collected on a VG HB501UX UHV STEM. Dry particles, in powdered form

dispersed on ultra thin TEM grid, were used for STEM and SEM images. TEM images

and selected area electron diffraction (SAED) were taken on a JEOL 1200EX TEM on

microtomed (60 nm) sections of the nanoparticles dispersed on an ultrathin TEM grid.

To measure the surface area of the samples, a Micromeritics ASAP 2020 was used to

collect a partial adsorption isotherm at liquid nitrogen temperature (-196 oC) with

krypton as the adsorption gas over the pressure range (P/P0) range of 0.06 and 0.5.

Prior to measurements, the sample was degassed under vacuum at room temperature

for 48 h. The specific surface area was determined according to the Brunauer-Emmett-

Teller (BET) method in the relative pressure range of 0.08 to 0.185.
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2.2.5 Electrocatalytic activity

The electrocatalytic activity of the PtPb nanoparticles for the oxidation of formic acid

was examined. Prior to each experiment, a suspension of the nanoparticle catalyst was

prepared as follows: to 4 mg of the dried nanoparticle sample were added 3.98 mL of

distilled water and 1 mL of isopropyl alcohol (Aldrich). Additionally, 20 µL of a 5%

w/w Nafion solution in alcohols (Aldrich, EW: 1100) and water were added to this

mixture. The resulting mixture was sonicated in a bath type ultrasonicator, for 15 min.

Each  nanoparticle  suspension  described  above  was  coated  onto  a  3  mm  diameter

glassy carbon (GC) electrode. The electrode had been previously polished with

diamond paste (METADI-Buehler, ø = 1 µm) and ultrasonicated in Millipore water

(18  M  cm-1,  Millipore  Milli-Q)  for  10  min.  The  electrode  was  then  rinsed  with

Millipore water and allowed to dry in air. 70 µg cm-2 of the nanoparticles (6.1 µL of

nanoparticle suspension) were coated onto the clean glassy carbon electrode. The

electrode was then spin dried at 600 rpm under a nitrogen gas atmosphere.

Before studying fuel oxidation, electrochemical pretreatment of nanoparticle coated

electrodes is sometimes necessary to obtain optimal activity17, 18. A partially optimized

procedure involved generating hydrogen by holding the nanoparticle ink coated

electrode at -0.7 V vs. Ag/AgCl for 40 min in 0.1 M H2SO4.

Formic acid oxidation on the nanoparticle-coated GC electrode was examined in a

solution of 0.5M formic acid (Mallinckrodt, 88% analytical reagent)/0.1M sulfuric

acid at a sweep rate of 10 mVs-1. All solutions were prepared with Millipore water and

deaerated with prepurified nitrogen for at least 10 min before each experiment. The

measurements were conducted at room temperature. All potentials are referenced to a

sodium chloride saturated Ag/AgCl electrode without regard for the liquid junction.
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2.3 Results and discussion

2.3.1 Investigating platinum precursors

The platinumdichloride(1,5-cyclooctadiene) derivatives synthesized were compared

with the commercially obtained platinum acetylacetonate with respect to solubility in

diglyme and THF (Table 2.1). The solubility of (3,4-dimethyl-1,5-

cycloctadiene)platinumdichloride was lower than (3-methyl-1,5-

cycloctadiene)platinumdichloride in both  solvents, showing the expected  lowering of

solubility with an increase in symmetry of the ligand. Platinum acetylacetonate

showed the highest solubility in both solvents, and was hence chosen as the precursor

to be studied further. Platinum acetate was found to be unstable over extended periods

of time or at higher temperatures and hence was excluded from consideration after a

few initial experiments. After investigating platinum acetylacetonate, platinum

hexafluoroacetylacetonate was explored in the hopes that the organic ligand from the

precursor would be less likely to adsorb to the nanoparticles, since the precursor itself

was a more polar molecule. The new precursor was also expected to be more soluble

than platinum acetylacetonate in the solvents compatible with sodium napthalide, THF

and diglyme.  When the solubility of platinum hexafluoroacetylacetonate was tested, it

was found to be more soluble than platinum acetylacetonate in these particular

solvents.  However, upon using this new precursor to synthesize PtPb nanoparticles,

the resulting particles were hygroscopic and showed high amounts of sodium and

fluorine (EDS) as well as characteristic fluoroacetylacetonate peaks (FTIR).  The

interference of this apparent sodium and fluorine complex was removed by subjecting

the particles to a water/double MeOH wash. At this point the particles were no longer

hygroscopic and did not contain the characteristic peaks of fluoroacetylacetonate in
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the FTIR.  However, the particles were highly polar to begin with (probably owing to

Na/F containing polar/ionic species sticking to them) making their separation from the

polar wash solvents very difficult and leading to extremely low yields. We believe that

the lone, now highly acidic hydrogen, left on the hexafluoroacetylacetonate moiety is

responsible for the hygroscopic property of the resulting nanoparticles. A per-

fluorinated acetylacetonate may behave differently. However, this was not further

pursued since the particles were not found to have any enhanced properties than the

ones made from platinum acetylacetonate and our goal is to find a precursor

convenient and simple to work with.

2.3.2 Synthesis of PtPb nanoparticles

Previous PtPb nanoparticles synthesized using dimethyl(1,5-cyclooctadiene)platinum

and lead(II)2-ethylhexanoate showed higher electrocatalytic activity and larger

domain  size  of   PtPb  when  they  were  synthesized  by  injecting  the  precursors  into  a

sodium napthalide solution at a higher temperature (135 oC) rather than room

temperature injection followed by annealing at 135 oC in the solvent2. Accordingly, an

initial series of reactions was done by injecting the precursors into a reducing agent

solution stirring at the desired temperature. A stirring time of 30 min was maintained

in each case to ensure good crystallization based on previous trends observed in the

group2, following which, the solvent was evaporated off (series 1). We expected the

temperature of crystallization to be lower when Pt(acac)2 was  used,  since

acetylacetonate is anionic and the Pt-O bond is weaker than Pt-ene bonds. Surprisingly,

the domain size variation with reaction temperature was not similar to that observed

when dimethyl(1,5-cyclooctadiene)platinum was used as the Pt precursor. Neither was

lowering of crystallization temperature observed. Reactions carried out at
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temperatures above and below 120 oC resulted in pXRD patterns with low intensity

and broad peaks, approximately matching the more intense peak positions of the PtPb

structure. However, given the broad nature of the peaks, the presence/absence of other

phases could not be established. Annealing the product, after sealing it in an evacuated

silica tube and heating at 600 oC for 12h, showed PtPb as the only crystalline phase by

pXRD with a mean crystal domain size of 30 nm. SEM images of the as-prepared

samples showed a high degree of agglomeration. EDX analysis of the particles showed

the presence of Pt and Pb in 1:1 ratio (+/- 5%) in multiple micron square regions along

with the presence of some sodium (Figure 2.1).

Figure 2.1: EDX data of PtPb nanoparticles synthesized by injecting the precursors

into reducing agent solution at 135 oC, followed by 30 min stirring at 135 oC.

For the reaction carried out at 120 oC, XRD patterns showed peaks which could be

clearly indexed only to PtPb. The mean domain size calculated from the peak widths
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using the Scherrer equation19 was 8.4 nm. A domain size versus reaction temperature

curve showed a sharp maximum around 120 oC (Figure 2.2).

Figure 2.2: Domain size of PtPb nanocrystals synthesized by injecting the precursors

into reducing agent solutions at different temperatures followed by stirring for 30 min

at those temperatures.

EDX  data  again  showed  the  presence  of  Pt  and  Pb  in  1:1  ratio  (+/-  5%)  in  multiple

micron square areas along with the presence of some sodium. However, the amount of

sodium present was negligible in this case. All EDX studies were done on dry samples

on GaAs wafers to allow rough quantification of the amount of carbon present in the

samples. Samples prepared at 120 oC showed lowest amount of carbon. A point to

keep in mind here is the much higher molecular weights of the metals compared to

carbon. Even a low weight % of carbon would indicate a considerable atomic ratio of

carbon to the metals. Although absolute quantification of carbon using EDX is

difficult owing to background signals, we used the carbon signal from nearby areas of
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GaAs as a background correction. The background signal on GaAs was a small

fraction of the total carbon signal (less than 0.1 wt %). In order to identify the source

of  the  carbon  content,  ATR  measurements  were  obtained  from  the  solid  powder

samples. The acetylacetonate ligand on the PtPb surface could be clearly identified in

the resulting spectra from asymmetric and symmetric coo- stretching peaks at the 1600

-1400 cm-1 region in all samples except for the one prepared at 120 oC (Figure 2.3).

Figure 2.3: FTIR spectra of  PtPb nanoparticle powders. Asymmetric and symmetric

coo- stretching peaks at the 1600 -1400 cm-1 region in all samples prepared from

platinum acetylacetonate except for the one prepared at 120 oC. PtPb prepared from

dimethyl(1,5-cyclooctadiene)platinum  doesn’t show  the coo- stretching peaks.

Aliphatic -C-H stretches were also observed (~2900 cm-1), but no indication of

ethylhexanoate (1735 cm-1 ester peak) from the lead precursor or sodium napthalide

(aromatic –C-H stretching bands) was observed. We assume, therefore, that aromatic
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groups are present only in insignificant amounts, if at all. SEM images of the samples,

prepared at 120 oC gave clearly observable particles with sizes agreeing well with the

calculated  domain  sizes  from  XRD.  CBED  patterns  of  this  region  confirm  that  the

particles retain their crystallinity at the nano level (Figure 2.4 a, b).

Figure 2.4: (a) SEM image of PtPb nanoparticles prepared from platinum

acetylacetonate by injecting the precursors into reducing agent solution at 120 oC (b)

CBED pattern of a PtPb nanocrystal from the same sample.

The particles, as expected, were seen to be highly agglomerated. Images of samples

prepared at other temperatures also appeared as agglomerated networks, but smaller

nanometer shapes were not identifiable under imaging conditions (Figure 2.5).

20 nm

a b

20 nm20 nm
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Figure 2.5: SEM image of PtPb nanoparticles synthesized from platinum

acetylacetonate by injecting the precursors into the reducing agent solution at 135 oC.

As mentioned previously, all samples were found to contain sodium by EDX (sodium

was also found on the walls of the tubes used for annealing). EDX confirms that the

sodium could be completely removed by water. However, the IR spectra of the washed

samples did not seem to be much different (figure 2.6), suggesting the presence of

organics on the nanoparticles even after complete removal of the sodium. TGA of the

samples done under nitrogen, showed up to 20% mass loss for the samples, with

samples  starting  to  loose  mass  at  as  low  as  150 oC, again suggesting presence of

organic species. The mass loss was the smallest for nanoparticles prepared at 120 oC,

thus confirming the IR and EDX results. Thus, lower organic presence in the product

is correlated with larger domain sized particles (Figure 2.7).
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Figure 2.6: FTIR spectra of PtPb nanoparticle powders before and after water wash

(particles were washed with water to remove the sodium initially detected on the

particles by EDX). Asymmetric and symmetric coo- stretching peaks at the 1600 -

1400 cm-1 region still observed, so water wash removes the sodium completely, but

removal of sodium did not result in removal of the organics (at least not completely).

The ‘quick exp to air’ refers to the samples exposed to air quickly (instead of slowly

as described in the experimental section) post reaction and wash with solvents. It

however seemed to have made little or no difference in terms of the organic material

detected by FTIR on the nanoparticles.
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Figure 2.7: Thermogravimetric analysis plot of the PtPb nanoparticle samples prepared

by injection of precursors into reducing agent solution at different temperatures

showing mass loss (in %) of the samples with increasing temperature.

Following the unexpected results observed when the precursors were injected into the

reducing solution stirred at temperatures up to 150 oC, another series of reactions was

done by injecting the precursors into a reducing agent solution stirred at room

temperature, followed by heating up to the desired temperature. This was done to

check our hypotheses about the precursor itself undergoing changes when injected into

a hot reducing agent solution (temperatures above 120 oC) in presence of the Pb

precursor. If so, this might lead to new species being formed which were interfering

with nanoparticle crystallization at higher temperatures.

Typically, the solution would take 10-15 min to heat up to the desired temperature,

following which it would be stirred for 10 min at that temperature and the reaction
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solvent would be evaporated off (series 2). The domain size variation with reaction

temperature, in this case, looked much more familiar to previous observations (Figure

2.8).

Figure 2.8: Domain size of PtPb nanocrystals synthesized by injecting the precursors

into reducing agent solution at room temperature followed by heating up to different

temperatures. Inset shows the similar domain size vs temperature trend observed with

PtPb nanoparticles prepared from dimethyl(1,5-cyclooctadiene)platinum12.

EDX data showed Pt and Pb to be present in a 1:1 ratio down to the nanoscale (20 nm

X 20 nm regions) for all the samples. The amount of carbon and sodium observed on

EDX remained almost constant irrespective of the domain size, but were much lower

than the previous series (except for the 120 oC reactions, which were comparable). The
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IR spectra of the samples again showed the presence of the acetylacetonate ligand on

the nanoparticles. SEM images showed observable morphological changes suggesting

gradual formation of the ‘nanoparticles’ with increasing reaction temperature (Figure

2.9 a,b,c).

Figure 2.9: SEM images of PtPb nanoparticles prepared by injecting precursors into

reducing agent solution at room temperature followed by heating up-to different

temperatures (a) 120 oC (b) 135 oC and (c) 155 oC. The gradual formation of

nanoparticles on going to higher temperatures can be observed in the images.
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The smallest observable particles corresponded to the respective domain sizes

calculated from Scherrer equation for all the samples. CBED patterns confirmed that

the crystalline nature of the particles was retained at the nanoscale. The long time

needed for solvent removal (diglyme took around 4 hr to evaporate off at 40 deg, ~150

mTorr) caused us to seek an alternative method of solvent removal. Interestingly, the

properties of the resulting nanoparticles were significantly altered by changing this

procedure. In this method, as described in the experimental section, post injection of

precursors into the reducing agent solution (injection done at room temperature

followed by heating up if necessary) and 15 min of stirring (typically), the mixture

would be cannula transferred into a centrifuge tube, centrifuged and the supernatant

would be syringed off.  For this method, the mean domain size of the PtPb

nanoparticles obtained by a room temperature reaction was 14 nm as determined by

the  Scherrer  equation.  The  domain  size  variation  with  the  temperature  to  which  the

solution was heated up to post injection, was minimal (Figure 2.10).
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Figure 2.10:  Domain size of PtPb nanocrystals synthesized by injecting the precursors

into reducing agent solution at room temperature followed by heating up to different

temperatures; solvent syringed off post reaction after precipitating out the

nanoparticles. Domain size observed to be largely invariant of temperature, with

clearly identifiable PtPb crystals (with mean domain size of 18 nm) was obtained for

even the room temperature reaction.

Also, SEM images confirmed the domain sizes calculated from X-ray diffraction.

Interestingly, this confirms that the organics present on these nanoparticles are on the

surface and not trapped inside. Interesting changes were again observed in the

nanoparticle shapes and agglomeration with increases in the reaction temperature

(Figure 2.11a,b,c,d). A plausible explanation for crystallization at room temperature

and the overall ease of crystal formation that was observed with this particular work-

up procedure could be the removal of the reaction solvent and organic products.
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Figure 2.11: SEM images of PtPb nanoparticles prepared by injecting precursors into

reducing agent solution at room temperature followed by heating up to different

temperatures (a) room temp (b) 80 oC and (c) 130 oC and (d) 155 oC; solvent syringed

off post reaction after precipitating out the nanoparticles. The gradual formation of

nanoparticles on going towards higher temperature can again be very clearly observed.

The observed morphological changes might be arising from compositional changes. If

so, the temperature dependent property changes observed in all these materials can be

explained.

Solvent removal by evaporation concentrates the organic product. This can be

understood in terms of a ligand equilibrium between the reaction solvent and the solids

in  the  system  (L(solvent) L(solid)),  which  shifts  towards  more  L(solid)  when  only

the solvent is removed (by evaporation). Indeed the IR signal from acetylacetonate is
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lowered following a THF wash. TEM studies done on microtomed sections (uniformly

60 nm in thickness) of the nanoparticles from the 80 oC reaction, showed darker and

lighter regions.  SAED confirmed that all regions studied were crystalline (Figure 2.12

a, b).

Figure 2.12: (a) SAED pattern of PtPb nanocrystal prepared by injecting precursors

into reducing agent solution at room temperature followed by heating up to 130 oC;

solvent syringed off post reaction after precipitating out the nanoparticles. (b)

Microtomed section (of uniform 1 µm thickness) of the same sample.

For both series 2 and 3, TGA showed much lower mass losses (averaging around 9 %)

than  what  was  observed  for  series  1.  This  agrees  well  with  the  corresponding  EDS

studies. Also, for series 1 and 2 the TGA mass losses corresponded to the domain size

variation with temperature (highest mass losses were observed for temperatures at

which particle domain size found to be lowest and vice versa). For series 3, TGA mass

loss is almost constant with respect to reaction temperature (as is the domain size

variation) (Table 2.2). These observations fit in well with the model of surface-bound

organics interfering with nanoparticle crystallization.
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Table 2.2: Different method of synthesis followed for PtPb nanoparticles and

associated observations.
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2.3.3 Electrocatalytic activity

Electrocatalytic activity of the nanoparticles prepared by injecting precursors into the

reducing agent solution at  different temperatures and worked up by evaporating off

the reaction solvent (series 1) toward the oxidation of formic acid was examined. The

onset potential for PtPb nanoparticles is the same as that of all PtPb nanoparticles

examined previously in the group (i.e. -0.2 V for PtPb nanoparticles prepared by both

sodium borohydride and sodium napthalide reduction). Hence, to compare the

electrocatalytic activity of the particles, the magnitude of current density at a potential

positive of onset (+0.2V) was compared (Table 2.3).

Table 2.3: Mass activities of PtPb samples prepared by injection of precursors into

reducing agent solution at different temperatures at onset potential of PtPb (-0.2 V).

Higher mass activities at a given potential indicate a better catalyst. However, the

values compared here in units of mA/µgm and need to be normalized with respect to

the  BET  surface  area  (which  would  be  different  for  each  sample  owing  to  different

particle size and degree of agglomeration) for an absolute comparison. The highest

mass activity is observed for the nanoparticles prepared at 120 oC. This mass activity
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is much higher (>200%) than what was previously obtained from PtPb nanoparticles

made by sodium napthalide reduction (using dimethyl(1,5-cyclooctadiene)platinum

precursor) but is  lower (<200%) than what was obtained from PtPb nanoparticles

made by sodium borohydride reduction in the group.

The electrocatalytic activity of the nanoparticles prepared by heating up the solution to

different temperatures post injection of precursors into a room temperature reducing

agent solution and worked up by evaporating off the solvent (series 2) toward the

oxidation of formic acid was measured by comparing the magnitude of current density

at +0.2V (Table 2.4). Again, the highest mass activity was observed for the

nanoparticles prepared at 120 oC. Also, the mass activity obtained for this sample was

much higher than the PtPb nanoparticles made by high temperature injection of

precursors into the sodium napthalide solution and is comparable to current densities

obtained from PtPb nanoparticles made by sodium borohydride reduction. Again, for a

more meaningful comparison, currents were normalized to the BET surface area of the

respective catalysts. The current density obtained for the present PtPb product is the

highest obtained to date.  In terms of  highest obtainable electrocatalytic activity, room

temperature injection into a solution of the reducing agent solution followed by

heating works better for platinum acetylacetonate than for  platinum dimethyl

cyclooctadiene.
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Table 2.4: Mass activities of PtPb samples prepared by injection of precursors into

reducing agent solution at room temperature followed by heating up to different

temperatures at onset potential of PtPb (-0.2 V).

 Similarly, the electrocatalytic activity of the nanoparticles prepared by heating the

solution to different temperatures post injection, and worked up by centrifuging and

syringing  off  the  reaction  solvent  (series  3)  toward  the  oxidation  of  formic  acid  was

assessed by comparing the mass activity at a potential positive of onset( -0.2V). The

highest mass activity was observed for the nanoparticles prepared at 135 oC (Table

2.5).
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Table 2.5: Mass activities of PtPb samples prepared by injection of precursors into

reducing agent solution at room temperature followed by heating up to different

temperatures (solvent syringed off post reaction) at onset potential of PtPb (-0.2 V).

Also, the highest mass activity obtained in this case is much lower than the highest

obtained in the case of room temperature injection of precursors following drying of

the reaction mixture under vacuum, but is comparable to the highest obtained by high

temperature injection of precursor method (Table 2.6). Figure 2.14a, b shows the

rotating disk voltammograms of the PtPb nanoparticles synthesized by different

methods as well as for Pd black and PtRu alloy standards. The variation in current

densities of PtPb particles prepared differently maybe due to different crystal planes

exposed in different samples, different degree of agglomeration or different surface

composition  of the nanoparticles.
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Table 2.6: Comparison of electrochemical data of PtPb samples prepared in group till

date by various methods. Results from previous work in PtPb syntheses are compared

(*, **, ***) to those synthesized in this work1, 2, 12.

10.6 0.132

0.441

0.045

10.6 0.132

0.441

0.045
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Figure 2.13: Rotating disk voltammograms showing mass activity (MA) and current

density (J, current normalized with respect to the BET surface area of the catalysts) for

formic acid oxidation on Pd Black(1), PtRu/C (2), 120 oC reaction, Series1 (3), 120 oC

reaction, Series 2 (4), 135 oC reaction series 3 (5), PtPb prepared from PtPb (produced

with dimethyl (1,5-cyclooctadiene) platinum and Pb(C2H3O2)2, sodium napthalide

reduction (6), PtPb (produced with H2PtCl6 and Pb(MOEEAA)3 , NaBH4 reduction (7),

PtPb (produced with H2PtCl6 and Pb(C2H3O2)2), NaBH4 reduction (8).

2.4 Conclusions

In conclusion, we have found a more convenient precursor (platinum acetylacetonate)

for PtPb intermetallic syntheses using sodium napthalide (or similar reducing agents

which would require inert techniques and etheral solvents). PtPb synthesized with this

precursor  has  a  higher  specific  activity  for  formic  acid  oxidation  when  compared  to

those prepared previously. Also, we have shown adsorbed organic fragments from the

precursors to be one of the factors interfering with nanoparticle crystallization, and

have been able to establish a method to minimize their effects after carefully varying
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the various controlling factors (mode of precursor injection, reaction temperature and

solvent removal). Interesting trends in particle morphology and electrochemical

activity were observed but need further investigation. Research is ongoing in the group

for further identification and characterization of the organic fragments sticking to the

particles (MS, TGA and FTIR studies along with nanoscale EDS).We are also

extending  our  work  with  this  precursor  towards  syntheses  of   other  platinum

intermetallics starting with the Pt-Ti ones.
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Chapter 3

SYNTHESIS OF Pt-Ti PHASES BY SODIUM NAPTHALIDE REDUCTION

3.1 Background

This work was started as continuation of Dr.  Hideki Abe’s work with Pt-Ti systems.

As mentioned in the previous chapter, we were following the leads from our

collaborators doing combinatorial research to identify potentially interesting

combinations of metals as catalysts for small molecules. The Pt-Ti intermetallic

compounds showed more negative onset potentials than Pt. Also, the high

electropositivity of Ti leads to more challenging chemistry than for Pb and Bi, which

has already been extensively explored1. Thus we decided to explore the potential of

sodium napthalide to co-reduce Pt and Ti precursors, to determine how far this co-

reduction method can be extended. Driven by the above objectives, Dr Hideki Abe (a

then post-doctoral research fellow in the DiSalvo group) pursued the synthesis of Pt-Ti

intermetallic phases by sodium napthalide reduction of suitable precursors2. Table 3.1

summarizes his reactions and observations. The co-reduction of Pt(1,5-

cyclooctadiene)Cl2 and Ti(tetrahydrofuran)2Cl4 by sodium naphthalide in

tetrahydrofuran at room temperature resulted in the formation of atomically disordered

Pt-Ti nanoparticles (FCC-type structure: Fm3m; a = 0.39 nm; average particle size = 3

nm).  The  atomically  disordered  Pt-Ti  particles  were  found  to  grow  in  size  upon

annealing in vacuum. On increasing the annealing temperature to 600 oC, atomically

ordered Pt3Ti nanoparticles (Cu3Au-type structure: Pm3m; a = 0.3898 nm; average

particle size = 35 nm) were formed.
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Table 3.1: Summary of previous reactions done in the group with the Pt-Ti system.

All reactions were done in THF, at room temperature, 100 % excess of the reducing

agent and stirring time 24 h.

Both atomically disordered and ordered Pt3Ti nanoparticles showed lower onset

potentials for the oxidation of both formic acid and methanol and lower affinity for

CO adsorption than either pure Pt or Pt-Ru nanoparticles. Higher current densities

were obtained with atomically ordered Pt3Ti nanoparticles in the oxidation of both

formic acid and methanol than with atomically disordered Pt3Ti, pure Pt, or Pt-Ru

nanoparticles. Although encouraging from the catalysis point of view, two important

issues, not encountered for the Pt-Pb system, arose from these observations. Firstly, as

determined by EDS in the UHV-STEM, the Pt:Ti::3:1 phase (Pt3Ti) was obtained even

thought  larger  amounts  of  Ti  (Ti/Pt   1)  were  used.  The  loss  of  Ti  from  the  system
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was attributed at that point to the work up step involving a MeOH wash. We

hypothesized that the Ti was being oxidized by reacting with the wash solvent to form

titanium methoxide. Secondly, the ordered phase could only be obtained on annealing

at high temperatures (600 oC) after the reduction reaction. As depicted in Table 3.1, all

reductions  were  carried  out  at  room temperature.  One  of  the  methods  that  led  to  the

growth  of  nanoparticle  size  of  the  PtPb  phase  was  in-situ  heating  of  the  reaction

solution following the injection of precursors into the reducing agent. In-situ heating

might  also  help  in  facilitating  nucleation  and  growth  of  the  desired  Pt-Ti  phases.  In

that case, the removal of Ti during washes with MeOH is expected to be limited to the

surface of the particles. Additionally, if in-situ heating could form the ordered phases,

no further annealing would be required. As discussed in Chapter 2, from our studies

with the Pt-Pb system, Pt(acac)2 had emerged as a convenient precursor which could

possibly replace the previous Pt precursors employed. Combining the above two

possible directions, reactions with Pt(acac)2 as the Pt precursor were explored at

different temperatures.

3.2 Reactions using Pt(acac)2

3.2.1 Experimental

The procedure followed for co-reduction of Pt and Ti precursors with sodium

napthalide closely mimics the ones described in the PtPb chapter. However, we

present the details here for completeness.

Materials: Platinum acetylacetonate (Pt(acac)2 where acac = acetylacetonate anion,

C5H7O2
- ) was used as the platinum precursor for the reactions described in this

section. The platinum acetylacetonate was obtained commercially from Aldrich. The
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precursor for Ti, Ti(THF)2Cl4 where THF is tetrahydrofuran, was synthesized from

TiCl4 (Aldrich; 99.9% purity) and distilled tetrahydrofuran (Fisher) according to

literature procedures3.  The  other  precursor  explored  for  Ti  was  TiCp2Cl2  (Cp  =

cyclopentadienyl anion, C5H5
-), which was obtained commercially from Aldrich.

Sodium metal and all solvents were purchased from Aldrich. Naphthalene were

purchased from Fisher. All other metal precursors were purchased from STREM

chemicals Inc. Dry solvents (THF, Diglyme and hexanes) for the reaction was

obtained using the solvent system.

Sodium Napthalide: Sodium napthalide solutions were prepared in either THF or

diglyme (bis(2-methoxyethyl)ether, MW = 134.18) according to well known literature

methods4. Stoichiometric amounts of naphthalene and sodium metal were weighed out

in an argon atmosphere glovebox and added to a flask containing 40 ml of the solvent.

The sealed flask was removed from the glovebox and stirred overnight under argon to

produce a dark green sodium napthalide solution.

3.2.1.1 Single precursor reductions

The Ti or Pt precursor (Ti(THF)2Cl4 or Pt(acac)2 respectively) was dissolved in THF

(0.06 mmol in 10 ml THF) inside the argon atmosphere box. Sodium napthalide

solution (0.72 mmol in 40 ml THF prepared the day before according to procedure

described previously) was injected with this solution while rapidly stirring under argon.

An immediate color change to black was observed suggesting reduction of the

precursor. The solution was allowed to stir for 3 hr, and the solvent was evaporated off.

After dispersing the solid black residue in hexanes (dry, from the solvent system) by

sonicating for 10 min, the solution was transferred into a centrifuge tube and

centrifuged. The clear solvent was removed with a syringe. For the reduction of Pt, an
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additional wash with MeOH was performed. This step was skipped for the Ti

precursor given the reactivity of Ti with MeOH. The product in each case was dried

under vacuum and stored under argon. The Pt reaction product was exposed to air

slowly by allowing air to diffuse through a needle that punctured the septum on the

centrifuge  tube.  X-ray  diffraction  pattern  was  obtained  on  the  Pt  product  after

exposing it to air. The Ti product was pumped into the dry box and we attempted to

obtain air free X-ray diffraction pattern by sealing the product in a sample holder with

a film of mylar. Color change from black to lighter shades happened on air exposure

under mylar within the time span of running the X-ray diffraction scan suggesting

oxidation of the product by air diffusing through the mylar covering.

3.2.1.2 Co-reduction of Pt and Ti precursors

A precursor solution containing a 1:1 stoichiometric ratio of the precursors was

prepared by dissolving Pt(1,5-cyclooctadiene)Cl2 (0.06 mmol) and Ti(THF)2Cl4 (0.06

mmol) in 10 ml of distilled tetrahydrofuran (Fisher) under dry Ar atmosphere. The

precursor solution was then transferred into a syringe, taken out of the dry box and

injected into a freshly prepared sodium napthalide solution in THF (0.72 mmol in 40

ml when the reducing agent is used in 100 % excess) which was being stirred under

argon. 100 % excess of the reducing agent was used to ensure complete reduction of

the highly electropositive Ti4+. The sodium napthalide solution turned dark-brown

immediately upon injection. After stirring overnight, the solvent was distilled off at a

reduced pressure to leave a dark-brown precipitate. Approximately 20 ml of

anhydrous MeOH (degassed for 1 hr) was transferred into the flask, the products were

re-suspended by sonication (2 min) and cannula transferred into a centrifuge tube

under argon. The solution was centrifuged at 9000 rpm for 30 min, and the supernatant
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was  removed  with  a  syringe.  20  ml  of  hexane  (dry,  from  the  solvent  system)  was

washed added and the sonication and centrifugation steps were repeated. At each

washing step, the precipitate was separated from the washing solvents by

centrifugation without air exposure. The final precipitates were dried by evacuation at

room temperature, following which the tube was backfilled with argon. In the very last

step, the product was exposed to air slowly by puncturing the septa with a needle. The

above procedure was slightly modified for heating the products in-situ.

The sodium napthalide solution was prepared in diglyme instead of THF. The higher

boiling point of the former allowed in-situ heating of the products at temperatures up

to ~160 oC. The precursors were dissolved in diglyme (solubility of the Ti precursor

was found to be higher in diglyme than in THF)  Following injection of precursors

into the reducing agent solution, the reaction flask was heated up to 80 oC or 120 oC

using  an  oil  bath.  Tetraglyme  was  used  as  a  solvent  when  the  reaction  mixture  was

heated to 220 oC post injection. The experimental procedure for those reactions is

described in the next section. After 24 hrs of stirring at these temperatures, the

reaction mixture was allowed to cool down to 60 oC, and the diglyme was evaporated

off to dryness under vacuum. The evaporation was carried out at 60 oC instead of

room temperature in order to speed up the solvent removal process which is quite time

consuming with high boiling solvents (boiling point of diglyme = 162 oC). The rest of

the work-up procedure followed was identical to what is described above.

In an alternative work-up procedure for solvent removal, the reaction mixture was

allowed to come down to room temperature following 24 hr of stirring (if the stirring

was not at room temperature) and cannula transferred into a centrifuge tube. The

mixture was centrifuged at 9000 rpm for as long as 60 min. If the product precipitated,

the supernatant was removed with a syringe. For the room temperature reactions in

THF, the solution would still be very dark with very little product precipitating out.
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Removing the supernatant with a syringe and carrying out MeOH and hexane washes

in such cases resulted in very low yields as significant amounts of product were lost in

the very first step. This procedure was thus abandoned for future Pt-Ti room

temperature reactions. However, we will discuss in detail in the future sections the

causes and implications for this observation. For the reactions in diglyme (which were

heated in-situ to 120 oC), centrifuging (9000 rpm, 30 min) would result in complete

precipitation of the product. In such cases, the diglyme was syringed off and the

product was washed in MeOH and hexane, dried and exposed to air slowly. To study

the effect of varying the reducing agent excess and precursor concentration, reactions

were carried out at room temperature following the procedure described above. For

studying the former effect, the initial amount of sodium napthalide was varied keeping

the  solvent  volume  constant  (40  ml  THF)  with  different  initial  amounts  of  sodium

napthalide (0.54 mmol for 50 % excess, 0.45 mmol for 25% excess). For the later

effect,  the  initial  solvent  volume  was  changed  from  40  ml  to  80  ml  keeping  the

amount of sodium napthalide same (0.72 mmol, 100 %excess). Precursor amounts

were maintained at 0.06 mmol each, dissolved in 10 ml THF for all reactions.

In-situ heating to temperatures higher than 165 oC (boiling point of diglyme): For

reactions in which the reaction mixture was to be heated to 220 oC (and later 270 oC),

tetraglyme was used as the solvent. Initial reactions were carried out by preparing the

sodium napthalide in tetraglyme itself. Typically dry solvents would be pumped into

the argon atmosphere box in amounts to suffice a few reactions in a bomb flask since

the sodium napthalide needed to be prepared inside the box. However, given the very

high boiling point of tetraglyme, distilling the amounts required from a sodium

benzophenone still (used to dry commercially obtained tetraglyme) into the bomb

flask would typically take days. In order to bring down this time, the tetraglyme was

dried on molecular sieves in the bomb flask (after cannula transferring it into the flask
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from the commercial bottle equipped with sure seal) and pumped into the dry box.

Titration was carried out by adding different amounts of sodium and naphthalene to a

fixed volume of this tetraglyme until the dark green color of sodium napthalide was

obtained and retained for extended period of time. The goal was to quench the

impurities in the solvent and still have enough sodium napthalide left to carry out the

reduction. To do this, we needed to ascertain the amount of sodium napthalide for the

volume of tetraglyme to be used in the reaction that would guarantee sufficient excess

after reacting with impurities in the solvent. From the results of the titration, 3.6 mmol

each of sodium and naphthalene (500 % or 10 times in excess) was dissolved in 40 ml

tetraglyme  inside  the  argon  atmosphere  box.  The  sealed  flask  was  removed  from

glovebox and left stirring overnight under argon. 0.06 mmol each of the precursors

were dissolved in 10 ml tetraglyme and injected into the reducing agent solution the

next day. Following the injection, the reaction vessel was heated up to 220 oC using a

silicone oil bath. Once at 220 oC, the reaction was stirred for a definite amount of time

(two different stirring times were tried: 15 min and 3.5 hr), and then cooled down to

room temperature. The solution was then cannula transferred into a centrifuge tube,

centrifuged (at 9000 rpm for 15 min). This resulted in complete precipitation of the

products once the reaction mixture had been heated up to these temperatures in-situ.

The solvent was syringed off, and the product was washed with degassed MeOH and

dry hexane, dried under vacuum, and slowly exposed to air with a needle through the

septum.

Given the very high excess of sodium napthalide being used in these reactions, not

unexpectedly the products showed high amounts of sodium and organics (EDX and

TGA). As will be discussed in the results and discussions sections, this could

potentially  interfere  with  the  formation  of  the  desired  Pt-Ti  phases  and  result  in

unwanted residues on the final products. Hence, a different method was tried to
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counter this problem, in which the sodium napthalide was prepared in diglyme (0.72

mmol in 40 ml) and precursors in diglyme (0.06 mmol each in total 10 ml) were

injected into it (100 % reducing agent excess). This solution was stirred at room

temperature  for  30  min  to  ensure  complete  reduction,  and  then  40  ml  of  tetraglyme

was injected into it. The mixture was heated up to first 70 oC and then to 100 oC under

vacuum to remove the diglyme. When the reaction solvent volume was reduced to

approximately 40 ml, the flask was switched back under argon and heated up to 220
oC with silicone oil bath. Once at 220 oC, the reaction mixture was stirred for either 15

min or 3.5 hr, cooled down to room temperature and worked up as described above.

Products from all reactions described above were collected after slow exposure to air

and analyzed by X-ray diffraction, EDX and ATR.

Reactions with higher initial amounts of Ti: Lastly, a few experiments were done with

excess of Pt(acac)2 with respect to the Ti(THF)2Cl4, with 8:1 molar ratio of  Pt:Ti. The

procedure for these reactions were identical to those described above, with the

preparation of sodium napthalide (100 % reducing agent excess), the preparation of

precursor  solutions  in  the  glove  box  (precursors  were  dissolved  in  10  ml  THF),  and

injection of precursors into the reducing agent solution. The reaction mixture was

stirred at room temperature (overnight), and worked up as described above. For

reactions requiring in-situ heating to 80 oC and 120 oC, the sodium napthalide and

precursor solution were prepared in diglyme (all other factors kept constant). The

reactions were worked up following the procedure described above.

Reaction with TiCp2Cl2: Co-reduction of Pt(acac)2 and  TiCp2Cl2 was  carried  out

following the same procedure for room temperature reactions described above. The

sodium napthalide solution was prepared in THF (0.72 mmol in 40 ml THF) and

precursors dissolved in THF (0.06 mmol each in 10 ml of THF) were injected into the

reducing agent solution. After stirring overnight, the THF solvent was distilled off at a
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reduced pressure to leave a dark-brown precipitate. Approximately 20 ml of

anhydrous MeOH (degassed for 1 hr) was transferred into the flask, the products were

re-suspended by sonication (2 min) and cannula transferred into a centrifuge tube

under argon. The solution was centrifuged at 9000 rpm for 30 min, and the supernatant

was  removed  with  a  syringe.  20  ml  of  hexane  (dry,  from  the  solvent  system)  was

added and the sonication and centrifugation steps were repeated. The product was

dried under vacuum and exposed to air slowly with a needle through the septum. The

above reaction was repeated with a smaller amount of solvent  - total solvent volume

30 ml (20 ml for sodium napthalide solution and 10 ml for dissolving the precursors)

to study the effect of reagent concentration. Reducing agent excess was maintained at

100 %.

Washes and solvents: Although the washes described in above sections (one MeOH

followed by one Hexane wash) were carried out for most of the reactions, experiments

were done by varying the number and sequence of washes before deciding on the

above. The MeOH wash removes the salt (NaCl) but MeOH reacts with the Ti. Hence

the to decide on the optimum number of MeOH washes, products from reactions

worked up with two MeOH and one Hexane wash, one MeOH and one Hexane wash,

and washes with only hexane were compared (by XRD and EDS). Sonication times in

MeOH for the MeOH washes were also varied (15 min, 10 min, 5 min and 2 min). 2

min sonication time was determined to be sufficient. As expected, for in-situ heating

to 220 oC reactions, given the high amounts of sodium napthalide used, the final

products would show high amounts of Na in EDS. Water washes were carried out on

these products in order to remove the sodium after they had been exposed to air. To

understand the effect of wash solvent (MeOH, hexane and water) and reaction solvents

(THF, diglyme and tetraglyme) on the final composition of the recovered product, the
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solvents were  collected in small beakers after centrifuging to precipitate the products

and evaporated off to dryness. The residue left behind was analyzed by EDS and ATR.

Annealing: Products from the above reactions were sealed in silica tubes under

vacuum and annealed at high temperatures (up to 1000 oC) in box furnaces. The

temperature and time was controlled using the furnace controllers. The tubes were

opened after annealing and the annealed products were collected and analyzed (XRD

and EDX).

Characterization: X-ray powder diffraction powder patterns (Scintag XDS 2000) were

taken of the nanoparticles to confirm the composition and structure of the phase. The

particle morphology and size was studied by scanning electron microscopy (SEM)

using a LEO-1550 Field emission SEM (FSEM). Energy dispersive X-ray analysis

(EDX) was also done on the particles on the same instrument. For EDX analysis,

unless otherwise specified, particles in dry powder form were used on GaAs wafers. A

JEOL 8900 EPMA Microprobe was used for preliminary EDX on most of the samples.

For some samples, scanning TEM images and EDX data were collected on a VG

HB501UX UHV STEM. Dry particles, in powdered form dispersed on ultra thin TEM

grid,  were  used  for  STEM  and  SEM  images.  To  measure  the  surface  area  of  the

samples, a Micromeritics ASAP 2020 was used to collect a partial adsorption isotherm

at liquid nitrogen temperature (-196 oC) with krypton as the adsorption gas over the

pressure range (P/P0) range of 0.06 and 0.5. Prior to measurements, the sample was

degassed under vacuum at room temperature for 48 h. The specific surface area was

determined according to the Brunauer-Emmett-Teller (BET) method in the relative

pressure range of 0.08 to 0.185. ATR spectra  were  obtained  on  dry  powder  samples

using a Nicolet AVATAR 370 DTGS OMNI sampler.
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3.2.2 Results and discussion

As discussed briefly in the introduction of this chapter, our goal while starting this

work was to continue from the leads of Dr. Hideki Abe’s work and our previous work

with PtPb. We hoped to tackle the challenges experienced in the former with what we

had learnt from the later. From what we then understood about the process, in-situ

heating of the reaction mixtures after co-reduction are expected to nucleate and grow

nanoparticles of the desired phases (as was observed with PtPb)5. Larger nanoparticle

diameters (5-10 nm) should reduce Ti removal (leaching) during subsequent MeOH

washes. Pt(acac)2 was used instead of PtCl2COD because of its higher solubility and

improved results with PtPb compared to the later4. However, we experienced

challenges different from our expectations. Unlike Dr Hideki Abe’s observations with

different  precursors,  products  from the  above  reactions  couldn’t  be  dispersed  well  in

hexane after the reaction solvent (THF) was evaporated off. This required us to switch

the washes: MeOH first and then hexane to transfer the products completely into a

centrifuge tube from the reaction flask. This observation suggests the possible polar

nature of the particles (presumably arising from charged or polar species sticking

closely to the particle surfaces. Also, unlike in the case of PtPb, the products from for

room temperature reactions (never heated up in-situ) couldn’t be precipitated from the

reaction solvent (THF) even with high speed centrifuging. This suggested that the

particles were too small or polar or probably both. With higher temperature reactions

(in-situ heating of the reaction mixture to 120 oC or higher), the particles would

precipitate from the solvent (diglyme or tetraglyme) on centrifuging at 9000 rpm for

15 min. This suggests that some particle growth had taken place, although the exact

nature of the particles is still unknown. However, when the reaction solvents (diglyme
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and tetraglyme) were isolated from the precipitated particles and evaporated off, the

residue showed the presence of Ti (Table 3.2).

Table 3.2: EDX data showing semi-quantitative atomic percentages of different

elements found in residues obtained after evaporating off the reaction solvent. The

remainder of the residue showed C and O.

Loss of one element compared to the other at this stage (where the products were still

not exposed to a protic solvent like MeOH) suggested the Ti to be either in a partially

oxidized state or Ti0 closely associating with oxygen containing species (given the

high oxophilicity of Ti).  This association with oxygen could very well  also occur for

the oxidized Ti. Either way, the above possibilities would result in the loss of Ti from

the product in very early stages and would make the product very susceptible to Ti

loss once MeOH is added to the system. EDX results for the reactions agreed with this

(Table 3.3).
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Table 3.3: EDS data showing atomic percentages of Pt and Ti in the final products

obtained from Pt-Ti precursor reactions at different temperatures. For reaction at

220 oC, two different methods, differing in the reducing agent excess used, were

followed.

XRD of the as prepared products (with or without in-situ heating) showed broad peaks

with peak maxima indexing close to that of cubic Pt, with a slight shift to higher

angles (suggesting some alloying by Ti incorporation into the fcc Pt)  (Figure 3.1).

Figure 3.1: X-ray diffraction patterns of products obtained from co-reduction of

Pt(aca)2 and Ti(THF)2Cl4. Lines indicate expected peak positions for Pt (PDF # 01-

070-2057), Pt3Ti (00-017-0064) and NaCl (01-078-0751).
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However, no ordering into any of the known Pt-Ti intermetallic phases was observed

on  either  in-situ  heating  to  as  high  as  220 oC (figure 3.2), or annealing to high

temperatures after reduction (Figure 3.3). None of these observations were unexpected,

given that the EDX showed in-sufficient Ti in the products. Given these observations,

we surmised that Pt(acac)2, which has a very polar oxygen containing anion like

acetylacetonate, must strongly interact with Ti0 or Ti cations and is not suitable for

reactions with reactive elements like Ti.

Figure 3.2: X-ray diffraction patterns of products obtained from co-reduction of

Pt(acac)2 and Ti(THF)2Cl4 at 220 oC. Lines indicate expected peak positions for Pt

(PDF # 01-070-2057), Pt3Ti (00-017-0064) and Na (01-071-4606).

100 % excess NaNp
500 % excess NaNp
100 % excess NaNp
500 % excess NaNp

Theta (degrees)

100 % excess NaNp
500 % excess NaNp
100 % excess NaNp
500 % excess NaNp

Theta (degrees)
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Figure 3.3: X-ray diffraction patterns of the products (from co-reduction of Pt(acac)2

and Ti(THF)2Cl4 at 220 oC) after annealing to 600 oC. Lines indicate expected peak

positions for Pt (PDF # 01-070-2057), Pt3Ti (PDF # 00-017-0064) and Pt8Ti (PDF #

04-007-1811).

Another valuable insight was obtained from reactions done with different sonication

times in MeOH during the MeOH wash. The products which had been in MeOH

sonicating for only 2 min, retained  higher amounts of Ti than the ones sonicated for

10  min.  The  residue  obtained  after  evaporating  off  the  MeOH  in  latter  case  showed

high amounts of Ti (Table 3.4). Also, in the later case, recovering the product

completely from MeOH was found to be impossible. The reaction kinetics for the Ti

100 % excess, annealed
(600 oC, 12 h)

500 % excess, annealed
(600 oC, 12 h)

100 % excess, annealed
(600 oC, 12 h)

500 % excess, annealed
(600 oC, 12 h)
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leaching out into MeOH was thus comparatively slow, but unfortunately for us, not

slow enough. Also, the experiments from varying the number of MeOH washes

showed that one MeOH wash was optimal. Products not washed with MeOH showed

high amounts of by-product NaCl, which might interfere with particle growth.

Products washed twice with MeOH showed almost no Ti, but most of the product

stayed in solution after the second MeOH wash resulting in low yield.

Table 3.4: EDX data showing atomic percentages of Pt and Ti in the product

recovered by precipitating out of MeOH and residue obtained by evaporating off

MeOH for 10 min sonication time in MeOH. Residue obtained from evaporating the

MeOH shows a large amount of Ti.

Ti atm%Pt atm%

10.05Residue from
MeOH wash
(sonication time 10
min)

130Product recovered
from MeOH
(sonication time 10
min)

Ti atm%Pt atm%

10.05Residue from
MeOH wash
(sonication time 10
min)

130Product recovered
from MeOH
(sonication time 10
min)
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Reactions were also carried out to study the effect of reducing agent excess and

reagent concentration on the product. For the room temperature reactions, changing

the reducing agent excess from 25% to 50% to 100% showed no definite effect on

product composition or yield. However, larger particles were obtained with smaller

reducing agent excess (Figure 3.4).

Figure 3.4: Comparison of X-ray diffraction patterns of products obtained with

different reducing agent excesses. Lines indicate expected peak positions for Pt (PDF

# 01-070-2057), Pt3Ti (PDf # 00-017-0064) and NaCl (PDf # 01-078-0751).

For the reactions heated to 220 oC in-situ, less Ti was detected in the final product via

EDS when significantly higher reducing agent excess was used (500 %) than when the

reducing agent excess was maintained at 100 %. Also, the XRD showed extra peaks at

the low angles for the former (figure 3.2). This issue will be discussed extensively in

the next chapter. For now, we’ll just say that sodium containing species could be

responsible for these peaks. The same effect on particle size was observed for the 220
oC reactions, with particle sizes growing on cutting down the reducing agent excess to

100%

50%

100%

50%

Theta (degrees)

100%

50%

100%

50%

Theta (degrees)
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25%. These observations suggested that sodium serves as a counter ion to the

adsorbed anions (acetylacetonate or some derivative of its generated during the

reaction would be strong candidates) forming charged double layers around the

particles. Chloride ions present in the system (from the Ti precursor in this case),

could be involved in a similar way. More support for this argument was obtained from

the observation that sodium chloride peaks would grow stronger in the diffraction

patterns of the annealed samples in cases where they were absent in the patterns from

as prepared samples. The same was observed with in-situ heating. Thus, as the

particles grew bigger on annealing or in-situ heating so did the sodium chloride

crystals, with sodium and chlorine ions associated in the polar networks around metals

now nucleating  into  NaCl  crystals.  Na  was  still  left  in  the  product  even  on  complete

removal of the sodium chloride crystals with MeOH washing (especially in the cases

where a huge reducing agent excess had been used) and could only be removed by

water washing. This was not unexpected, and reinforced the possibility of other

sodium containing species forming in these reactions. Lastly, reactions with TiCp2Cl2

as the Ti precursor instead of Ti(THF)2Cl4 (with Pt(acac)2 as the Pt precursor)

confirmed that oxygen free precursors are better for either metal when dealing with Ti.

Higher product yield (and ease of separation from MeOH after the MeOH wash),

higher amounts of Ti in the product and X-ray diffraction patterns shifted significantly

from cubic Pt to that expected for a 3:1 Pt:Ti alloy were observed for the reaction with

TiCp2Cl2 as the Ti precursor.

The effect of reagent concentration was studied using the TiCp2Cl2 precursor. A 53 %

decrease in yield was observed on changing the reagent concentration from 1.3 mM to

2.4 mM keeping all other factors constant. The decrease in yield with increasing

concentration has been previously observed with some PtPb reactions (unpublished

work in the group). However, the effect is not fully understood at this point. Typically,
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high concentration reactions (lesser solvent volume) had larger amounts of Ti in the

final product compared to the low concentration reactions.

The lessons learnt from this section are:

1. There is an optimal sequence and number of washes.

2. Short sonication times in MeOH are preferred.

3. Particle growth happens with in-situ heating.

4. Pt(acac)2 as a precursor has detrimental effects on the final product composition.

The  reactions  with  higher  ratios  of  the  Ti  precursor  (Ti/Pt   1)  are  discussed  in  the

results and discussions section of the next segment (3.3) although the precursors used

were Pt(acac)2 and  Ti(THF)2Cl4 as the observations are more relevant to the

discussion in that segment.

3.3 Reactions with PtCl2COD

3.3.1 Experimental

Materials: The Pt(1,5-cyclooctadiene)Cl2 (PtCl2COD, COD = 1,5 -cyclooctadiene,

C8H12 ) was obtained commercially from STREM chemicals incl. (99 % purity).

3.3.1.1 Co-reduction of Pt and Ti precursors

The co-reduction reactions with PtCl2COD  were  carried  out;  in  each  case  (at  room

temperature, possibly followed by in-situ heating at 120 oC or 220 oC), following

procedures identical to those described in section 3.2. The only difference was in the

case of the higher temperature reactions (120 oC and 220 oC). In these cases, given the
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very low solubility of the Pt precursor in diglyme and tetraglyme, the precursors were

dissolved in THF inside the glove and injected into the reducing agent solution in

diglyme or tetraglyme. Most reactions involving in-situ heating to 220 oC using this Pt

precursor were carried out following the later procedure (reducing agent prepared in

diglyme, diglyme evaporated off post injection of precursors, tetraglyme added and

reaction then heated up to the high temperature).  This was done to avoid using higher

reducing agent excess than 100 %. Reducing agent excess and precursor

concentrations were not varied for reactions with this precursor except for one reaction

in tetraglyme, in-situ heating to 220 oC where a 500 % reducing agent excess was used

(the sodium napthalide was prepared in tetraglyme). All reaction work-ups with this

precursor involve one MeOH wash followed by one hexane wash. The Sonication time

in MeOH was maintained at 2 min always. An additional reaction was carried out with

this precursor where the reducing agent solution in diglyme was injected with the

precursor solution, then the solution was stirred for 30 min and tetraglyme was added.

Diglyme was evaporated off (following the procedure described in the previous

sections). The reaction mixture was then heated up to 270 oC, stirred at that

temperature for 3.5 hr and cooled down to room temperature. The reaction was then

worked up as described previously and the product was exposed to air slowly with a

needle through the septum.

3.3.2 Results and discussion

The final products obtained with PtCl2COD as a precursor showed much higher

amounts of Ti in EDS analysis compared to the reactions using Pt(acac)2. Co-

reduction of PtCl2COD with Ti(THF)2Cl4 yielded products with 8 : 1 ratio of atomic

percentages of Pt:Ti, while for co-reductions of PtCl2COD and TiCp2Cl2 (both
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precursors free of oxygen) yielded 1 : 1 ratio of atomic percentages of Pt and Ti in the

products. Also X-ray diffraction patterns of the as prepared samples showed

significant shifts in the peak maxima from Pt in each case (Figure 3.5 a, b).

This further supports the importance of selecting both metal precursors to be oxygen

free  when  dealing  with  a  metal  as  oxophilic  as  Ti.  It  is  shown  with  this  work  that

much larger mole fractions of Ti can be obtained in the final products if oxygen free

precursors are used. Oxygen containing groups most certainly play a role is closely

associating with Ti in their nascent or derived forms, thus facilitating its oxidation and

subsequent removal from the system during work up procedures. However, even with

in-situ heating to temperature as high as 270 oC, no ordering peaks were observed in

the  as  prepared  samples.  The  only  evidence  of  ordering  that  could  be  ever  obtained

with Pt-Ti systems was on annealing at temperatures as high as 600 oC (Dr. Hideki

Abe’s work) or at even higher temperatures like 1000 oC (in this work).

Annealing to temperatures like 1000 oC,  not  unexpectedly,  caused  the  particles  to

sinter, giving particles with average domain size of 51 nm (calculated from the X-ray

diffraction pattern using the Scherrer equation). Attempts to control this sintering by

dispersing the particles on a C support (Vulcan) were then explored.
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Figure 3.5: X-ray diffraction patterns of products from a) co-reduction of   PtCl2COD

and TiCl4(THF)2 and b) PtCl2COD and TiCp2Cl2 (before and after water wash to

remove NaCl). Lines indicate expected peak positions for Pt (PDF # 01-070-2057),

Pt3Ti (PDF # 00-017-0064) and NaCl (PDF # 01-078-0751).

Water washed to remove NaCl

a)

b)

Theta (degrees)

Theta (degrees)

Water washed to remove NaCl

a)

b)

Theta (degrees)

Theta (degrees)
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A solution containing the product (obtained from reduction of precursor) was

sonicated with Vulcan for 1 hr and the product was isolated by centrifugation. This

product was then annealed at 800 oC. Our idea in doing so was to try and control the

particle sintering by separating the particles by using the Vulcan as a matrix. As will

be discussed in the next chapter, this technique was successful with systems like Pt-Ni.

However, with Pt-Ti, although lower domain sizes could be obtained, the ordering

peaks couldn’t be identified in the diffraction patterns for these C supported samples.

Also important to note, the ordered phase obtained on annealing to 1000 oC was Pt3Ti,

in-spite  of  the  EDS  showing  a  1:  1  Pt:  Ti  composition.  These  observations,  and  the

fact that ordering could never be obtained by in-situ heating, suggested that at least

some of  the  Ti  was  present  in  partially  oxidized  or  oxygen  associated  states.  Similar

conclusions could be drawn from observations from reactions with high initial

amounts of the Ti precursor (8:1::Ti:Pt molar ratio).In spite of  the large amount of Ti

was  shown to  be  present  in  the  products  by  EDS,  X-ray  diffraction  patterns  from as

prepared samples showed broad peaks with maxima slightly shifted from Pt, while

annealed samples showed Ti oxide phases and Pt. This is further supported through

EDS on the individual particles using the STEM (UHV-STEM; VG HB501UX) at 120

kV. The atomic ratio of Pt:Ti on a small number of particle (Figure 3.6) was found to

be different from that of a larger collective region (Figure 3.7), showing that Ti is

present in other forms in and around the Pt containing particles. This explains why the

ordered phases obtained on annealing would be the Ti poor ones (or just Pt and Ti

oxide phases) in spite of much higher average Ti concentrations detected over larger

regions of the samples.
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Figure 3.6: STEM images and EDS data of the Pt-Ti sample zoomed in on a particle.

Figure 3.7: STEM images and EDS data of the Pt-Ti sample for the entire region.
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3.4 Electrochemical activity

3.4.1 Experimental

Electrochemical characterizations of the products were performed by Dr. Futoshi

Matsumoto in the Abruña group. For these experiments, 4 mg of the appropriate

products were suspended in a mixture of  3.98 ml of distilled water (18 MΩcm-2;

Millipore  Milli-Q),  1  ml  of  isopropyl  alcohol,  and  20  ml  of  a  5%  w/w  alcoholic

solution of NafionTM (Aldrich; EW: 1100). Suspensions of pure Pt nanoparticles (Alfa

Aesar; HiSPEC TM 1000; ADS = 2-3 nm; surface area = 2.7×10 m2g-1) and 50 wt %

1:1 Pt-Ru nanoparticles supported on a Vulcan XC-72R (E-TEK; total surface area of

carbon and Pt-Ru nanoparticles = 1.07×102 m2g-1)  were  prepared  in  the  same  way.

Each of the resultant suspensions was spread using a spin coater and dried to form a

film on  the  polished  surface  of  a  glassy  carbon (GC)  electrode  with  a  diameter  of  3

mm. In each case, the catalyst loading was 70 µgcm-2. The film containing the

products was pretreated in a 0.1 M sulfuric acid solution for 30 minutes by applying a

DC potential of -0.7 V before obtaining cyclic voltammograms. The films containing

pure Pt nanoparticles and Pt-Ru nanoparticles were pretreated in a 0.1 M sulfuric acid

solution by sweeping the potential between -0.2 and 0.2 V for 10 times at a sweep rate

of 10 mVs-1.

Cyclic voltammograms (sweep rate of 10 mVs-1) were obtained in Millipore-water

solutions of 0.1 M sulfuric acid (Sigma-Aldrich; 99.999% purity) that contained 0.5 M

of fuel materials: formic acid (Mallinckrodt; 88% analytical reagent) or methanol

(Burdick and Johnson; 99.9% purity). The rotation speed of the glassy carbon

electrode was 2000 rpm during CV measurements. The electrode potentials were

referenced to a saturated Ag/AgCl electrode. Mass activity obtained for the products
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was normalized with respect to the surface area calculated (using the appropriate BET

isotherm) to obtain the current densities.

3.4.2 Electrochemical results

Most of the products were found to be electrochemically inactive towards the

oxidation of formic acid or MeOH. The best results obtained are compared to that

obtained previously from Dr. Hideki Abe’s samples (Table 3.5, 3.6 and 3.7).

Table 3.5: Catalytic activity of selected samples for MeOH oxidation compared to

activity observed with samples prepared by Dr. Hideki Abe from PtCl2COD and

Ti(THF)2Cl42. The ordered Pt3Ti was obtained after annealing at 600 oC2.

+ 0.08Ordered Pt3Ti

Product from
co-reduction
of Pt(acac)2
and
TiCl4(THF)2 at
220oC,
500%excess
of reducing
agent, 15 min
stirring

+ 0.04Disordered
Pt3Ti

+ 0.18Pt-Ru

+ 0.40Pure Pt

mAcm-2 at
0.4 V

Onset
Potential
(V)

+ 0.08

+0.3

Ordered Pt3Ti

Product from
co-reduction
of Pt(acac)2
and
TiCl4(THF)2 at
220oC,
500%excess
of reducing
agent, 15 min
stirring

+ 0.04Disordered
Pt3Ti

+ 0.18Pt-Ru

+ 0.40Pure Pt

mAcm-2 at
0.4 V

Onset
Potential
(V)

mAµg-1 at
0.6 V

BET surface
area m2/gm

110

9.2

70

27

83.9

0.024

0.089

0.036

0.002

0.00066

0.026

0.0082

0.025

0.00054

0.00056

+ 0.08Ordered Pt3Ti

Product from
co-reduction
of Pt(acac)2
and
TiCl4(THF)2 at
220oC,
500%excess
of reducing
agent, 15 min
stirring

+ 0.04Disordered
Pt3Ti

+ 0.18Pt-Ru

+ 0.40Pure Pt

mAcm-2 at
0.4 V

Onset
Potential
(V)

+ 0.08

+0.3

Ordered Pt3Ti

Product from
co-reduction
of Pt(acac)2
and
TiCl4(THF)2 at
220oC,
500%excess
of reducing
agent, 15 min
stirring

+ 0.04Disordered
Pt3Ti

+ 0.18Pt-Ru

+ 0.40Pure Pt

mAcm-2 at
0.4 V

Onset
Potential
(V)

mAµg-1 at
0.6 V

BET surface
area m2/gm

110

9.2

70

27

83.9

0.024

0.089

0.036

0.002

0.00066

0.026

0.0082

0.025

0.00054

0.00056
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Table 3.6: Catalytic activity of selected samples described in this chapter for formic

acid oxidation.

With pretreatment
Without pretreatment

With pretreatment
Without pretreatment

Pre-treatment at
-0.7 V for 30 min in

0.1 M H2SO4

0.172

0.152

0.223

0.069

Current
Density

(mA/cm2)

0.014
0.0005

0.044

0.080

0.033
0.0056

0.045
0.012

Mass activity
(mA/ g)

8.16-0.1
-----

Product from co-
reduction of

PtCl2CODand
TiCl4(THF)2 at
220 oC, 500%

excess of reducing
agent, 3 hr stirring

29.01-0.125Product from co-
reduction of

Pt(acac)2 and
TiCl4(THF)2 at
120 oC,100 %

excess reducing
agent, overnight

stirring

-0.125Product from co-
reduction of

Pt(acac)2 and
TiCl4(THF)2 at
room temp,

100%excess
reducing agent

Overnight stirring

14.79-0.1
-0.1

Product from co-
reduction of

Pt(acac)2 and
TiCl4(THF)2 at
220 oC, 500%

excess of reducing
agent, 3 hr stirring

65.37-0.15
-0.15

Product from co-
reduction of

Pt(acac)2 and
TiCl4(THF)2 at
220 oC, 100%

excess of reducing
agent, 3 hr stirring

m2/gmOnset
potential (V
vs. Ag/AgCl)

Product
description

With pretreatment
Without pretreatment

With pretreatment
Without pretreatment

Pre-treatment at
-0.7 V for 30 min in

0.1 M H2SO4

0.172

0.152

0.223

0.069

Current
Density

(mA/cm2)

0.014
0.0005

0.044

0.080

0.033
0.0056

0.045
0.012

Mass activity
(mA/ g)

8.16-0.1
-----

Product from co-
reduction of

PtCl2CODand
TiCl4(THF)2 at
220 oC, 500%

excess of reducing
agent, 3 hr stirring

29.01-0.125Product from co-
reduction of

Pt(acac)2 and
TiCl4(THF)2 at
120 oC,100 %

excess reducing
agent, overnight

stirring

-0.125Product from co-
reduction of

Pt(acac)2 and
TiCl4(THF)2 at
room temp,

100%excess
reducing agent

Overnight stirring

14.79-0.1
-0.1

Product from co-
reduction of

Pt(acac)2 and
TiCl4(THF)2 at
220 oC, 500%

excess of reducing
agent, 3 hr stirring

65.37-0.15
-0.15

Product from co-
reduction of

Pt(acac)2 and
TiCl4(THF)2 at
220 oC, 100%

excess of reducing
agent, 3 hr stirring

m2/gmOnset
potential (V
vs. Ag/AgCl)

Product
description
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Table 3.7: Catalytic activity of selected samples for formic acid oxidation compared to

activity observed with samples prepared by Dr. Hideki Abe from PtCl2COD and

Ti(THF)2Cl42. The ordered Pt3Ti was obtained after annealing at 600 oC2.

83.90.0400.034-0.2Product from co-reduction
of Pt(acac)2 and
TiCl4(THF)2 at

220 oC, 500% excess of
reducing agent, 15 min

stirring

20.40.290.0059-0.2Product from co-reduction
of Pt(acac)2 and
TiCl4(THF)2 at

220 oC, 500% excess of
reducing agent, 3 hr

stirring

0.045-0.2Product from co-reduction
of Pt(acac)2 and
TiCl4(THF)2 at

120 oC,100 % excess
reducing agent, overnight

stirring
Double MeOH wash

9.20.610.56-0.15Ordered Pt3Ti

1100.0890.097-0.17Disordered Pt3Ti

700.0090.0063+0.20Pt-Ru

270.030.0090- 0.09Pure Pt

BET
surface
area m2/g

mAcm-2 at
0.2 V

mA g-1 at
0.2 V

Onset
Potential

(V)

Product description

83.90.0400.034-0.2Product from co-reduction
of Pt(acac)2 and
TiCl4(THF)2 at

220 oC, 500% excess of
reducing agent, 15 min

stirring

20.40.290.0059-0.2Product from co-reduction
of Pt(acac)2 and
TiCl4(THF)2 at

220 oC, 500% excess of
reducing agent, 3 hr

stirring

0.045-0.2Product from co-reduction
of Pt(acac)2 and
TiCl4(THF)2 at

120 oC,100 % excess
reducing agent, overnight

stirring
Double MeOH wash

9.20.610.56-0.15Ordered Pt3Ti

1100.0890.097-0.17Disordered Pt3Ti

700.0090.0063+0.20Pt-Ru

270.030.0090- 0.09Pure Pt

BET
surface
area m2/g

mAcm-2 at
0.2 V

mA g-1 at
0.2 V

Onset
Potential

(V)

Product description
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From Table 3.5 and 3.6 it can be seen that these products show good (low) onset

potentials (best is -0.2 V, PtPb) for formic acid oxidation, but the observed activities

are low (again, best is 5.5 mA/cm2 for PtPb at 0.2 V). The overall performance of the

materials synthesized in this work as electrocatalysts never reached that of PtPb,

possibly due to the low amounts of Ti alloyed into the Pt. Another possible reason for

the low activity observed could be presence of organic materials covering the catalyst

surfaces. Evidence of the presence of organics was obtained from both EDX and TGA

results.  TGA experiments typically showed between 25-30 % product weight loss on

heating. From this, a crude estimate can be made there are at least 3 carbon atoms per

Pt atom in the samples. Annealing helps remove organics, but the annealed samples

were also found to be inactive. This may be due to decomposition of the organics that

occur  before  they  sublime,  this  can  lead  to  carbon  coating  of  the  products  while

annealing in sealed tubes. Especially on annealing to high temperatures (higher than

400 oC), a dark black coating covering the walls of the tubes is often visible (Figure

3.8). The same material is likely covering the surface of the annealed products causing

them to be catalytically inactive. This could explain why other phases (discussed in

Chapter 4) showed activity before annealing, but were rendered catalytically “dead”

on  annealing  to  high  temperatures.  A  dynamic  annealing  process  removes  all  the

organics volatilized. Annealing in a temperature gradient so that the organics would

sublime to the far end of the tube, or annealing under dynamic vacuum could possibly

address this issue. If so, ordered phases with clean surfaces should show some activity.



108

Figure 3.8: The tubes taken out of furnace after annealing the products at 600 oC

showing black coating covering the walls. The tubes were cut open and capped after

collecting the annealed product.
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3.5 Conclusions

In this work, we discovered several outcomes that were different from our

expectations. This made us rethink the differences between the Pt-Pb system and the

Pt-Ti system, arising primarily from the high electropositivity, and more importantly,

oxophilicity of Ti. The most important lesson learnt from this realization was the need

to avoid oxygen (especially in form of polar reactive groups like acetylacetonate) in

the  precursors  for  a  metal  like  Ti.  The  optimum  number  of  MeOH  washes  and

sonication time during the MeOH wash were found to play key roles. Composition

control (by preventing the previously observed loss of Ti during washes) could be

achieved in the as prepared samples with proper choice of precursors and proper work-

up  of  the  reduction  products  (1:  1  ratio  of  Pt:  Ti  observed  in  the  products  from  co-

reductions with 1: 1 ratio of precursors). However, keeping the Ti in a clean and un-

oxidized form once reduced, so that it can bond to Pt and form the desired phases still

remain a challenge. The role of reaction solvents, sodium and possibly chlorine in

preventing nucleation and growth of nanoparticles has been identified and work is

ongoing to devise methods to counter these impediments. Some of those approaches,

such as exploring the use of Li reducing agents, are discussed in chapter 5. The

electrochemical activity (specially the current density for fuel oxidation) for Pt-Ti

catalysts prepared in this work fared very poorly compared to earlier results2. We

learned that reproducibility is an issue when dealing with a metal like Ti as it is

difficult  to  obtain  the  phases  proven  to  be  good  electrocatalysts.  After  exploring  the

two extremes in terms of properties of the second metal (Pb vs Ti), the next viable step

was to map out the scope of this method (sodium napthalide reduction) for

synthesizing Pt alloys and intermetallics with elements across the periodic table. That

is what we discuss in the next chapter.
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Chapter 4 

 

Pt ALLOY AND INTERMETALLIC PHASES WITH V, Cr, Mn, AND Ni: 

SYNTHESIS AS NANOMATERIALS AND APPLICATION AS ACTIVE FUEL 

CELL CATALYSTS 

 

In the last two chapters, synthesis of binary phases of Pt with Pb (quite noble in terms 

of electropositivity and oxophilicity) and with Ti (highly reactive or ‘much less noble’ 

in terms of electropositivity and oxophilicity) have been discussed. The challenges 

experienced in the latter case were very different from those in case of the former, 

making synthesis of the desired phases for the later in desirable sizes (possible only if 

the reaction, or post reaction annealing temperatures required for obtaining the ordered 

phases can be kept low) impossible with the method being following. Thus, a deeper 

look into identifying the alternatives by understanding and obeying the new 

constraints that arise in case of highly reactive metals like Ti (discussed in Chapter 3) 

is necessary. It is also necessary to explore the elements across the periodic table, 

intermediate to Pb and Ti in reactivity (electropositivity and oxophilicity); for some of 

these phases might be active catalyst materials, and define the scope of this method 

(co-reduction of precursors in solution by sodium napthalide in absence of surfactants 

to generate binary nanophases). In this chapter, we have discussed the work done to do 

explore this method for synthesis of Pt phases with V, Cr, Mn and Ni. We have 

defined general guidelines and limitations for successfully obtaining desired phases, 

showed the catalytic potential of these materials and outlined possible future directions 

for obtaining cleaner and smaller materials with further improved catalytic activity. 
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Reproduced with permission from Chemistry of Materials, submitted for publication. 

Unpublished work copyright 2009 American Chemical Society. 

The work done for synthesis of Pt-Cu phases by Dr. Brian M. Leonard, a post doctoral 

researcher in the DiSalvo group has also been discussed in this Chapter given its 

relevance in understanding the arguments presented in this chapter for elements across 

the periodic table and establishing general guidelines. The electrochemical results 

discussed in this chapter were obtained by Dr. Qin Zhou, another post doctoral 

researcher in the DiSalvo group. 

This chapter is partially adopted from a paper submitted for publication to the 

Chemistry of Materials. 

 

4.1 Introduction 

 

Developing sustainable energy technologies is important to reducing dependence on 

fossil fuels and to addressing environmental issues as well as global climate change. 

However, developing new, more affordable, durable and efficient materials, some with 

desired properties that are not as yet attained, remains the key issue in developing 

most of these technologies, particularly for fuel cells. While the efficiency of a fuel 

cell can in principle approach 100 % of the free energy of reaction, only 50-60 % 

efficiencies have been attained in hydrogen based fuel cells at reasonable power 

densities1, 2. That reduction in efficiency is due primarily to the slow kinetics of 

oxygen reduction at the cathode catalyst. For fuels other than hydrogen, slow 

oxidation kinetics and catalyst poisoning at the anode reduce the efficiencies even 

further3. Finally, the catalysts, catalyst supports and other materials used have poor 

durability and system costs are high4. These challenges must be overcome if fuel cells 

are to be widely adopted.  
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While there are different fuel cell technologies, polymer electrolyte membrane (PEM) 

fuel cells are receiving the most attention for transportation and small portable power 

source applications. Our interest in solving the material problems associated with 

PEM fuel cells led us to explore new catalysts (such as PtPb and Pt3Ti intermetallics) 

and to synthesize them as high surface area nanomaterials5, 6. Previous work has 

ascertained the potential of these materials as anode electrocatalysts for small 

molecule fuels, like formic acid and methanol. However, as many more materials need 

to be explored in the search for even better catalysts, identifying the key challenges 

associated with synthesizing nanoparticles of these materials is vital.  

Nanomaterials with narrow size distributions are generally synthesized successfully 

only using the bottom–up approach3. One common method is the chemical reduction 

of suitable precursors dissolved in an appropriate solvent and deposited on a 

conducting support. However, surfactants are used in many of the reported processes 

in order to keep the particles from agglomerating7. For catalyst applications in fuel 

cells, avoiding or perhaps subsequent removal of surfactants by thermal, chemical or 

electrochemical treatment is crucial due to their blocking access of the reactants to the 

catalyst surface. Often these methods involve high temperature processing, which can 

result in agglomeration and particle size growth which result in loss of surface area 

and subsequently give lower rates of reaction per unit mass of the catalyst. In current 

PEM fuel cells, catalyst particles are typically 3 to 5 nm in diameter and show an 

optimal performance per mass. Ideally a surfactant-free, low temperature synthesis 

applicable to a wide range of particle compositions is desired, so that complex alloys, 

ordered intermetallics and other classes of materials can be synthesized while still 

maintaining high surface area particles. Central to all these methods is the necessity 

for co-reduction of mixed precursors of different metals. This becomes more and more 

challenging as the differences in reduction potential of constituent metals becomes 
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large, and as one or more of the metals are reactive in the ambient environment 

(hydro- or oxo-philic).   

So far we have focused on Pt-group metals as one of the components for our 

bimetallic catalysts nanoparticles. we have previously reported low temperature routes 

to prepare nanoparticles of PtPb with a relatively narrow size distribution and shown 

that these nanoparticle catalysts displays high activity for formic acid oxidation8. 

Additionally, we have shown that the identity of ligands and anions in metal 

precursors play an important role in synthesizing homogeneous products and in 

determining particle size and surface composition, which in turn effect the catalytic 

activity. Careful studies of the  synthetic process suggested that ligands from 

precursors can remain bound to individual elements and the nucleating nano-particle 

surface, thus interfering with  crystallization into  well ordered and shaped (non-

dendridic) nanoparticles. Not surprisingly, this becomes more and more challenging 

for a particular preparation scheme as the temperature of the reduction reaction is 

decreased. At room temperature, even relatively weak ligand or solvent interactions 

with the reduced metals or the nano-particle surfaces can interfere with the metal 

ordering and growth of a given nano-particle ensemble. Using PtPb as a model system, 

we varied the identity of the ligands, anions, solvents and reducing agents as well as 

the work up post reduction, and found that atomically ordered PtPb intermetallic 

nanoparticles could be prepared even at room temperature without heating/annealing. 

These studies allowed us to identify the general issues associated with solution phase 

synthesis of intermetallic nanoparticles (Scheme 4.1)8. However, on moving away 

from Pb, towards more electropositive and oxophilic elements, many of the 

interactions between the reduced metals and other components in the solvent become 

larger. The role of the particular precursors and work up procedures was recognized to 

be even more vital. Wash solvents used after reduction also have to be selected much 
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more carefully. It was also recognized that oxophilicity (affinity for oxygen) of the 

non-Pt element plays a central role in determining the outcome of a particular reaction 

scheme. At first we hypothesized that the differences in reduction potential played the 

deciding role, since simultaneous co-reduction with Pt is important. However, we have 

found that in general a strong reducing agent, such as sodium naphthalide, can address 

that issue, as we discuss further below. 

 
Scheme 4.1:  Key issues in the synthesis of intermetallic nanoparticles by chemical 

co-reduction of precursors. 
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In this chapter, we outline and discuss the key issues as we investigated the challenges 

in synthesizing alloy and intermetallic nanoparticles which contain very 

electropositive metals such as Cr, Mn, and V. Using sodium naphthalide as a reducing 

agent, we have successfully synthesized Pt3V, Pt3Cr, Pt3Mn, PtNi, and PtCu ordered 

intermetallic nanoparticles and alloy nanoparticles in each of these systems as well as 

the Pt-V system. We also detail the most successful synthetic routes obtained so far to 

prepare these alloy and intermetallics as nanometer size particles and discuss future 

modifications for further control of particle size and composition. Finally, we report 

on the catalytic activity of these materials toward the oxidation of formic acid.  

 

4.2 Experimental 

 

Materials: All reactants were used as received. Sodium metal, all solvents and 

VCl3THF3   (THF = Tetrahydrofuran) were purchased from Aldrich. Naphthalene was 

purchased from Fisher. All other metal precursors were purchased from STREM 

chemicals Inc. MeOH was first degassed for 1 h by bubbling Ar. The product was 

dried under vacuum, backfilled with argon. All reactants were pumped into and 

manipulated in an argon atmosphere glovebox. Dry solvents (THF, hexanes and 

diglyme) were obtained from a solvent system (custom built Seca solvent system by 

glass contour). 

Sodium Napthalide: Sodium napthalide solutions were prepared in either THF or 

diglyme (bis(2-methoxyethyl)ether, MW = 134.18) according to well known literature 

methods9. Stoichiometric amounts of naphthalene and sodium metal were weighed out 

in an argon atmosphere glovebox and added to a flask containing 40 ml of the solvent. 

The sealed flask was removed from the glovebox and stirred overnight under argon to 

produce a dark green sodium napthalide solution.  
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Single precursor reductions with sodium napthalide: A significant challenge in this 

chemistry is finding solvents that are both non-reactive with strong reducing agents, 

such as sodium naphthalide, and finding a wide variety of soluble salts that will allow 

comparisons across a good part of the periodic table. The acetylacetonate salts of the 

appropriate metals were chosen as reactants, since they are all soluble in THF. A metal 

precursor solution (Ni(acac)2,Cr(acac)3, Mn(acac)3, Cu(acac)2, CuCl2 or Cu(C2H3O2)2 

where acac = acetylacetonate anion, C5H7O2
- ) ( 0.5 mmol in 20 ml THF) was injected 

into a flask containing freshly prepared sodium napthalide solution in THF( 1.6 mmol, 

30 ml for Cr and  Mn  and  1.1 mmol, 30 ml for Ni and Cu to maintain a constant 10 

% excess of  the reducing agent in all cases). The dark green sodium naphthalide 

solution immediately changed color to brown/ black and was stirred for 3 hr or 

overnight at room temperature. As will be discussed in detail in the following section, 

our goal was to try and isolate the reduced product (hopefully, the zero valent metal) 

from the reaction solvent before any kind of washing. Characterizing these isolated 

products would help us better understand the chemistry in more complex cases.  In the 

case of PtPb, nanoparticles would spontaneously precipitate from the solvent or in 

some preparation schemes would require centrifuging in order to precipitate.  

We first studied the reduction of Ni and Cr to explore methods to isolate the single 

metal product from the reaction solvent. First, the post reduction product mixture was 

transferred through a cannula into a centrifuge tube capped with a sealed septum and 

then centrifuged (9000 rpm, 30 min). Surprisingly nothing precipitated out for either 

metal, so the solutions were divided into portions. For each metal, one portion was 

allowed to stand overnight, followed by centrifuging at 9000 rpm for 30 min. Again 

nothing precipitated from the solution. Prolonged stirring of the second portion and 

subsequent centrifugation yielded partial precipitation of an amorphous product in the 

case of Ni, but not in the case of Cr. These reactions were repeated for both metal 
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precursors, but most of the THF was removed by evaporation under vacuum until 

products began precipitating. For Ni, the product crashed out once most of the THF 

was gone, for Cr, hexane needed to be added drop wise after most of the THF was 

evaporated off in order to obtain a precipitate. Of course, all non-volatile by-products 

remain mixed with the metallic product. Excess solvent was removed with a syringe, 

and the product was washed first with hexane (dry, from our solvent system) to 

remove hexane soluble by-products (naphthalene or neutral organic ligands not bound 

to metals or metal surfaces), and then with MeOH-hexane solutions (increasing the 

amount of MeOH gradually from 10% to 50% by volume) to remove ionic by-

products such as NaCl or Na(acac), followed by a final hexane wash.  

For Cr, no precipitate could be obtained once MeOH was added (as 10 % by volume 

MeOH solution). Rather, the solution separated into a very dark lower MeOH layer 

and a clear top hexane layer. In that case, the hexane layer was removed with a 

syringe, and the rest of the solution was pumped under vacuum until dry. The 

centrifuge tube was then backfilled with argon and pumped into the glove box. Given 

the extreme sensitivity of Cr to MeOH and air, one reaction was carried out with 

Vulcan (C black) suspended in the solvent to allow particle binding to that support. 

For this reaction, Cr(acac)3  (0.5 mmol) and Vulcan (0.026 g, 50 wt % loading of Cr 

on Vulcan) were mixed together in 20 ml THF inside the argon atmosphere glove box 

and injected into the sodium napthalide solution (1.65 mmol, 30ml). Injection was 

followed by 3 hr stirring and then the solution was allowed to stand overnight. The 

solution (still completely dark) was transferred into a centrifuge tube, and centrifuged 

(9000 rpm, 30 min). Again nothing precipitated, even though pure Vulcan suspended 

in THF could be precipitated by this procedure. Consequently, the THF was 

evaporated off to dryness under vacuum. Washing with hexane and then with 10 % 

MeOH-hexane re-suspended the precipitate. The solvent was syringed off after 
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centrifuging (9000 rpm, 30 min). Once again, some product was soluble in the MeOH 

layer. A final hexane wash was performed; the dark colored product was pumped to 

dryness, backfilled with argon and taken into the glovebox.  

Following the lead from the above experiments with Ni and Cr, a standard procedure 

was established and followed for Cu and Mn (and later for metal co-reductions). Three 

different precursors, Cu(acac)2 CuCl2 and Cu(C2H3O2)2 were used for Cu to determine 

the effect of utilizing different anionic ligands, if any. Injection of the precursors into 

the reducing agent solution immediately formed brown/black opaque solutions. The 

solution was stirred overnight, followed by transfer into a centrifuge tube. No 

precipitate was observed, so the THF was evaporated off under vacuum. A hexane 

wash, followed by a 10% MeOH in Hexane, a 50% MeOH in Hexane, followed by a 

neat MeOH wash was performed. After a final hexane wash, the tube was pumped to 

dryness, backfilled with argon and pumped into the argon atmosphere glove box. For 

Mn, excess reducing agent was varied from 10 -100%. This was because the although 

the solution turned black upon injection of the Mn(acac)3  into the  reducing agent, 

over time (in less than 30 sec) it changed to a light brown mocha color. Suspecting in-

situ oxidation of the product, the reducing agent excess was increased, however the 

same was observed with 100% excess although the color change took longer to happen 

(about 5 minutes). It is possible that elemental Mn nanoparticles react with THF at 

room temperature. Work up was carried out in both cases following the standard 

procedure described above. Air free X-ray diffraction (XRD) patterns were obtained 

for the products pumped into the glove box. These and other characterization efforts 

will be discussed in the results and discussions section. 

Pt alloys and ordered intermetallics: Stoichiometric amounts (0.5 mmol each) of 

metal precursor pairs (Mn(acac)3/Pt(acac)2, Ni(acac)2/Pt(acac)2, 

V(THF)3Cl3/PtCl2COD (COD = 1,5 -cyclooctadiene, C8H12), V(Cp)2Cl2/PtCl2COD 
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(Cp = cyclopentadienyl anion, C5H5
-), Cr(acac)3/PtCl2COD), CrCl3/PtCl2(COD), 

Cu(acac)2/Pt(acac)2) were dissolved in 20 ml THF in a scintillation vial inside the 

argon atmosphere box. The solution was brought out of the glove box in a syringe and 

quickly injected into a flask containing a freshly prepared dark green sodium 

napthalide solution in THF. The reducing agent excess was maintained at 10 %; 

however, in some cases mentioned below a 100 % reducing agent excess was used. 

Instantaneous color change from dark green to opaque dark brown/black was observed 

in every case. The solution was allowed to stir for 3 hr. In a few initial reactions, the 

reaction mixture was transferred into a centrifuge tube and centrifuged (9000 rpm, 30 

min) in effort to precipitate the product out of the reaction solvent; however, since 

nothing precipitated out (except for co-reduction of Pt(acac)2 and Ni(acac)2 reactions, 

where some solid product was obtained), this step was omitted thereafter and the 

solvent was evaporated to dryness using a vacuum pump. The standard work-up 

procedure described in the above section for the Cu and Mn reductions was followed. 

The centrifuge speed required to precipitate the products depended on the reaction and 

the wash solvent (Hexane to MeOH ratio). For the more oxophilic metals like Cr, Mn 

and V; more often than not, the solution phase separated and the dark MeOH layer 

(lower) was removed completely under vacuum to prevent product loss (especially in 

cases where an oxygen containing precursor had been used for either metal). After a 

final hexane wash, the product was dried under vacuum until completely dry. Once the 

product was dry, the tube was backfilled with argon, and slowly exposed to air by 

putting a needle through the septum (in previous work, it was experienced that if the 

products were quickly exposed to air, they frequently “smoked” or burst into flame)10. 

XRD, EDS, Electron microscopic imaging (SEM, STEM, TEM – dark field and bright 

field), IR and TGA measurements were carried out on these products. Table 4.1 gives 

a summary of all the reactions done.   
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In a few cases, we used a different ethereal solvent, diglyme, to allow heating of the 

products directly in the mother liquor. For Pt-Ni,  Pt(acac)2 and Ni(acac)2 (0.06 mmol 

each) were dissolved inside the glove box in 10 ml diglyme (dry, from solvent system) 

and injected into a freshly prepared sodium napthalide solution (0.36 mmol, a 50 % 

excess).The reaction flask was then heated in an oil bath to 120 oC and stirred for 3 h. 

After cooling, the product was transferred by cannula into a centrifuge tube. Some of 

the product precipitated quickly on centrifuging (9000 rpm, 30 min), the rest of the 

solution was transferred back into the reaction flask with a cannula and diglyme was 

removed under vacuum (since diglyme has a moderately high boiling point (162 oC), a 

higher surface area vessel is required for speedy removal of diglyme under a vacuum). 

The solid that had precipitated after centrifuging was collected separately and washed 

with hexane and MeOH: hexane solutions (sonicated for 2 min for each wash and 

product re-precipitated by centrifugation) and characterized by XRD. With the dried 

product in the reaction flask, the standard work up procedure described above was 

followed.  

A co-reduction in presence of Vulcan was also carried out. A solution of Pt(acac)2 and 

Ni(acac)2  (0.5 mmol each) was mixed with Vulcan (0.126 g, 50 wt % loading of PtNi 

on Vulcan). The mixture was dispersed in 20 ml THF inside the glovebox and was 

injected into sodium napthalide solution (2.2 mmol, 30 ml) and stirred for 3 h. The 

work-up procedure was identical to what described above.  
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Table 4.1: Summary of different reactions attempted to in order to understand and 

achieve co-reduction of different metals with Pt. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The procedure described in the table for Pt-Cu was the standard method followed for 
all metal systems. For the other metal systems, only the variations to the standard 
method attempted are specified in the table. 

Metals Precursors (and other 
reagents) 

Reaction conditions

Pt-Cu Pt(acac)2, Cu(acac)2 In THF, 10 % excess of NaNp, Stirred at room temperature 
for 3h 

Pt(acac)2 , Ni(acac)2 In  diglyme, 50 % excess of NaNp, Stirred at 120 oC for 3h 

Pt(acac)2 , Ni(acac)2 In THF, 10 % excess of NaNp, Stirred at room temperature 
overnight 

Pt(acac)2 , Ni(acac)2 In THF, 100 % excess of NaNp, Stirred at room 
temperature for 5 days 

Pt(acac)2 , Ni(acac)2, 
Vulcan 

In THF, 10 % excess of NaNp, 50 wt % loading of PtNi on 
Vulcan,  Stirred at room temperature for 4 h 

Pt-Ni 

Pt(acac)2 , Ni(acac)2, 
Vulcan 

In THF, 10 % excess of NaNp, 50 wt % loading of PtNi on 
Vulcan,  Stirred at room temperature for 5 days, Precursors 
stirred with Vulcan in THF overnight before injection of 
reducing agent 

Pt(acac)2, Cr(acac)3 In THF, 100 % excess of NaNp, Stirred at room 
temperature overnight 

Pt-Cr 

PtCl2COD, CrCl3 In THF, 100 % excess of NaNp, Stirred at room 
temperature overnight 

PtCl2COD, VCl2Cp2 In THF, 100 % excess of NaNp, Stirred at room 
temperature overnight 

PtCl2COD, VCl3THF3 In THF, 100 % excess of NaNp, Stirred at room 
temperature overnight 

Pt-V 

PtCl2COD, VCl3 In THF, 100 % excess of NaNp, Stirred at room 
temperature overnight 

Pt(acac)2, Mn(acac)3 In THF, 100 % excess of NaNp, Stirred at room 
temperature overnight 

Pt-Mn 

Pt(acac)2, Mn(acac)3 In THF, 10 % excess of NaNp, 50 wt % loading of PtNi on 
Vulcan,  Stirred at room temperature for 5 days, Precursors 
stirred with Vulcan in THF overnight before injection of 
reducing agent 
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Instrumentation: The sonicator used was a model 3150 Bransonic ultrasonic cleaner. 

All powder X-ray diffraction (pXRD) scans were taken on a Scintag XDS 200 powder 

X-ray diffractometer. pXRD patterns taken under inert conditions were prepared by 

loading the sample in an argon-filled glovebox into the sample holder and covering it 

with a mylar film before removing from the glove box to take the pXRD pattern. For 

TGA experiments, a Q50 instrument from TA instruments was used. The SEM and 

TEM imaging were done using a LEO-1550 Field Emission SEM (FE-SEM) and a 

TECNAI T-12 at 120 KV respectively. For imaging purposes, a solution of the 

nanoparticles was formed by suspending the particles in 5 ml of sonicated, degassed 

isopropyl alcohol and dropping the solution on a carbon coated copper grid. For EDS 

measurements on the SEM, TEM or STEM samples were prepared by transferring dry 

powder onto 300 mesh copper grids in order to avoid possible reaction of the 

electropositive metal with isopropyl alcohol affecting the composition. 

Electrocatalytic activity: The electrocatalytic activity of the Pt3Cr, PtNi and Pt3V 

nanoparticles was tested for formic acid oxidation. Prior to each experiment, a 

suspension of the nanoparticle catalyst was prepared as follows: to 8 mg of the dried 

nanoparticle sample were added 3.98 mL of distilled water and 1 mL of isopropyl 

alcohol (Aldrich). Additionally, 20 µL of a 5% w/w Nafion solution in alcohols and 

water (Aldrich, EW: 1100) was added to this mixture. The resulting mixture was 

sonicated in a bath type ultrasonicator for 1 hour. Each nanoparticle suspension 

described above was coated onto a 4 mm diameter glassy carbon (GC) electrode. The 

GC electrode had been previously polished with diamond paste (METADI-Buehler, ø 

= 1µm) and ultrasonicated in Millipore water (18 MΩ cm-1, Millipore Milli-Q) for 10 

min. The electrode was then rinsed with Millipore water and allowed to dry in air. 140 

µg cm-2 of the nanoparticle (10.8 µL of nanoparticle suspension) was coated onto the 

clean GC electrode. The coated electrode was then dried in air. 
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Formic acid oxidation on the nanoparticle-coated GC electrode was examined in a 

mixture of 0.5 M formic acid (Mallinckrodt, 88% analytical reagent) and 0.1 M 

sulfuric acid. A three-electrode electrochemical cell was used for all electrochemical 

measurements. The reference electrode was a sodium chloride saturated Ag/AgCl 

electrode, and the counter electrode was a platinum coil. All electrochemical 

experiments were carried out at room temperature with a Pine AFRDE2 potentiostat. 

All solutions were prepared with Millipore water and de-aerated with pre-purified 

argon for at least 15 min before each experiment. 

 

4.3 Results and discussion 

 

The goal of this work is to delineate factors that influence nanoparticle synthesis and 

to develop an understanding of, and possibly general guidelines for, solution phase 

syntheses of bimetallic nanoparticle phases by co-reduction. To achieve this, it is vital 

to minimize the interfering effects in solution of the by-products (ligands from 

reducing agent or precursors) so that the desired phases could be isolated from the 

reaction solvent (requiring that they have been able to grow sufficiently). If the other 

species present in the solution do not interact strongly with the metal particles post-

reduction, the desired bimetallic phases should be able to nucleate and grow without 

in-situ heating or post-reaction annealing. Also, the side products would be easily 

removed from the reaction solvent, or by washing. If larger nanoparticles are obtained 

(larger than about 5 nm in diameter), removal of the more electropositive metal by 

reaction with MeOH (leaching) or by oxidation on exposure to air should occur only 

on the surface. However, it appears that strong association of the side products with 

the reduced metals keep the intermetallic phases from nucleating/growing in-situ, keep 

the products from precipitating out of the solution and result in significant loss of the 
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reactive metal (depending on its oxophilicity) during MeOH washes or on air 

exposure.  

To address this challenge, two parallel routes have been explored: role of precursors in 

co-reduction and single precursor reductions. We began to explore the role of the 

precursors, since they produce some of the by-products in the reaction. Based on our 

experience with very electropositive and oxophilic metals like Ti, we examined the 

effect of oxygen containing vs. oxygen free precursors, and used that as a tool in 

controlling the final composition for the highly oxophilic metals.  

Our choice of precursors is also limited by other factors. Sodium napthalide is 

compatible with only ethereal or glyme solvents, limiting our precursor choice to those 

with at least moderate solubility in these solvents. Metal chlorides and many 

organometallic compounds often have low or negligible solubility in ethers. However, 

precursors with both chloride and neutral or anionic organic ligands (e.g. V(Cp)2Cl2 or 

Ti(THF)3Cl3) are often  suitable, as are  metal acetylacetonates and ethylhexanoates 

(e.g. Cr(2-ethylhexanoate)3). Generally precursor metals in their highest oxidation 

state are preferred to prevent internal redox reactions when the precursors are mixed, 

since this may lead to precipitation of one of the metals prior to reduction.   

A second consideration in solvent choice is the ability to remove the side species 

associated with products (without affecting the reactive metal) by precipitating the 

product from the reaction or wash solvent, leaving the side products in solution. As 

described earlier, this would only be possible if these side products are not too 

strongly bound to the reduced metals. To better understand the nature of association of 

these species to the metals, single metal reductions, with smaller reducing agent 

excesses were studied – the objective was to simplify the number of species in 

solution. For this reason, metal acetylacetonates were the precursors of choice for 

most of these reactions, since only one anionic ligand is present in solution. The 
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phenomenon of ligands contaminating the nano-particle surface and their role in 

determining nanoparticle domain size and their electrochemical properties has been 

studied in the PtPb system8. To confirm and extrapolate our understanding to the case 

of metals more electrophilic than Pb, it’s logical to first start by reducing that metal by 

itself. Our observations with PtPb suggested that products precipitated out the reaction 

solvent have less contamination than the products that were recovered by evaporation 

of the reaction solvent. As it can be concluded from combining these points, the 

objective in the single precursor reductions was to determine conditions under which 

the product could be isolated from the reaction solvent (THF) post-reduction. 

 

4.3.1 Single precursor reductions 

 

It is apparent even in the single precursor reductions that the by-products remaining in 

the solution indeed play a significant role in determining the properties of the final 

product, such as nanoparticle size and precipitation behavior. The product 

nanoparticles remain very small (2 nm or less) and they are very difficult to precipitate 

from the solvent. In case of oxophilic metals, the small size compounds the problem of 

the reactive metal being oxidized and solubilized by reacting with wash solvents such 

as MeOH. Centrifuging at 9000 rpm for 30 min after the reduction (injection of 

precursors, 3 h or overnight stirring) did not produce a precipitate for any of the metals 

(Ti, V, Cr, Mn, Ni and Cu). Occasionally the metal nanoparticles would precipitate out 

upon vacuum removal of most of the THF, but typically the solutions were evaporated 

to dryness then worked up using a methanol/hexane wash. The metals are discussed 

below in the order of increasing oxophilicity.  

Three different copper precursors (Cu(acac)2 CuCl2 and Cu(C2H3O2)2 ) were used to 

study the effect of ligands on the formation of nanoparticles. Cu was chosen because it 
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is the least electropositive metal being studied here, and thus least reactive with 

solvents, water and air once reduced. For all precursors, no solid precipitations was 

seen upon centrifuging, so the THF was evaporated off completely, and product was 

worked up following the standard procedure described in the experimental section. 

However, no significant effect of the ligands could be inferred from these experiments 

with Cu as all products had similar particle sizes and behaved similarly in terms of 

precipitation. Thus for the other metals, only one type of precursor, acetylacetonate 

salts, was explored.  

For Ni, some product (as discussed later, complete identification of the product was 

not possible in the case of single precursor reductions) could be precipitated out of 

THF by concentrating the solution until most of the THF was gone. The product was 

silvery grey and turned green (color of NiO) on exposure to air. 

The Mn system showed unusual behavior upon reduction. Excess reducing agent was 

varied from 10-100% and for each reaction the solution would turn dark brown or 

black upon injection of the Mn(acac)3 solution indicating reduction of the metal. In all 

cases the solution would then change from black to a light brown color. Initially this 

was suspected to be the oxidation of the particles since metal nanoparticle solutions 

are inevitably black and oxidation of the metal generally results in lighter colors. 

Increasing excess reducing agent would slow the color change but even with 100% 

excess, the solution would turn light brown within 5 minutes of addition of the 

reducing agent. The light product was collected by removing all of the THF under 

vacuum and washing with hexanes and methanol.    

The observations with Cr were very similar to those seen with Ni, except, that 

precipitating out the product was more difficult in case of chromium, and required 

addition of significant amounts of hexane after evaporating off most of the THF. Also, 

once MeOH was added to the system, no solids could be recovered, showing the high 
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reactivity of MeOH with electropositive oxophilic systems (Ti and V showed similar 

results). For the more electropositive elements, MeOH apparently reacts with the 

metals to produce metal alkoxides, thus loosing the elemental metal.  Attempts to 

counter this reactivity by using different wash solvents, such as propylene carbonate, 

were also unsuccessful. There were initial difficulties in drying the product post 

propylene glycol washes, which were overcome by washing multiple times with THF, 

however, sodium carbonate was found in the final product. In a parallel effort, Cr was 

reduced in the presence of Vulcan, a carbon support material, which should make the 

product more robust towards washes and easier to precipitate and recover from 

solvents. Contrary to expectations, nothing precipitated post-reaction on standing or 

centrifuging and once again, most of the THF had to be evaporated off to crash out the 

product. Also, a considerable amount of the Cr product was lost in MeOH washes in 

spite of the presence of the carbon support as seen by a very dark methanol 

supernatant. The recovered product that precipitated out of methanol was found to 

contain chromium particles dispersed on the carbon support as confirmed by TEM 

brightfield and darkfield imaging and subsequent EDS (Figure 4.1 a & b). However, 

the possibility of the chromium existing as oxide or carbon containing compounds 

couldn’t be excluded with the available experimental means.  
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Figure 4.1: TEM a) brightfield and b) darkfield images of Cr/Cr containing particles 

dispersed on carbon  support. 

 
 

The products recovered from these single metal reactions were pumped into an argon 

filled glovebox and air free XRD patterns were obtained. For all the metals, XRD of 

the unannealed sample were inconclusive due to small particle size or 

amorphous/unclean material coupled with a large background signal from the mylar 

film. However, on exposing the powder to air they quickly change color to something 

similar to the respective oxide phases, for example the Mn changed from a brown 
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powder to a dark gray/green consistent with MnO or Mn2O3. Annealing the product in 

sealed, evacuated silica tubes to 600 oC, without exposing the sample to air, to obtain 

larger particles resulted in relatively sharp diffraction peaks. In the case of Cu, those 

peaks matched the Cu pattern for all Cu precursors, with little or no copper oxides 

visible. For most of the annealed products, the silica tubes were coated internally with 

a black film, which likely resulted from the decomposition of organic materials in the 

product. TGA on the products also showed significant weight loss consistent with 

presence of organic materials. With Mn, an X-Ray pattern with broad peaks near those 

expected for MnO was obtained on annealing. The Ni and Cr products were not 

annealed, since we had already determined from the end members (Cu, Mn) how 

sensitive the metals particles were to oxidation.   

It was inferred from these experiments that very small (2 nm or less domain size) 

nanoparticles were formed upon reduction of the precursor as evidenced by the color 

change. However the particles did not grow or agglomerate, most likely due to ligands 

and ligand derivatives bound to the nascent particle surfaces. EDS confirmed the 

presence of sodium in all cases and weight loss was observed in TGA experiments 

corresponding to an organic residue being removed. Since Na(acac) by itself is soluble 

in THF, we concluded that acac must have some affinity for the neutral metal surfaces. 

These surface bound species curtail particle growth at room temperature, but not at 

elevated temperatures. Apparently these surface species also solubilize the small 

particles, preventing them from crashing out of THF, even under high speed 

centrifuging. MeOH /hexane washes were not sufficient to remove all the materials 

adhering to the nanoparticles. No specific trends with oxophilicity or electropositivity 

of the metals in terms of their precipitation behavior could be inferred.  

We hoped that the presence of a second metal like Pt would alter this behavior by 

stabilizing the particles enough that a product could be obtained and characterized. 
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The observations with co-reductions are discussed below starting with the least 

reactive metal, Cu. 

 

4.3.2 Co reduction with Platinum (Pt:M reactants are all 1:1 atomic ratio) 

   

Pt-Cu: The platinum copper system has a relatively low affinity for oxygen, reflected 

in the positive reduction potential of both metals, produces nanoparticles with good 

yield and low temperature intermetallic formation. Acac precursors were used for both 

the Pt and Cu source due to better solubility and since the there was less concern for 

the formation of copper oxides. Upon injection of the metal precursors, the solution 

immediately turns black indicating reduction of the metal ions. The 1:1 product did 

not precipitate out of the solution with centrifugation, so THF was removed by 

vacuum and the product was washed with hexanes followed by hexanes/methanol 

mixtures. The resulting black powder was dried under vacuum and exposed to air 

slowly overnight by inserting a needle through the septum. The as-made powder 

showed a shift in the X-ray diffraction pattern from that of Pt to a smaller cubic lattice 

constant, consistent with significant alloying (Figure 4.2). Atomic ordering of the as-

made sample could not be confirmed due to the small particle size giving broad 

diffraction peaks.  
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Figure 4.2: pXRD of CuPt nanoparticles as made and annealed to 250, 300, and 

400°C. The as-made sample shows a significant shift from the Pt lattice due to the 

incorporation of Cu.  Upon annealing the sample at 250°C, the intermetallic phase is 

formed as seen by the ordering peaks at 20.7°, 29.6°, 52.6° and 62.1°  2-Theta (PDF # 

00-042-1326). 

 

Annealing the powder at 250°C caused some growth of the particle size from 6.2 nm 

to 14.5 nm as determined by the Scherrer equation, and the ordered intermetallic phase 

PtCu could then be observed by the super-lattice peaks in the diffraction pattern. 

Further annealing caused more sintering and particle growth as seen by sharper 

diffraction lines. Figure 4.3 shows TEM images of the CuPt particles prior to 

annealing with small 3-5 nm particles and the annealed sample shows some 

aggregation and sintering. Selected Area electron diffraction (SAED) also shows 

broad diffuse diffraction pattern for the as prepared sample and sharper rings for the 

annealed pattern, consistent with the XRD data.  EDS for both as-made and annealed 

samples confirmed the 1:1 composition (+/- 5%).  
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Figure 4.3: TEM images of CuPt nanoparticles a) as synthesized and b) after annealing 

at 250°C. Electron diffraction is inset in each picture showing a diffuse cubic pattern 

for the as synthesized sample and more crystalline ordered tetragonal pattern for the 

annealed sample. 

 

Pt-Ni: Referring to Table 4.2 (low Ni oxophilicity and reduction potential) which 

agrees with single precursor reduction experience (less/no reactivity with MeOH), Ni 

was expected to co-reduce with platinum about as well as Cu and form the desired 

alloy and intermetallic phases. Acetylacetonate precursors were expected to be 

appropriate for the same reasons. However, as evident from the Pt-Ni phase diagram, 
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the tetragonal intermetallic PtNi phase might be difficult to obtain since it exists only 

within a narrow range of temperature.  

 

Table 4.2: Reduction potential and bond enthalpy (with O) data for different metals as 

obtained from the CRC handbook for physics and chemistry11. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Metal
Oxidation 
states

Correspondig
reduction 
potentials 
(Eored)

Bond enthalpy
M-O(Kcal/mol)
(used for 
apprehending 
oxophilicity)

Aluminium 3+ -1.66 122

Titanium

3+ -1.37 157

2+ -1.63

3+ to 2+ -0.9

4+ to 3+ -0.055

4+ to 2+ -0.502

Manganese 2+ -1.185 96

3+ to 2+ 1.54

Vanadium 2+ -1.17 150

3+ to 2+ -0.225

Chromium
3+ -0.74 102

2+ -0.913

3+ to 2+ -0.407

Iron 2+ -0.44 93

3+ to 2+ -0.037

Zinc 2+ -0.76 38

Gallium 3+ -0.55 85

Cobalt 2+ -0.28 92

Nickel 2+ -0.26 91

Tin 2+ -0.14 127

4+ to 2+ 0.15

Lead 2+ -0.13 91

Copper 2+ 0.34 64

Platinum 2+ 1.18 94
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As expected, the room temperature co-reduction of platinum and nickel 

acetylacetonates with sodium napthalide, yielded a final product of composition Pt:Ni 

of 1:0.6 +/- 5%  (atomic ratio). The Ni content is a little low, even considering the 

semi-quantitative nature of the EDS measurement; so some Ni might have reacted 

with MeOH during the work-up. XRD suggested a cubic alloy phase of Pt with broad 

peaks that were shifted towards higher angles due to incorporation of Ni in the lattice. 

XRD the product obtained after heating in the TGA (product heated up to 550 oC) 

showed Pt and NiO. Annealing the product in a tube sealed under vacuum at 600 oC 

for 4 h gave single phase intermetallic PtNi, with a 20.5 nm domain size as determined 

by the Scherrer equation, and trace amounts of unknown impurities (Figure 4.4). The 

annealing tubes were coated with a black film, indicating that the sample contained 

some organic species before heating. Annealing at a higher temperature for longer 

times (670 oC, 48 h) yielded the Pt0.5Ni0.5 alloy predominantly which is to be expected 

based on the phase diagram.   

Next we investigated the Pt-Ni system by reaction and subsequent heating in diglyme 

mother liquor. Heating to 120 oC in diglyme following injection of the Na naphthalide 

produced a large amount of precipitate on standing. However, some product could not 

be precipitated even in a centrifuge and could be recovered only by evaporating off the 

diglyme. The XRD for the product that precipitated had many low intensity peaks 

which were difficult to index. The product collected from the supernatant showed very 

broad diffraction peaks. 
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Figure 4.4: pXRD image of PtNi ordered tetragonal phase (PDF # 03-065-9446) 

obtained by co-reduction of Pt(acac)2 and Ni(acac)2, followed by annealing at 600 oC 

for 4h. * unknown impurity peaks. 

 

On annealing this sample (670 oC, 48 h), sharp peaks indexing on the tetragonal cell of 

PtNi was obtained. EDS showed the composition to be Pt:Ni of 1:0.7 +/- 5 %(atomic 

ratio). Another reaction was allowed to stir for 5 days post injection at room 

temperature to attempt to precipitate out the product. The product, though bulkier, 

crashed out of THF on centrifuging, but was still an alloy phase as observed as broad 

peaks with no evidence of ordering in the XRD pattern. On annealing (600 oC, 4 h), 

unlike the previous room temperature reaction, the cubic PtNi alloy and not the 

tetragonal intermetallic phase was obtained. Co-injection of the precursors into the 

reducing agent solution with Vulcan (to form supported Pt-Ni phases) was successful, 

yielding a cubic PtNi alloy on annealing, but with much less aggregation than the 

unsupported sample seen by broader peaks in the XRD data (Figure 4.5a, b), and 

smaller particles in the brightfield and darkfield TEM images (Figure 4.6a, b). This 

shows the promise of co-reductions in presence of carbon nanoparticles to obtain 
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supported and smaller particles even with annealing at high temperatures which can be 

precipitated comparatively easily out of polar solvents. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5:  pXRD patterns of  PtNi (PDF # 03-065-2797, indicated by the black lines) 

phases from co-reduction of precursors in presence of C black (Vulcan) after 

annealing at (a) 800 oC and (b) 670 oC. Particle agglomeration is seen to be less in the 

presence of C support. * Unknown impurity peaks, | shows 2 theta positions for the Pt 

phase (PDF # 04-001-2683). 

 

Pt-Cr: In the case of co-reduction of platinum and chromium acetylacetonates, the 

EDS data showed the composition of the product to be mostly Pt (Pt:Cr was about 
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8:1). Thus oxygen free precursors were used in order to obtain the desired composition 

in the final product. CrCl3 and PtCl2COD was the first oxygen-free precursor 

combination tried for Pt-Cr systems. Room temperature reduction yielded a product 

with a Pt:Cr atomic ratio of 1:0.8, and XRD showed very broad peaks indexing close 

to cubic Pt, but shifted slightly towards higher angles. On annealing in a tube sealed 

under vacuum at 500 oC for 48 h or 800 oC for 24 h, cubic Pt-Cr alloy phases were 

obtained. However, annealing at 700 oC for 24 h gave the Pt3Cr ordered intermetallic 

phase (Figure 4.7).  

Similar to the previous samples, all the annealing tubes were coated with a black film 

on the inside from the decomposition of organic species in the sample. Also, the XRD 

showed presence of significant amount of NaCl, which was expected in cases where 

chloride precursors have been used. This further emphasizes the need for a better wash 

solvent/ washing technique. TEM images showed particles with average size < 20 nm 

even after annealing at 500 oC and Pt and Cr were confirmed by the subsequent EDS 

analysis (Figure 4.8a, b). The background material in seen in the TEM image couldn’t 

be identified, but given the presence of Na detected in EDS, a sodium salt with organic 

materials might be present surrounding the particles. This matter is further discussed 

in a following section. 
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Figure 4.6: a) Darkfield TEM image (full scale = 3 µm) and b) showing high Z 

elements as white specks on the C support and EDS data of the PtNi obtained from co-

reduction of precursors in presence of C black. Inset shows the region on which EDS 

data was obtained. The Cu signal comes from the TEM grid. 

 

PtV: Vanadium is the most oxophilic of the metals used, and once again required 

looking into oxygen free precursors for products that contained significant amounts of 

V. Co-reduction of VCl2Cp2 and PtCl2COD at room temperature in THF yielded 

product with a Pt : V atomic ratio of 1:1 +/- 5 % by EDS, and XRD showed relatively 
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broad peaks with maxima shifted to higher angles compared to Pt. In an attempt to 

target the ordered PtV phase, the product was annealed at 1100 oC, 24 h (refer to 

phase diagram), however, ordering peaks weren’t observed in the XRD. At this 

temperature there is significant attack of the silica tube, presumably by the V. Room 

temperature co-reduction of VCl3THF3 with PtCl2COD yielded Pt: V atomic ratio 3:1 

(EDS). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7: pXRD patterns the PtCl2COD and CrCl3 reduction reaction annealed at 

different temperatures. a) shows peaks with maxima close to the pure Pt phase (PDF # 

04-001-2683), but shifted (especially at higher angles) suggesting alloying of Cr into 

the pt phase. b) shows the ordered Pt3Cr phase (PDF # 04-003-3551), the shifting of 

peaks might be due to compositional variation (Pt-Cr phase diagram shows that the 

Pt3Cr phase can have significant compositional width).The ordered Pt3Cr phase was 

obtained only from annealing at 700 oC. * shows the NaCl peaks. 
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Figure 4.8: (a) TEM image of Pt-Cr particles from co-reduction of PtCl2COD and 

CrCl3, annealed at 500 oC for 48 h. (b) EDS spectra of this region, the Cu signal 

typically comes from the TEM grid, other impurities are also detected in minor 

amounts which might from contamination from the TEM sample holder. The 

background material seen in a) might be sodium and organics known to be present in 

the samples. 

 

The decline in the amount of vanadium retained in the final product on moving to a 

precursor containing oxygen (VCl3THF3 vs. VCl2Cp2) was indeed what was expected. 

XRD showed broader peaks with maxima close to cubic Pt. The product was annealed 
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in silica tubes sealed under vacuum to 700 oC for 4 h and 750 oC for 24 h in efforts to 

obtain the ordered Pt3V phase. EDS analysis using the nanoprobe mode in the TEM 

microscope on individual particles showed the Pt: V ratio to be closer 5:1 (Figure 

4.10). This suggests the presence of the rest of vanadium (as observed from EDS on 

broader regions) as a second phase, perhaps partially oxidized or closely associated 

with contaminant species (most probably oxygen containing), and thus unable to form 

Pt-V species. This might be the reason why ordered phases are not always observed on 

annealing in spite of the seemingly right composition of the elements required. The 

last reaction tried with Pt-V system was a co-reduction of VCl3 and PtCl2COD – 

again, an oxygen free system, and not unexpectedly, Pt: V atomic ratio in the product 

was shown to be 1: 1 by EDS.  

 

 

 

 

 

 

 

 

 

 

Figure 4.9: pXRD pattern of the ordered Pt3V phase (PDF # 04-004-6343) from co-

reduction of VCl3 and PtCl2COD, followed by annealing at 750 oC for 24 h. * shows 

the NaCl peaks. 
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The product was annealed at 750 oC for 24 h and the ordered Pt3V cubic phase with 

domain size of 41 nm (from Scherrer equation) could be obtained. Shifting of peaks 

observed might be due to compositional width (the composition range over which the 

ordered phase can exist gives rise to a number of  reported Pt3V cubic ordered phases 

with peaks significantly shifted from each other). 
 
 
 

 

 

 

 

 

 

 

Figure 4.10: TEM image of Pt-V particles from co-reduction of VCl3THF3 and 

PtCl2COD. Inset shows composition data from EDS. 

 

Pt-Mn: Mn is intermediate between Ni and Cr in its oxiphilicity (Table 4.2). Once 

again, Mn(acac)3 was chosen as the starting precursor. Co-reduction of platinum and 

manganese acetylacetonates at room temperature proceeded similar to the other 

metals, but the product was harder to recover post MeOH/hexane wash. To increase 

the yield an ethanol/hexanes wash was also employed and precipitated out a larger 

amount of sample. However, XRD showed a significant amount of unknown 

impurities. EDS showed the product composition to have a Pt:Mn atomic ratio of 

nearly  1: 1. XRD showed broad peaks with the maxima shifted from the pure Pt cubic 

phase, suggesting an alloy phase. The ordered Pt3Mn phase was obtained on annealing 

Pt : V
86 : 14
Pt : V
86 : 14
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the product in a tube sealed under vacuum (800 oC for 24 hr, domain size 46 nm). 

Smaller particle sizes were achieved by annealing at lower temperature (600 oC for 24 

hr, domain size 22.3 nm) (Figure 4.11). The presence of minor impurities was 

observed in both cases; however, contrary to expectations, the impurity peaks did not 

index to manganese oxide phases. As always in these systems, upon high temperature 

annealing, a black film formed on the inside of the silica tube. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11: pXRD patterns of ordered Pt3Mn (PDF # 03-065-3260) nanoparticles 

obtained by co-reduction of Pt(acac)2 and Mn(acac)3 followed by annealing at 800 oC 

and 600 oC respectively. * denotes unknown impurity and/or NaCl peaks. 
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4.3.3 Selection of precursors 

 

In previous unpublished work in the group, it was observed that due to the high 

oxophilicity of the early transition metals, the presence of oxygen containing anionic 

or neutral ligands (e.g., Pt(acac)2 or Ti(THF)4Cl2) often resulted in  products 

containing oxygen while precursors such as PtCODCl2 or TiCP2Cl2 produced cleaner 

products. In the former case, the oxygen containing species from precursors would 

either bind strongly to the reduced oxophilic metals such as Ti0 or they directly react 

to re-oxidize Ti, thus removing some Ti from being available to bind with Pt. In such 

state, Ti will either be removed during post reduction wash (giving platinum rich or 

solely Pt end products) or be oxidized to Ti oxide species on annealing the samples. 

Either way, this made it impossible to obtain ordered Pt-Ti phases or even alloys with 

the desired Ti content reproducibly. Cr, V and Mn were expected to behave similarly 

to Ti given their reduction potential and oxophilicity (Table 4.2).  Hence, avoiding 

oxygen in the precursors is desirable for these elements. The results described in the 

above sections confirm this. Higher contents of the second element (Cr and V) in the 

end product were obtained from the co-reductions of the respective metal chlorides 

and PtCODCl2 than from the co-reductions of Pt(acac)2 and the metal acetylacetonate 

precursors. However, as the oxophilicity of the metal decreased on going from Ti to 

Mn, it became easier to obtain the desired composition as an isolated product. Thus 

precursor selection based on the guidelines discussed in this paper is vital for 

achieving desired phases. Up to Mn (in the order of oxophilicity), oxygen containing 

precursors meeting other (solubility and oxidation state) criteria can be used. Going 

above that, chlorides and alkyl chlorides need to be used as precursors for both metals. 

It needs to be mentioned here that for these studies, only commercially available 

precursors were used since the goal was to look at as many different metals as possible 
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and to discover general principles and guidelines. Once the desirable properties for the 

precursors have been outlined, we can synthesize appropriate ligands for the metals if 

they are not commercially available. A quick summary of precursor choice and related 

observations is given in table 4.3.  

 

Table 4.3: Summary of precursors selected for different metals based on desired 

criterion and final composition of products obtained as a result. 

 
 
 
 

 

 

 

 

 

 

 

 
 
 

* Ordered phase achieved, “ C supported reactions explored,  # Higher temperature 
reactions explored,   … stands for not done yet. Cr and Mn ethylhexanoate precursor 
reactions weren’t completely analyzed as the precursors come commercially as 
solutions in hexane and were difficult to purify and handle.  

 

 

 

N/A

N/A

Yes
Yes
Yes

Yes
Yes
Yes

Yes
Yes
Yes
Yes

Is metal at its 
highest (or 
high) oxidation 
state?

Second 
metal

Precursor used
for the second metal

Is the 
precursor 
oxygen 
free?

Solubility in THF Pt: X by EDS
(where X is V, 
Cr, Mn, Ni or 
Cu)

V V(DCP)2Cl2

V(DCP)2Cl
VCl3

V(THF)3Cl3

yes
yes
yes
No

ok
------

Poor
Good

1:1
….
1:1
3:1

Cr CrCl3

Cr(acac)3

Cr(ethylhexanoate)3

yes
No
No

Poor
Excellent

Good

1:0.8 * “
8:1 
.....

Mn MnCl3

Mn(acac)3

Mn(ethylhexanoate)3

Yes
No 
No   

Poor
Excellent

Good

….
1:1 * “
….

Ni Ni(acac)2 No  Excellent 0.6:1 * “ #

Cu Cu(acac)2 No Excellent 1: 1
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4.3.4 Looking into the contaminants, the role of Na 

 

As mentioned in the above sections, obtaining a clean final nanoparticle product was 

not possible directly from room temperature reactions. Multiple washes and the use of 

MeOH reduced but did not eliminate the contaminants but resulting in product loss. 

Before high temperature annealing, low index peaks would be observed in the XRD, 

which did not index to known salts or oxides. EDS analyses always showed the 

presence of sodium in the final products. These observations strongly suggest that 

sodium is present in close association with some organic moiety on or near the 

nanoparticles, increasing their polarity. This is consistent with the observed difficulty 

in precipitating the products out of even weakly polar solvents. Such a surface 

contamination would also significantly hinder particle growth through agglomeration, 

until sufficiently high temperatures were used in annealing. Finally, products 

containing small (2 nm) dendridic particles would likely be highly reactive with most 

of the metal atoms accessible to reactive solvents such as MeOH. Thus the more 

oxophilic of these metals reacted with and were leached out of the product when 

washed with MeOH. If annealed before washing, larger particles were obtained and 

the reactive metal could only be removed from the top few monolayers of the product, 

as is observed in typical de-alloying experiments in bulk or thin film samples. 

Considerable support for this hypothesis was obtained from STEM analyses of the 

nanoparticle samples. In the particular case for the Pt-V reaction with VCl3 as the 

precursor, needle like structures could be identified which were shown by EDS to 

consist of only sodium and carbon (Figure 4.12 a, b). A background spectra obtained 

in the immediate vicinity showed much less carbon and no sodium (Figure 4.12c). 
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Figure 4.12: (a) STEM image of needle like structures observed in the PtCl2COD and 

VCl3 co- reduction. (b) EDS spectra obtained right on the needle and (c) EDS spectra 

of the immediate background. Although quantification of C is not possible by EDS 

measurements, the huge difference in the total count for C observed between the two 

cases suggest that significant amount of carbon is present in the former region. 

 

The identification of these sodium species suggest the possibility that on complete 

removal of these, much lower annealing temperatures would result in the desired 

phases and loss of the reactive metal could also be prevented or reduced. Multiple 

water washes followed by composition analyses showed that the sodium could be 

removed. However, water wash (especially on unannealed samples) cause oxidation of 
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the reactive metals, hence a balance needs to be found between the washing and 

annealing steps, to obtain the desired phase at low annealing temperatures or, more 

desirably, at room temperature.  

 

4.3.5 Electrocatalytic activity 

 

Figure 4.13 shows the rotating disk electrode voltammograms for formic acid 

oxidation on three different nanoparticle catalyst electrodes: Pt3Cr, PtNi and Pt3V. In 

comparing the relative activity of these electrocatalysts, we find that two parameters 

are of significance: onset potential (which reflects thermodynamic aspects) for fuel 

oxidation and current density (which reflects kinetic aspects) at a given potential. 

Thermodynamically, the onset of formic acid oxidation should occur near -0.2 V (vs 

NaCl-saturated Ag/AgCl electrode). Good catalysts are those with low overpotentials 

for oxidation, so that high oxidation currents occur at potentials only slightly more 

positive than -0.2 V. Therefore, the higher the current density at a given potential, the 

better the catalyst. For formic acid oxidation, Pt3Cr and PtNi nanoparticle electrodes 

exhibited onset potentials of -100 and -40 mV, respectively, while Pt3V is essentially 

inactive (Table 4.4). These values suggest that nanoparticles of Pt3Cr and PtNi have 

superior electrocatalytic activity, especially when compared to Pt black6. Table 4 also 

lists the current densities (in terms of mA cm-2) of the three catalysts at four specific 

potentials. This value is a direct measure of electrocatalytic efficiency. In this study, 

all the electrocatalyst materials examined had different particle sizes and, 

consequently, different surface areas and specific surface areas. Furthermore, 

electrochemical protocols for the measurement of the specific surface area for these 

novel intermetallic nanoparticles have not been established. This is in contrast to Pt, 

for which methods are well-established (e.g., Coulombic integration of hydrogen 
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adsorption). To make the most-meaningful comparison of the raw current data 

collected, we normalized currents to the measured BET surface area of the respective 

catalysts. The resulting surface area normalized current densities appear in plots and in 

the table as mA cm-2 (where cm2 is the BET surface area for the catalyst coated on the 

GC electrode). From the values presented in Table 4.4, for formic acid oxidation, it is 

evident that Pt3Cr and PtNi have activities that are far superior to that of Pt black. 

Pt3Cr, in particular, exhibits a current density that is much higher (>20 times) than Pt 

black, the commercially available electrocatalyst. Pt3Mn was also found to be 

catalytically active towards oxidation of formic acid. The mass activity measured for 

Pt3Mn  was 0.005 mA/µg compared to 0.022 mA/µg for Pt3Cr and  0.013 mA/µg for 

PtNi, the current densities (normalized with respect to measured surface area) for 

which are shown in Figure 4.13. However, the surface area measurements could not be 

completed on the samples and hence the data for Pt3Mn is not included in the figure or 

the table since the current observed couldn’t be normalized to the measured surface 

area.  

 

 

 

 

 

 

 

 

 

 
 



 151

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.13: Rotating disk voltammograms for formic acid oxidation on Pt3Cr, PtNi 

and Pt3V nanoparticles. All data measured in a 0.5 M formic acid, 0.1 M sulfuric acid 

solution (electrode rotation rate: 2000 rpm, potential scan rate: 10 mV s-1). 

 

The BET surface area measured for all these materials was pretty low (for e.g 3.6 

m2/gm for PtNi and 1.7 m2/gm for Pt3Cr which as expected, further decreases on 

annealing) and thus the high current densities. This shows that increasing the surface 

area of these nano-phases (cleaner materials/smaller domain size materials) could give 

us very promising catalysts.   
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Table 4.4: Onset Potentials and Current Densities at Different Voltages for Pt3Cr, PtNi 

and Pt3V Nanoparticles for Formic Acid Oxidation (all specified potentials are vs 

Ag/AgCl (NaCl sat.)). 

 

 

* For Pt black, see reference6 

 

4.4 Conclusions 

 

Through the above synthetic explorations, we have been able to understand and 

control several key issues for achieving the desired composition (alloy and 

intermetallic phases) and particle size for a wide range of metals from Cu to V. 

Oxophilicity of the metal and the composition of the ligands and solvents (especially 

the presence of oxygen) are very important in determining the nature of the products. 

For example, although Mn is much more electropositive than vanadium, Mn(acac)3 

co-reduction yielded reasonable results and the Pt3Mn ordered phase with a domain 

size as small as 10 nm could be obtained. However, with vanadium, even VCl3THF3 

resulted in less V inclusion, presumably V(0) reacts with the THF and that product is 

current density (mA cm-2)  

catalyst 

onset potential 
(mV) 

-100 mV 0 mV +100 mV +200 mV 

Pt3Cr -100 0.001 0.124 0.503 1.272 

PtNi -40 0 0.018 0.115 0.347 

Pt3V 200 0 0 0 0.001 

Pt black* 0 0 0.003 0.018 0.05 
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washed away by THF and especially MeOH.  The same appears to be true for 

chromium, but to a smaller extent. In the end, the balance between having clean 

surfaces of the metal species in the system (washes) and mixing them well /promoting 

diffusion while their surface is clean (perhaps including in-situ heating and 

stirring/annealing) after the precursors are reduced is vital for the nanoparticles to 

grow and order.  

If only a dendridic product is formed before washes with MeOH, the more reactive 

metal is more vulnerable to be removed by reaction with the washing solvents. 

Further, such products are too small to precipitate out of the reaction/wash solvent. 

Such dendridic products are also very air and water sensitive. On the other hand, if the 

metals are able to form well crystallized nanoparticle with sizes greater than about 5 

nm, they appear to be much less reactive.  

Further optimization of reactant precursors and processing conditions is required in 

order to process the materials at lower temperature and to reliably produce smaller 

nanoparticles (in the 5 to 10 nm range). But the point to note and the reason to be very 

interested in these materials is the reasonable activity observed in-spite of the low 

surface area showing the underlying catalytic potential that can be reached if these 

nano phases can be synthesized as cleaner/lower domain size materials. We know of 

the presence of sodium and organics in these products, which we are working on 

minimizing/removing completely (as discussed extensively in this work, which should 

simultaneously lead to better size control). Achieving this, thus, will give us some 

very active catalyst materials. 

In spite of the challenges remaining, our work here has provided a route for obtaining 

nanometer sized alloys and intermetallics of Pt with very reactive metals which are 

active catalysts for formic acid oxidation. Also, identifying, understanding and 

outlining the key issues is the first step that will lead to higher yield synthetic schemes 
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giving materials with higher activity and stability, something we believe we have 

achieved through this work Research is ongoing to address the remaining challenges, 

however, the fact that these materials are active catalysts, ought to generate significant 

interest and support for further research in this direction in order to access the full 

potential of these vital materials. 
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Chapter 5

OTHER REDUCING AGENTS EXPLORED FOR CO-REDUCTION OF METAL

PRECURSORS TO OBTAIN NANO PHASE ALLOYS AND INTERMETALLICS

As discussed in the previous chapters extensively, a bottom-up approach with

chemical co-reduction of the metal precursors in solution is one of the very few viable

methods available to obtain metallic phases as nanomaterials. However, in our

attempts do to so (without using any surfactants in order to have materials usable as

catalysts), we found that the reducing agent (sodium napthalide) plays an inhibiting

role in the nucleation and growth of the desired nanoparticles. Sodium from the

reducing agent was found in the products, especially when oxygen containing ligands

were used. It appears that Na participates in polar double layer that adhere to the metal

particles. Low angle peaks in the XRD (X-ray diffraction patterns) and EDS (energy

dispersive X-ray spectroscopy) showed the presence of organics and sodium in the

products. Although the exact composition and structure of these species are still

unknown, it is highly likely that they are responsible for the challenges faced in

preparing the targeted nanoparticles. These species keep the reduced metal particles

separated from each other (making the more reactive metal more vulnerable to

oxidation and subsequent removal from the system during washes) and dispersed in

polar  solvents  (causing  loss  of  yield,  and  again,  mostly  of  the  more  reactive  metal).

The need for washing with polar solvents also arises from the fact that side products

formed  with  sodium  (e.g.  NaCl  when  chloride  containing  precursors  were  used)  can

not be removed otherwise. Even after those washes, some sodium remains in the

products – most probably as organic salts. All the above require the products to be

annealed before the crystalline phases can be achieved, which in turn affects size
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control. Also, the as prepared and the high temperature annealed materials appear to

have carbon contaminants on their surfaces, making it difficult to determine its

intrinsic activity as a catalyst material. Although naphthalene hasn’t been identified on

the products; it is very likely that it is also contributing to the problem, since it is

known that unsaturated organics interact strongly with neutral or oxidized Pt1 as

discussed in chapter 2.

All this could be countered, if an alternative to sodium napthalide could be found,

especially if side products were easily removable by washing with appropriate

solvents. This prompted us to look into other possible options for reducing agents, and

we describe those efforts in this chapter.

5.1 Reducing agents for the chemical co-reduction method: options and limitations

The task described above, is easier said than done, since we are limited by certain

needs while looking for alternative reducing agents. Firstly, NaBH4 (which fitted the

need for easily removable side products well) is able to reduce Fe, Co, Ni but some B

may be included in the products2. More electropositive metals, such as Cr, Mn, V and

Ti, need stronger reducing agents. Hence, stronger reducing agents are necessary for

extending the search for better catalyst materials to phases with highly electropositive

metals. Table 5.1 gives a list of reduction potentials of metals compared with that of

possible reducing agents for co-reduction3. This limits us to sodium bases with

aromatic counter anions, super hydrides, sodides and other electrides or lithium bases

(like alkyl lithiums and lithium napthalides and derivatives). Additionally, the base in

consideration needs to be commercially available, easy to synthesize or at the very

least, stable for extended periods once synthesized. Lastly, extremely hazardous

materials cannot be used, otherwise, the application would be limited. In previous yet
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unpublished results from the DiSalvo group, sodides and electrides were eliminated

from consideration as they were found to be extremely difficult to handle. Reactions

and observations with some of the other reducing agents are described below.

Table 5.1: Reduction potential of metals (in H2O) and reducing agents4, 5.
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5.2 Reductions with LiAlH4

Lithium aluminum hydride (LiAlH4) has a lower reduction potential than sodium

borohydride, and although reaching to very electropositive metals like Ti would not be

possible, it could give us some leeway beyond sodium borohydride on metals and is

quite easy to handle.

5.2.1 Experimental

Materials: LiAlH4 was obtained commercially from Aldrich. Pt(acac)2 was purchased

from Aldrich and Lead(II)2-ethylhexanoate was purchased from STREM Chemicals

Inc. Because of the high viscosity of lead(II)2-ethylhexanoate, 0.05M stock solutions

were prepared by dissolving 2.496 g in 100 mL THF.

5.2.1.1 Reduction of Pt(acac)2 with LiAlH4

A single precursor reduction of just Pt(acac)2 was also performed with LiAlH4. LiAlH4

(1.5 mmol) was weighed out in a 3-necked flask inside the argon atmosphere box. To

this 40 ml of THF (dry, from solvent system, pumped into the box in a bomb flask)

was added, the flask was fitted a condenser and an adapter on one arm, a stopper in the

second arm and a septum on the third and was brought out of the box. The assembly

was hooked up to the Schlenck line and the mixture was stirred under argon. Pt(acac)2

solution (0.25 mmol in 5 ml THF) was prepared inside the glove box and injected into

the reducing agent solution in THF. The mixture was allowed to stir for 30 min, and

the THF was evaporated off completely under vacuum. 40 ml of isopropyl alcohol

(degassed for 1 hr) was added into the flask, the suspension was cannula transferred
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into a centrifuge tube and centrifuged at 2000 rpm for 10 min. The supernatant

isopropyl alcohol with white cloudy lithium oxides and hydroxides was syringed off.

The product left behind was exposed to air slowly with a needle left through the

septum overnight.  30  ml  of  saturated  Na2SO4 solution was added to remove the side

products as Li and Al sulfates. After this wash, glassy crystals were observed on the

black nanoparticles, which could be removed by subsequent water washes. A final

wash was performed with 20 ml of acetone and the product was dried under vacuum.

X-ray diffraction pattern of the product was obtained.

5.2.1.2 Co-reduction of Pt and Pb precursors with LiAlH4

LiAlH4 (1.5 mmol) was weighed out in a 3-necked flask inside the argon atmosphere

box. To this 40 ml of THF (dry, from solvent system, pumped into the box in a bomb

flask) was added, the flask was fitted a condenser and an adapter on one arm, a stopper

in the second arm and a septum on the third and was brought out of the box. The

assembly was hooked up to the Schlenck line and the mixture was stirred under argon.

Inside the glove box, Pt(acac)2  (0.25 mmol) was weighed out into a scintillation vial

and 4.9 ml of the stock Pb(2-ethylhexanoate)2 solution (0.05 M in THF) was added to

it. The solution was drawn into a syringe, taken out of the glove box and injected into

the stirring LiAlH4 solution in THF. The previously ash colored solution turned dark

black immediately with agglomerated nanoparticles appearing. The mixture was

allowed to stir for 30 min, and the THF was evaporated off completely under vacuum.

Work-up procedure identical to that described in the above section was carried out.

The final product was obtained after washing with 20 ml acetone and drying under

vacuum. The product was characterized by x-ray diffraction.
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5.2.1.3 Electrochemical experiments

The activity of the materials for formic acid oxidation was tested in the Abruna group

by Dr. Futoshi Matsumoto. The procedure followed for these experiments were

identical to those described in Chapter 2.

5.2.2 Results and discussion

The XRD pattern obtained from Pt-Pb reduction (Figure 5.1) showed Pt-Al phases

(mainly Pt3Al  along  with  Pb).  Also,  Na2SO4 peaks could be identified. On repeated

washing, the Na2SO4 could be removed, however, several low intensity peaks

indexing to a number of mixed phases like Li4PbO4 appeared. It was thus evident that

side  products  of  the  reaction  couldn’t  be  removed  completely  with  the  technique

employed and weren’t as easy to wash off as expected. Further optimizations could be

attempted to counter this, however, the main drawback of this reagent laid elsewhere.

The Pt-Al bond enthalpy is much higher than that of Pt-Pb and hence, with this

reagent, Pt-Al phases would form predominantly over others. If Pt-Al phases were

found to be of interest catalytically, this method could be very useful. Thus

electrochemical testing was done on the products and is discussed below.
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Figure 5.1: X-ray diffraction pattern of the products obtained from the co-reduction of

Pt and Pb precursors with LiAlH4.Black and red lines denote Pt3Al (PDF # 04-001-

3490) and Pb (PDF # 01-072-6646) phases respectively, while * shows the peaks from

Na2SO4 (PDF # 01-075-1979).

Catalytic activity of the products: The  activities  observed  from  the  products  for  the

oxidation  of  formic  acid  are  summarized  in  Table  5.2.  Activity  was  observed  in  the

product from the co-reduction reaction. However, in order to ensure that the observed

activity  was  coming  from  the  Pt-Al  phases  and  is  not  due  to  the  Pb  present  in  the

sample, a reaction was carried out in absence of Pb (reduction of Pt(acac)2 only with

LiAlH4).  As  depicted  in  the  table,  a  significant  decline  of  activity  was  observed,

suggesting that the previously observed activity was from the proximity of the Pb

present in the sample (PtPb has the best activity till date for formic acid oxidation).

(degrees)(degrees)
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Table 5.2: Electrocatalytic activity of different LiAlH4 reduction products towards

formic acid oxidation with and without pretreatment.

Summarizing the above discussions, LiAlH4 lacks the capacity to be a universal

reducing agent for the purpose of co-reduction of metal precursors with Pt, since Pt-Al

phases form predominantly. It would be a useful route to pursue if Pt-Al phases were

desired (in our case: if they had high activity). However, since no such evidence was

obtained, this route was abandoned for the purpose of this work. If in the future,

ternary phases with Pt and Al are desired, this method can be further explored.

5.3 Reductions with Li2C10H8.2TMEDA

In the continuing search for strong reducing agent with soluble side products, Li bases

would be strong contenders given their highly negative reduction potentials. Prof.

Galen Stucky and his research group had reported isolation of the Lithium salt of the

naphthalene  dianion  as  its  TMEDA  (N, N, N’, N’-tetramethylethylenediamine)

complex in crystalline form6. Their reported synthesis looked simple enough to

Sample description              MA/ mA g-1 at 0.2 V

Pt-Al, no Pb (Without pretreatment) 0.016
Pt-Al, no Pb (Pretreatment at -0.7 V
for 30 min)

0.0095

Pt-Al, Pb (Without Pretreatment) 0.20
Pt-Al, Pb (Pretreatment at -0.7 V for
30 min)

0.087
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attempt in our laboratory since the base would have very high reducing power (highly

negative reduction potential). Also, since complexes of permethylated amines with

main group halides are known to be highly soluble in organic solvents and lithium

halide  complexes  with  different  ligands  have  been  studied  extensively  (often

crystallized from hexanes) 7-9, solubility of the possible side products from this base

(lithium halide complexes, given that chlorides and alkyl chlorides are used as the

metal precursors) should be high in THF and hexanes. Synthesis and reduction efforts

with  this  base  are  discussed  in  the  following  section.  Also,  since;  to  our  knowledge,

the reduction potential of this base hasn’t been measured previously, attempts were

undertaken to do the same.

 5.3.1 Experimental

Materials: TMEDA, Napthalene and n-BuLi (1.6 M solution in hexanes) were

obtained commercially from Aldrich. Initially, 1,4 dihydronapthalene was synthesized

in laboratory following a reported procedure10 given its limited commercial

availability. The synthesized product was purified by distillation. For later reactions,

commercially obtained 1,4 dihydronapthalene (Tokyo Kasei) was used.

5.3.1.1 Synthesis of the base

The procedure reported by the Stucky group was followed for synthesizing this base11.

0.85 g (6.5 mmol) of 1,4 dihydronapthalene was added to a 300 ml flask containing

200  ml  hexane  and  1.5  g  (13  mmol)  of  TMEDA  inside  the  argon  atmosphere  glove

box. 8.1 ml of n-BuLi solution in hexanes (1.6 M, 13 mmol) was added to this slowly

with a syringe. The solution was left to stir for 12 hr inside the glove box. After 12 hr,
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the product (purple crystals) were filtered, washed with hexanes, dried on the filter

paper and stored in scintillation vials in the glove box. Problems encountered during

the above procedure will be discussed in the next section.

5.3.1.2 Reduction of precursors

Two platinum precursors: Pt(acac)2 and  PtCl2COD were reduced individually using

this base and the results were compared. For each reduction 0.75 mmol of the reducing

agent  was  dissolved  in  THF  (30  ml)  inside  the  glovebox,  and  0.25  mmol  of  the

precursor (so 50 % reducing agent excess was used) dissolved in 20 ml THF and was

injected into this solution. An immediate color change to dark black on injection

suggested successful reduction. The mixture was stirred for 30 min, and brought

outside the box in a sealed reaction apparatus (3-neck round bottom with condenser

and adapter). The primary goal here was to try and isolate the side products, which, if

characterized successfully, would provide clear understanding of what was going on

in-situ, a process which has been impossible to do with sodium napthalide. So the

reaction vessel was hooked up to the Schlenck line and the mixture was cannula

transferred into a centrifuge tube, however, even on centrifuging at 9000 rpm for 40

min, the product did not precipitate out of THF. Thus, the THF was evaporated off

completely, Degassed MeOH (20 ml) was added to the tube, and the mixture was

sonicated and centrifuged. The supernatant was syringed of and collected for

characterization attempts. 30 ml of hexanes (dry, from the solvent system) was added

and the above steps were repeated. The product was dried under vacuum, exposed to

air slowly and characterized by XRD and WDS (in order to detect nitrogen).

Commercially obtained boron nitride was used as the standard for WDS experiments.
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5.3.1.3 Experiments to determine the reduction potentials of the base in THF

Although the Stucky group had crystallized the naphthalene dianion as its dilithium

salt co-ordinated with TMEDA and determined its structure by X-ray diffraction, very

few reports could be found on studies of its thermodynamic reduction potential. This

is because, although chemical reduction of these aromatic species could be easily

achieved with alkali metals in several solvents (e.g. in dry THF), electrochemical

reduction giving stable di-ions for these species require comparatively sophisticated

techniques. For example, observed potentials are often from irreversible processes due

to protonation reactions from impurities in the solvent or from species derived from

supporting electrolytes. Hence, we undertook some efforts to obtain the reduction

potential of this base (Li2C10H8.2TMEDA). The initial experiments involved obtaining

cyclic voltammograms in 0.1 M TBAP (C4H9)4NH2PO4, tetrabutylammonium

phosphate: commercially obtained, stored in argon atmosphere box) / THF (dry, from

solvent system) to check the potential window. Potentials were measured with respect

to Ag/Ag+ (50 mM AgClO4). Following initial experiments, the TBAP had to be

recrystallized to obtain a supporting electrolyte that was non-reactive in the desired

potential window of 0 to -3 V (vs Ag/Ag+). After establishing the potential window,

cyclic voltammograms were obtained with 100 mM solution of the base at scan rate 10

mV/s on a glassy carbon electrode. Comparative voltammograms with 100 mM

solutions of naphthalene were also obtained. These electrochemical experiments were

performed by Dr. Futoshi Matsumoto in the Abruna group.
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5.3.2 Results and discussion

Although a  reported  procedure  was  being  followed for  the  synthesis  of  the  base,  the

product yield was low (12.7%). Contrary to what was described in the literature, we

couldn’t  get  the  crystals  to  grow  large  enough  to  recover  all  of  it  by  filtration.  The

filtrate  was  dark  purple  even  after  multiple  passes,  and  seemed  to  contain  very  fine

crystals. The filtrate was recovered, concentrated and allowed to stand and some more

of the product was recovered from the second crop, however, we still failed to obtain

high product yield. We also encountered issues with stability of the base, as on drying,

the crystals would often change color from purple to yellow inside the argon

atmosphere box. The same was observed on adding THF (clean and dry, from solvent

system) and thus, the base was titrated with THF (adding small amounts of the former

to fixed volume of THF until dark purple color is retained) to determine what amount

of  the  base  in  a  given  volume  of  THF  would  ensure  sufficient  excess  of  the  former

present to reduce the metal precursors. 0.0051 g (0.014 mmol) of the base would be

required for 3 ml THF to obtain a dark purple solution, and it appeared stable over

extended time period. This required at least 0.21 mmol of the base for 45 ml of THF

(the amounts used for typical reduction reactions). This means that although 0.75

mmol  of  the  base  was  used  for  each  reduction  reaction,  the  actual  excess  of  the

reducing  agent  present  was  less  than  50  % (the  desired  excess)  since  some of  it  was

reacting with presumed impurities in the THF. Also, a possible reaction with THF

could be replacement of the TMEDA in the complex by THF, causing the color

change. If so, the reagent should still be able to reduce the metal precursors. Unless

the released TMEDA molecules adhered very strongly to the reduced metals (which

would cause problems similar to those with sodium napthalide) this reagent should

successfully accomplish our desired goals. If the above was indeed occurring and the



169

TMEDA was found to interfere, a similar reducing agent could be synthesized using

TMCDA (tetramethylcyclohexane-1,2-diamine), which is known to be more stable to

the above kind of replacement reactions. Also, the reduction reactions could be done

in a solvent other than THF, or since the rate of such a reaction should be dependent of

solvent order, the THF amount could be reduced by mixing in other solvents. Amongst

these possible routes, in order to decide a path, the speculations needed to be tested by

proving or disproving the role of TMEDA. This could be done if side products from

the reaction could be isolated and characterized (one of our initial reasons for selecting

this reagent) or if the chemical analysis of products isolated showed nitrogen. In our

attempts to do this, we did several experiments with the hexane collected from the

washes for the reduction of PtCl2COD  with  the  Li2C10H8.2TMEDA. Our initial goal

was to collect the THF post reduction as a supernatant and analyze it. However, it was

not possible to obtain THF as supernatant, since the products couldn’t be precipitated

from  THF.  We  would  need  to  always  evaporate  the  THF  off  in  order  to  collect  the

products. For these reactions, the MeOH wash step was skipped, since MeOH could

remove chlorides and amines from the system while our goal was to get them to

crystallize as Li salts and identify them. If this could be done successfully, they should

be  soluble  in  hexane,  which  would  allow us  to  skip  the  MeOH step  altogether.  This

would be highly beneficial while dealing with electropositive metals (see chapter 3

and 4 for detailed discussion on the topic).The hexane supernatant was collected in

and divided into halves. Half of it was refrigerated in order to crystallize possible Li

salts. The other half was allowed to dry under air. Although no crystals could be

obtained from the first half, yellow crystals were collected from the second (hexane

evaporated under air) and crystallographic analysis was attempted. Unfortunately the

crystals were ~0.1 mm size while at least 0.3 mm crystals were required for successful

analysis. So the procedure was repeated and this time, slower evaporation of hexane
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was  attempted  to  allow  the  crystals  to  grow  bigger.  However,  we  failed  to  isolate  a

larger crystal. In order to identify the crystals, they were washed carefully with small

amounts of hexane and dissolved in distilled H2O. AgNO3 was added to this solution

to identify presence of Chloride (expected side products would be (LiHal)n.(xL)n

crystals,  where  L  is  THF  or  TMEDA).  However,  no  whitish  color  was  observed,

instead, the AgNO3 dissolved to give a clear solution. This suggested absence of

chlorine in the crystals, or if present, the concentration of chlorine was lower than the

detection limit with this test. In other reactions tried (reductions of Pt(acac)2 and

PtCl2COD respectively), a MeOH wash was performed. The supernatant was collected

in each case The products from the Pt(acac)2 couldn’t be precipitated completely from

the MeOH, suggesting similar role of precursor ligands (especially of acetylacetonate)

in forming charged layers adhering to the particles preventing their precipitation from

polar solvents. In contrast, the products from PtCl2COD reduction precipitated out of

MeOH with ease giving a clear and almost colorless supernatant. EDS was performed

on the products and on the residues left behind on evaporating off the MeOH

supernatants (Table 5.2). Chlorine was absent on the product, but was present in the

residue from the MeOH wash, suggesting that the chlorine (in whatever form it was

present post reaction), could be removed by MeOH wash.
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Table 5.3: EDS data showing atomic percentages of Pt and Cl in the residue from

MeOH wash and the product from reduction of PtCl2COD and Pt(acac)2 with

Li2C10H8.2TMEDA. The remainder of the products and residues showed C and O.

 TGA on the product and MeOH residue for the PtCl2COD reduction showed 6% vs.

30 % weight loss respectively (Figure 5.2) suggesting removal of most of the other

volatile  side  products  (containing  C,  H  and  possible  N)  in  the  MeOH  wash,

presumably assisted by the chloride ions forming salts soluble in MeOH (easy

precipitation of the products out of MeOH in this case vs. in the case of reduction of

Pt(acac)2). Presence of chloride in high concentrations in the MeOH wash residue

from the reduction of PtCl2COD was also confirmed by the AgNO3 test.  EDS of the

residue from the Pt(acac)2 reduction showed significant amounts of Pt, which was not

unexpected since the products couldn’t be precipitated out completely. The MeOH

supernatant remained very dark when syringed off. WDS on the products in either

case showed no presence of nitrogen, suggesting TMEDA in nascent or derived form

is not sticking on to the products. So, although the side products couldn’t be identified

have Cl
0.0Cl

24.630.4Pt

Pt(acac)2PtCl2(COD)product

Should not
have Cl

0.0Cl

24.630.4Pt

Pt(acac)2PtCl2(COD)product

have Cl
0.53Cl

1.50.0Pt

Pt(acac)2PtCl2(COD)MeOH wash

Should not
have Cl

0.53Cl

1.50.0Pt

Pt(acac)2PtCl2(COD)MeOH wash

have Cl
0.0Cl

24.630.4Pt

Pt(acac)2PtCl2(COD)product

Should not
have Cl

0.0Cl

24.630.4Pt

Pt(acac)2PtCl2(COD)product

have Cl
0.53Cl

1.50.0Pt

Pt(acac)2PtCl2(COD)MeOH wash

Should not
have Cl

0.53Cl

1.50.0Pt

Pt(acac)2PtCl2(COD)MeOH wash



172

with this reagent, its ability to reduce PtCl2COD to give clean products was promising.

Even though yield was lost during MeOH wash with Pt(acac)2 as the precursor,

absence of nitrogen on the final product that  could be recovered  from MeOH (by

precipitation) was also encouraging. However, against our hopes, MeOH wash, once

again was found to be vital in each case, as otherwise chlorine (for PtCl2COD as the Pt

precursor) was detected on the products and the crystals isolated from the hexane wash

didn’t  test  positive  for  chloride.  There  is  a  possibility  that  with  Pt(acac)2 (a chloride

free precursor) all side products will be removed from the products with just hexane

wash. However, ligands of polar nature were found to adhere strongly to the products

in making them polar (the products didn’t precipitate out of MeOH). The possibility of

obtaining completely clean products with just hexane wash was slim, and wasn’t

explored.
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Figure 5.2: TGA data of product and MeOH wash residue from reduction of

PtCl2COD with Li2C10H8.2TMEDA.

Product from PtCl2COD reactionProduct from PtCl2COD reaction

Residue from MeOH washResidue from MeOH wash
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If 1,4 dihydronapthalene is obtained commercially, synthesis of the reagent

(Li2C10H8.2TMEDA) becomes an one step process. However, given the low yield and

instability on storing we decided to abandon this route.

Electrochemical experiments with Li2C10H8.2TMEDA: Efforts of measuring the

thermodynamic reduction potential of the base weren’t very successful. Firstly,

although a 100 mM solution of the base was prepared for the experiments, the solution

was found to loose color (going from purple to brown to yellow) on adding TBAP and

standing, suggesting reactions of the base with impurities in THF or TBAP. This

makes it impossible to determine the true concentration of the base during the

electrochemical experiments. Also, literature reports 12 with this base showed that due

to the high reactivity of the dianion, only the first reduction potential could be

measured reversibly (-2.53 V), but with methyl amine (MA) and dimethyl amine

(DMA)  as  solvents  and  tetrabutyl  ammonium  bromide  as  the  supporting  electrolyte.

Because of their extremely low electrophilicity, these solvents make it possible to

measure the reduction potentials without side reactions, allowing several aromatic

dianions to be generated reversibly within the timescale of slow sweep cyclic

voltammetry.  The  literature  also  suggests  that  the  tetrabutyl  ammonium  salts  are

stabilized in the amine solvents against possible Hoffman eliminations, which can

occur in solvents like THF, thus resulting in protonated species participating in side

reactions. However, even with the extremely negative cathodic limits that could be

obtained with these solvents (-3.3 V vs Ag/AgCl for MA and -3.4 V vs Ag/AgCl for

DMA), the literature reports the second reduction potential to be beyond the cathodic

limit for naphthalene, and only the monoanion formation could be observed. This

effect has been explained by the extra energy penalty that has to be paid for the second

reduction in naphthalene anion since it attains an anti aromatic character13. This agreed

with what we observed from our experiments with TBAP/THF. Literature reports exist
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on using highly purified and super dried THF and NaBPh4 for reversible generation of

highly charged anions14 and on use of liquid ammonia as solvent for electrochemical

experiments with aromatic dianions15. However, these techniques would require

significant sophistication, expertise and time. Thus, we were unwilling to go further

until we had confirmed the synthetic utility of this base for our purposes.

5.4 Reductions with n-BuLi

We have established in the previous chapters and in the earlier sections of this chapter

the need for a ‘strong’ (to be able to reduce electropositive metals beyond those for

which sodium borohydride is sufficient) and ‘clean’ (so there’s no interference from

by-products coming from the reducing agent or precursors so that the desired phases

can form easily) reducing agent. Additionally, from our experience with synthesis of

the Li2C10H8.2TMEDA and previous work done in the group with sodides, something

commercially available or something that can be synthesized easily would be highly

desirable. N-butyl lithium fits the above criterion well. Also, since it is available

commercially as solution in hexanes (of different concentrations) or as a neat liquid, a

desired amount can be injected into the precursor solution. This allows us to use

higher volume of solvents for dissolving the precursors. Earlier, we were injecting the

precursors into the reducing agent solution, and hence were limited by syringe volume

and injection speed. Injecting very high volumes (> 20 ml) of precursor solutions into

the reducing agent wouldn’t be very reasonable from speed and efficiency point of

view. There’s also the need to limit the total solvent volume of the reaction so that a

reasonable reagent concentration is maintained. In a typical reaction, a sodium

napthalide solution would contribute 40 ml to the total solvent volume compared to a

few µ- or milli- liters (depending on the solution strength) of n-butyl lithium.



176

This advantage might allow us to use metal chlorides, or mixed metal chlorides (or

halides) as precursors, which would be ideal for minimizing side products (only metal

halide salts should form as side products), but could seldom be used before because of

their limited solubility in THF. Even if alkyl chloride precursors are used, side

products should be limited to salts or simple organics which should all be soluble in

hexanes (Scheme 5.1). Lastly, n-butyl lithium (nBuLi) is safer to handle than its close

cousins like t-butyl lithium. Even then, all reactions to be discussed in this section

were done inside an argon atmosphere box for safety reasons.

Scheme 5.1:  Possible products resulting from different metal precursors co-reduced

with nBuLi in presence of THF as the solvent.

5.4.1 Experimental

Materials: nBuLi was obtained commercially from Aldrich (1.6 M solution in

hexanes). THF and hexanes were obtained from the solvent system (custom built Seca

solvent system by glass contour). All precursors were obtained commercially from

Aldrich. The Na2PtCl6.6H2O salt was obtained commercially (Alfa Aesar) and heated

up under vacuum in a sealed quartz tube to obtain in anhydrous form (by Dr. Brian

MClx /                              M’Clx’/       M-M/M’-M’/              Different organics with
MRyClx + THF + BuLi + M’R’y’Clx’= M-M’ + LiCl + R,R’and Bu which should

all be soluble in hexanes

NaxMCly + M’Clx’+ BuLi + THF = M-M’(etc) + LiCl + NaCl + simple alkanes,
should be soluble in
hexanes

Where M,M’–Metals, R,R’–Alkyl/THF
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Leonard in the DiSalvo group). However, some amount of water might have been left

in the final product and obtaining it in completely anhydrous form was not possible.

Single precursor reductions: 0.06 mmol of the desired precursor (CrCl3, Ti(THF)2Cl4,

TiCp2Cl2, VCl3, Mn(acac)3) was dissolved in 18 ml (in a scintillation vial) THF inside

the argon atmosphere box. nBuLi solution; stored in the box in a refrigerator, was

allowed to warm up to room temperature for 15 min. The desired volume (10 %

excess of reducing agent was used for each injection) was then drawn out in a 1 ml

glass syringe, and injected into the precursor solution. Immediate observations were

noted, additional amounts of nBuLi (always 10 % excess at a time) were injected until

no further change was observed on injection and the solution was allowed to stand for

a few days. Observations were noted. No attempts to isolate and characterize the

products were made in the case of the single precursor reductions. With CrCl3 and

TiCp2Cl2,  reactions  were  repeated  with  a  higher  solvent  volume  (the  precursor  was

dissolved in 125 ml THF in a 250 ml 2 necked round bottom flask) keeping everything

else  the  same  to  study  the  effect  of  solvent  volume,  if  any,  on  reduction  of  metal

precursors by nBuLi.

Co-reductions of metal precursors: 0.06 mmol each of precursors were dissolved in

pairs in 18 ml THF (CrCl3/PtCl2COD, VCl3/PtCl2COD, TiCl2Cp2/PtCl2COD). For

Ti(THF)2Cl4/Na2PtCl6.6H2O and VCl3THF3/Na2PtCl6.6H2O, 0.25 mmol each of the

precursors were dissolved in 18 ml THF. A large scale reaction, with 0.5 mmol each

of TiCl2Cp2 and PtCl2COD dissolved in 40 ml THF was also done. In all cases, 10 %

excess of nBuLi (as a 1.6 M solution in hexanes) was injected into the precursor

solution. The reactions were allowed to stir for 20 min in most cases and allowed to

stand overnight. For the reactions with Na2PtCl6.6H2O, the reactions were stirred for 3

h and allowed to stand overnight. The products were recovered in most cases by

concentrating the THF to 50 % of the initial volume, adding equal amount of hexanes
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and then centrifuging at 9000 rpm for 30 min. The supernatants remained dark in most

cases and the rest was recovered by evaporating off the solvent to dryness under

vacuum. In each case, the products were washed repeatedly with hexanes. The

products were then dried under vacuum, exposed to air slowly, X-rayed and annealed

in sealed silica tubes. In one case, the large scale reaction with TiCl2Cp2 and

PtCl2COD, the product was recovered by pouring the reaction solution into an

Erlenmeyer flask containing large amount of hexanes (200 ml), causing the product to

precipitate. The product was then recovered by decantation, washed repeatedly with

hexanes, and annealed in sealed silica tubes at different temperatures without ever

being exposed to air.

5.4.2 Results and discussion

5.4.2.1 The single precursor reductions

The single precursor reductions were performed to see what precursors can be reduced

successfully by nBuLi and identify other issues that might arise with nBuLi method

while keeping the system simple. Scheme 5.1 gives a possible scenario with this

method, but there are several possible issues hidden within this simplistic depiction.

Issues like reaction between nBuLi and THF (or solvation of nBuLi by THF),

alkylation reactions by nBuLi with the organic groups in the precursors, formation of

mixed metallic phases of the metals with Li are some of the possible processes which

might effect the end product. The rates of these processes, how the rates change with

temperature and solvent (THF) order would ultimately decide the end result. Also, if,

as depicted in scheme 5.1, only salts and simple organics (soluble in hexanes) are

formed as side products, with no side species adhering strongly to the reduced metals,
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the desired metallic phases would be able to nucleate, grow, and agglomerate and

should crash out of the reaction solvent easily. Thus, immediate reduction observed on

injection of nBuLi into the precursor solution under different conditions, followed by

eventual precipitation of black material would indicate a) the reduction process

predominates under those conditions over other possible parasitic processes, b) by-

products are not interfering significantly in the nucleation and growth of the desired

phases after the initial rapid reduction. Single precursor reductions, with only one

precursor in question, will offer greater chance of observing behaviors like these and

identifying other possible reaction routes.  Table 5.4 gives a summary of observations

for the different precursors injected with nBuLi. We discuss the observations and

conclusions that can be drawn from these observations in the order in which they are

given in the table.
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Table 5.4: Observations on injecting 1.1 * x * y equivalents of nBuLi (where x is the

valency of the metal and y is number of times x * 1.1 equivalents of nBuLi was

injected) into solution/suspension of different metal precursors in THF.

CrCl3 (0.06 mmol) does not appreciably dissolve in 18 ml of THF; rather a suspension

of fine particles is obtained. An immediate color change to dark black from a purple

suspension occurs on injection of 10 % in excess nBuLi and the color stayed constant

with time. However after a couple of days, the solution color changed to green (color

of Cr2O3).  No precipitation  of  product  was  observed  at  any  time.  CrCl3 dispersed in

125  ml  of  THF  showed  no  observable  change  from  a  purple  suspension  on  the  first
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nBuLi, a series of color change occurred within a total time period of 5 min, the color

change processes then slowed down. No black particles were seen to be formed at any

stage. After 2 days, a yellow solution with a cloudy precipitate was obtained. The

precipitate was collected and the solution was evaporated off to obtain a residue. TGA

and EDS analysis was done on these materials. However, no significant information

could  be  obtained  from either,  except  for  the  presence  of  Cr  detected  by  EDS in  the

residue from the solution suggesting that Cr existed in some form other than the

precursor CrCl3 (purple crystals, detected in small amounts in the cloudy precipitate,

since CrCl3 doesn’t dissolve in THF), reduced Cr metal (would result in black

nanoparticles) or Cr2O3 (green). This would mean that the precursor suspended in the

THF reacted with nBuLi (or with THF and nBuLi when the later was added) and went

through several intermediary steps (suggested by the fast and various color changes of

the solution observed) before forming the final yellow solution. The residue obtained

by  evaporating  off  the  yellow  solution  was  yellow  in  color  and  soluble  in  THF  and

H2O, while the precipitate was white and insoluble in THF and H2O. Both TGA and

EDS showed presence of significant amounts of organics. Chlorine was also detected

in  both  materials  by  EDS.  X-ray  analysis  showed  these  materials  to  be  amorphous.

Although these materials couldn’t be identified completely, this experiment suggested

that the reaction of CrCl3 with nBuLi definitely depends on THF order, since the

results  were  dramatically  different  with  different  THF  volumes.  The  reaction  results

also showed that with smaller volume of THF, CrCl3 can be successfully reduced by

10 % excess of nBuLi.

The next precursor to be studied was Ti(THF)2Cl4. 0.06 mmol dissolved in 18 ml of

THF showed immediate color change to black suggesting reduction on injection of

10 % excess nBuLi. However, within a few seconds, the solution color cleared up

significantly to give an almost orange solution (Figure 5.3). No further change was
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observed on a second injection of same amount of nBuLi. These results suggest that

the reduced Ti reacts with THF or possibly with the butyl group.

Figure 5.3: TiCl4(THF)2 solution in THF a) before, b) immediately after and c) few

minutes after injection of 10 % excess nBuLi.

TiCp2Cl2 was tried next. It showed immediate reduction on the first addition of nBuLi.

The dark black color of the solution stayed constant with time and a black product

crashed out leaving a clear, but colored supernatant over a period of 2 days. Since this

precursor showed the ideal behavior with a small solvent volume, the experiment was

repeated  with  125  ml  of  THF to  check  if  the  effect  of  solvent  volume was  a  general

one, or one restricted to certain metals/precursors (like CrCl3). The observation

suggested the former, since no reduction was observed in this case, the solution turned

green on injection and yellow on further stirring. No further change was observed on a

second injection of nBuLi, but the solution changes to red-black color over a period of

2 days.

VCl3 and Mn(acac)3 (0.06 mmol dissolved in 18 ml THF) both showed immediate

reduction on addition of nBuLi with black particles precipitating out over a period of 2

days. For Mn(acac)3 however,  5  injections  of  nBuLi  (10  %  excess  each  time)  were

a b ca b c
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required for completion of reduction (until no further color change could be observed),

since  with each injection solution turned darker and darker (Figure 5.4).

Figure 5.4: Mn(acac)3 solution in THF a) before, b) after  1st injection, c) after 2nd

injection and d) after 6th injection of 10% excess nBuLi.

These observations lead us to make the following conclusions about the nBuLi

method:

• nBuLi can reduce Cr,  Ti,  V and Mn. Solubility issues remain  with Cr and V

chlorides.

• The reaction depends on volume of THF (observed both for CrCl3 and

TiCp2Cl2).

a b

c d

a b

c d
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• The reaction appears to depend on the ligands in the precursor (TiCl4THF2

different from TiCp2Cl2, Mn(acac)3  needed much more nBuLi for complete

reduction).

• The reaction  is  not  simple  in  the  case  of  high  solvent  volume – so  salts  with

reasonable solubility in THF are required.

So the question remains: are nanoparticles of these metals kinetically stable in pure

THF and/or do they react with impurities in the THF.

5.4.2.2 Co-reduction of metal precursors

As discussed in the experimental section, both co-reductions of CrCl3/PtCl2COD and

VCl3/PtCl2COD resulted in some product that could be recovered by precipitation

from the mother solvent (to be referred to as PtCr-ppt and PtV-ppt respectively). The

rest of the products in each case were recovered by evaporating off the mother solvent

completely (to be referred to as PtCr-THF evap and PtV-THF evap respectively). X-

ray analysis of the products from the Pt-Cr reaction showed the former product (PtCr-

ppt) to give extremely broad peaks, while the later (PtCr-THF evap) showed peaks

indexing closely to LiCl and the PtCr tetragonal intermetallic phase (Figure 5.5). This

was quite remarkable, since these materials were never heated up, and room

temperature crystallization of Pt phases with highly electropositive metals like Cr was

not observed before. This also showed that LiCl is formed as a side product, and since

it was detected in the product obtained by evaporating off THF and not on the

precipitate, it had to be quite soluble in THF. This was also promising, showing that

with  this  method,  we  are  at  last  forming  side  products  which  can  be  easily  removed

without washes with highly protic solvents like MeOH and H2O: definite good news

for targeting phases with highly electropositive elements.
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Figure 5.5: Products obtained as precipitate (top) and on evaporating off solvents

(bottom) from co-reduction of CrCl3 with PtCl2COD. The black and red lines mark the

Pt (PDF # 01-070-2057) and PtCr (PDF # 03-065-4629) peak positions respectively,

the * denotes peaks from LiCl(H2O) (PDF # 01-073-1273)  and # denotes LiCl (PDF #

01-074-1181) peaks.
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For the Pt-V reaction, the PtV-ppt product showed peaks indexing close to the PtV

phase, while the PtV-THF evap product showed broad peaks and LiCl (Figure 5.6).

Figure 5.6: Products obtained a) on evaporating off solvents and b) as precipitate from

co-reduction of VCl3 with PtCl2COD. In a) the black and red lines mark the Pt (PDF #

01-070-2057) and PtV (PDF # 01-072-3010) peak positions respectively, the * denotes

LiCl peaks. In b) the black lines denote Pt peak positions, the red lines denote PtV

peak positions, * denotes peaks from LiCl(H2O) (PDF # 01-073-1273)  and # denotes

LiCl (PDF # 01-074-1181) peaks.
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EDS analysis on these materials showed presence of the electropositive element (Cr or

V) in amounts equivalent to Pt (Table 5.5), while in previous observations (with our

previous methods), a 1:1 precursor ratio would give products with 3:1::Pt:X at best,

where  X is  a  reactive  metal  like  Ti,  Cr  or  V).  TGA analysis  showed the  presence  of

organics in smaller amount in the products obtained by precipitation (PtCr-ppt and

PtV-ppt) than in the products obtained by evaporating off solvent (PtCr-THF evap and

PtV-THF evap) (Figure 5.7). The products from Pt-Cr and Pt-V reactions were

annealed at 700 oC for 24 h and 750 oC for 24 h respectively. The annealed products

did not reveal any further information, as X-ray diffraction patterns from the products

indexed  to  a  cubic  Pt  phase.  This  may  be  due  to  reaction  of  the  Cr  and  V  with  the

silica tube. Evidence for this could be seen by attack on the inner walls of the tube.

Blackening  of  the  walls  of  the  annealing  tubes,  similar  to  what  was  observed  with

sodium napthalide reduction products, was observed in these cases.



188

Table 5.5: EDS data showing ratio of atomic % of different elements in the

unannealed products obtained by co-reduction of PtCl2COD with CrCl3 and VCl3

respectively. PtX ppt and PtX THF evap (where X is Cr or V) refer respectively to

product obtained as precipitate or by evaporating off THF post reduction. Note the

large amount of organics (data obtained from dry products dispersed on plasma

cleaned Al stubs) detected.

5.5157.7834.570.770.94PtV THF
evap

14.1641.3713.334.250.58PtV ppt

ClOCVPt

16.0244.3532.883.202.31PtCr THF
evap

3.0742.7349.831.021.51PtCr ppt

ClOCCrPtAtm% of :

5.5157.7834.570.770.94PtV THF
evap

14.1641.3713.334.250.58PtV ppt

ClOCVPt

16.0244.3532.883.202.31PtCr THF
evap

3.0742.7349.831.021.51PtCr ppt

ClOCCrPtAtm% of :
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Figure 5.7: TGA data of different products obtained from co-reduction of PtCl2COD

with CrCl3 and VCl3 respectively. PtX ppt and PtX THF evap (where X is Cr or V)

refer respectively to product obtained as precipitate or by evaporating off THF post

reduction.

Co-reduction of TiCp2Cl2 and PtCl2COD in 18 ml THF showed immediate reduction,

with the product crashing out of THF on standing overnight. EDS analysis showed the

product to have unprecedented amounts of Ti (Figure 5.8), and SEM imaging showed

agglomerated material (Figure 5.9). However, X-ray diffraction patterns from the as

prepared material indexed closely to Pt3O4 (Figure 5.10). This was very puzzling,

since Ti was the element expected to be oxidized of the two if oxidation was to happen,

but no Ti oxide peaks were detected. Perhaps this similarity is accidental, for example,



190

there may be a Pt-Ti-O phase with very similar lattice parameters, although none have

been reported.

Figure 5.8: EDS spectra and atomic % ratio of Pt:Ti of the TiCp2Cl2 and PtCl2COD

co-reduction product.
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Figure 5.9: SEM image of the TiCp2Cl2 and PtCl2COD co-reduction product.

Figure 5.10: X-ray diffraction pattern of the TiCp2Cl2 and PtCl2COD co-reduction

product (as prepared, before annealing). Red lines indicate the peak positions for the

Pt3O4 phase (PDF # 04-007-2455)

2 µm2 µm
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The sample was then annealed at 600 oC for 12 h. The X-ray diffraction pattern of the

annealed product showed familiar relatively broader peaks, with maxima indexing

close to cubic Pt peaks. This reaction was scaled up and repeated and the product was

annealed at several different temperatures (300 oC, 500 oC and 700 oC)  for  12  h

without exposing to air at any step. The X-ray patterns showed broad peaks indexing

close to Pt, but EDS analysis showed presence of almost twice the mole fraction of Ti

than Pt (Table 5.6). This again was quite surprising. Disappointing too, as although the

final products showed much more Ti with this method than previously possible,

evidence of ordered (or even alloy phases with peaks significantly shifted from Pt)

could  still  not  be  obtained  by  X-ray  diffraction  analysis.  Blackening  on  the  walls  of

the tubes (the usual indication of C present) was found to increase with the annealing

tem[perature. The 300 oC tube showed no blackening whatsoever on the walls of the

tube, the 400 oC  tube  showed  a  faint  layer  of  soot  like  deposits  on  its  walls,  while

walls of the 700 oC  tube  were  completely  blackened.  SEM  images  of  these  samples

(especially the one annealed at 500 oC) showed presence of morphologically different

and interesting structures, which couldn’t be yet identified (Figure 5.11).

Table 5.6: Ratio of atomic % of Pt:Ti (from EDS) in as prepared and annealed

products of the TiCp2Cl2 and PtCl2COD co-reduction (annealed at 300 oC for 12 h and

annealed at 500 oC for 12 h without ever being exposed to air).

TiPtAtm% of:

1.81500 oC

1.91300 oC

21As prepared

TiPtAtm% of:

1.81500 oC

1.91300 oC

21As prepared
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Figure 5.11: SEM image of the product of co-reduction of PtCl2COD and TiCp2Cl2

after annealing at 500 oC for 12 h. Morphologically interesting structures can be seen.

Co-reductions of Ti(THF)2Cl4 and  V(THF)3Cl3 respectively  with  Na2PtCl6.6H2O

showed immediate reduction on injection of nBuLi. It should be mentioned here that

some initial cloudiness was observed on mixing the precursors which cleared off on

stirring for 10 min (Figure 5.12). This might indicate reaction of Ti and V with H2O

present  in  the  Pt  salt.  Obtaining  the  later  in  completely  anhydrous  form  was  not

possible.

10 µm10 µm
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Figure 5.12: Solutions of Na2PtCl6.6H20 and TiCl4(THF)2 and VCl3(THF)3 in THF a)

immediately on mixing b) few minutes after and c) after injection of nBuLi.

These reactions also gave two products each – recovered by precipitation and

recovered by evaporating off the solvents All four products were annealed at 400 oC

for 48 h without ever exposing to air and X-ray diffraction patterns were obtained. The

products obtained as precipitates in each case showed the presence of significant

amounts of NaCl by X-ray diffraction (Figure 5.13). In the case of the Pt-Ti broader

peaks  with  maxima close,  but  shifted  from Pt  were  also  observed.  SEM images  also

confirmed the presence of a lot of salt in these samples.

a b ca b c
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Figure 5.13: X-ray diffraction patterns of the products obtained as precipitates from

co-reduction of a) TiCl4(THF)2 and b) VCl3THF3 with Na2Cl6.6H2O. Black lines mark

Pt peaks (PDF # 01-070-2057) and # shows NaCl peaks. * denotes unidentified peaks

in a).
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For the Pt-V reaction, the product obtained by evaporating off solvents showed peaks

indexing to PtV phases, LiCl and some broader regions close to where Pt peaks would

index (Figure 5.14). The one from Pt-Ti reaction showed broad peaks indexing close

to Pt. However, one point to note here would be the NaCl detected on the precipitates

proving its formation and insolubility in THF. This might become a potential

drawback of using mixed metal salts with Na. Thus, while exploring mixed metal salts

for higher solubility in THF and cleaner precursors, Li salts would be preferable.  EDS

data showed presence of the electropositive metals in ratios comparable to Pt in the

products (Table 5.7). This is more promising than sodium napthalide reduction, since

loss of the reactive metal (probable cause discussed extensively in Chapter 4) was a

significant challenge for the latter.

Also promising was the fact that the walls of the tubes in which all these products

were annealed were completely clean and showed no indication of carbon deposition

(Figure 5.15).
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Figure 5.14: X-ray diffraction patterns of the products obtained on evaporating off the

solvents after co-reduction of a) TiCl4(THF)2 and b) VCl3THF3 with Na2Cl6.6H2O.

Black lines mark Pt peaks and * denotes LiCl/LiCl(H2O) peaks and # denotes

unidentified peaks. The red lines denote the Pt3Ti (PDF # 00-017-0064) and PtV (PDF

# 01-072-3010) peak positions respectively in a) and b).
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Table 5.7: EDS data showing ratio of atomic % of different elements in the products

obtained by co-reduction of   TiCl4(THF)2 and VCl3THF3 with Na2Cl6.6H2O. PtX ppt

and PtX THF evap (where X is Ti or V) refer respectively to product obtained as

precipitate or by evaporating off THF post reduction.

Figure 5.15: Tubes of Pt-V and Pt-Ti reactions taken out of the furnace after annealing

at 400 oC for 48 h. No black deposits were seen on the walls.
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5.5 Conclusions

In conclusion, several different alternatives to sodium napthalide for co-reducing

metals across the periodic table has been tried and tested. Alkyl lithiums (nBuLi

primarily)  seem  to  be  the  most  promising  of  them  so  far.  The  advantages  of  nBuLi

have already been discussed in the introductory sections of this chapter. Additionally,

high contents of electropositive and highly reactive elements were recovered in the

products (with possibilities of ordered phases in some cases) of nBuLi reductions and

impurities observed were simple salts or hydrated salts. Further work with this method

to obtain cleaner products is worth trying and may be promising.

Keeping in mind the necessity of finding salts soluble in THF or other ethereal

solvents, mixed metal salts of Pt and other elements with alkali metals like Li and Na

are being synthesized by others in the group. Li is preferred over Na since NaCl is a

by-product formed in the later case which doesn’t dissolve in THF. Out intention is to

co-reduce the salts and characterize the products. The products discussed in this

chapter will be tested for electrochemical activity. Hopefully, promising outcomes

from the above measures will lead to the development of the nBuLi reduction methods

that will prove more versatile than the sodium napthalide method.



200

REFERENCES

1. Mortimer, C. T., Reviews in Inorganic Chemistry 1984, 6, (3), 233.

2. Schaak, R. E.; Sra, A. K.; Leonard, B. M.; Cable, R. E.; Bauer, J. C.; Han, Y.

F.; Means, J.; Teizer, W.; Vasquez, Y.; Funck, E. S., Metallurgy in a beaker:

Nanoparticle toolkit for the rapid low-temperature solution synthesis of functional

multimetallic solid-state materials. Journal of the American Chemical Society 2005,

127, (10), 3506-3515.

3. Connelly,  N.  G.;  Geiger,  W.  E.,  Chemical  redox  agents  for  organometallic

chemistry. Chem. Rev. 1996, 96, 877-910.

4. Carper, J., The CRC Handbook of Chemistry and Physics. Library Journal

1999, 124, (10), 192-+.

5. Murphy, D. W., Intercalation chemistry. Advances in the synthesis and

reactivity of solids 1991, 1, 237-272.

6. Brooks,  J.  J.;  Rhine,  W.;  Stucky,  G.  D.,  Pi  Groups  in  Ion-Pair  Bonding  -

Stabilization of Dianion of Naphthalene by Lithium Tetramethylethylenediamine.

Journal of the American Chemical Society 1972, 94, (21), 7346-&.

7. Barr, D.; Snaith, R.; Wright, D. S.; Mulvey, R. E.; Wade, K., Reactions of

Ammonium-Salts with Butyllithium and with Lithium Hydride - New Routes to Fully

Anhydrous Inorganic Lithium Complexes. Journal of the American Chemical Society

1987, 109, (25), 7891-7893.

8. Hoffmann, D.; Dorigo, A.; Schleyer, P. V.; Reif, H.; Stalke, D.; Sheldrick, G.

M.; Weiss, E.; Geissler, M., The Bicyclic Structure of a Novel Tmeda-Solvated

Lithium-Chloride Tetramer [(Licl)(4).3.5tmeda](2) - X-Ray Structural-Analysis and

Mo Investigations. Inorganic Chemistry 1995, 34, (1), 262-269.

9. Moser, W. R.; Langer, A. W., Catalysis in organic syntheses 1978.



201

10. Menzek, A.; Altundas, A.; Gultekin, D., A new, safe and convenient procedure

for reduction of naphthalene and anthracene: synthesis of tetralin in a one-pot reaction.

Journal of Chemical Research-S 2003, (11), 752-753.

11. Stucky, G. D.; et. al, Journal   of the American Chemical Society 1965, 87, 655.

12. Meerholz, K.; Heinze, J., Multiple Reversible Electrochemical Reduction of

Aromatic-Hydrocarbons in Liquid Alkylamines. Journal of the American Chemical

Society 1989, 111, (6), 2325-2326.

13. Melero, C.; Guijarro, A.; Yus, M., Reactivity in the upper limits of the

reduction potential in solution: arene dianion intermolecular carbolithiation of alkenes.

Tetrahedron Letters 2006, 47, (35), 6267-6271.

14. Mortensen, J.; Heinze, J., Tetraanions of Acepleiadylene and Pyrene - an

Electrochemical Study. Tetrahedron Letters 1985, 26, (4), 415-418.

15. Demortie.A; Bard, A. J., Electrochemical Reactions of Organic Compounds in

Liquid-Ammonia .1. Reduction of Benzophenone. Journal of the American Chemical

Society 1973, 95, (11), 3495-3500.



202

Chapter 6

PREPARATION AND ELECTROCHEMISTRY OF Pt-Cd AND Pt-Hg

NANOPARTICLES

6.1 Background

As discussed in Chapter 1, need for good electrocatalysts is our underlying motivation

for understanding the mechanism of nano phase syntheses of alloys and intermetallic

compounds.  In  this  goal  we  work  in  collaboration  with  the  CFCI  combinatorial  sub-

group. We follow their lead in exploring potential catalysts whenever promising

activity is reported. In this chapter, we look away from the mechanistic work we have

done (and are continuing to do) in understanding co-reduction method for

nanomaterials synthesis. Instead, we discuss a few catalytically interesting phases

synthesized following combinatorial leads. Pt-Cd and Pt-Hg phases were synthesized

and studied as nanomaterials (and in bulk form). The results from the combinatorial

group that lead us to explore these phases are discussed in brief in the next section.

This is just to offer some perspective, full discussion and analysis of the combinatorial

methodologies and studies1-3 is  beyond  the  scope  of  this  work.  We  then  discuss  the

syntheses methods explored and the phases obtained. Lastly, electrochemistry showing

catalytic activity of these phases is presented. The combinatorial work mentioned in

this Chapter was done by John Mathew Gregoire, and the electrochemical tests were

carried out by Dr. Quin Zhao, graduate and post doctoral students respectively in the

present DiSalvo group. We plan to publish this work in one of the major journals in

this field in the near future and are currently preparing for submission.
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6.2 Combinatorial leads generating interest in Cd and Hg phases

The combinatorial group in the CFCI investigated the improvement of electrochemical

activity of Pt by adding different alloying elements. In particular, they used the

flourescence profiles for MeOH oxidation of thin films to choose the optimal

composition/processing. Figure 6.1 shows that several elements can be alloyed into fcc

Pt to improve its activity. The E1/2 values shown in the figure are from curve fitting

flourescence profiles of MeOH oxidation. The minima of each curve are

approximately the solubility limit of the element in Pt. Cd, not shown on this curve

(given  its  toxic  nature,  sputtering  experiments  were  not  done  with  Cd)  has  a  higher

solubility limit in Pt (41 % at low temperatures)4. Therefore, significant improvement

of catalytic activity of Pt should be observed on alloying Cd into Pt. Figure 6.2 shows

maximum % change in Pt lattice constant (calculated from diffraction data and

solubility limits4)  plotted  against  maximum  electron  transfer  per  atom  for  several

elements (calculated using Miedema model5 and solubility limits) with the color scale

depicting the flourescence activity for MeOH oxidation (red equals highest activity).

Of the elements shown in the figure, only 4 elements were not tested by the

combinatorial method (Ga – melts too low so couldn’t be sputtered, Os – oxide is

toxic,  Ir  and Cd).  Given that the position of Cd on the plot is  very different from the

others, Pt-Cd catalysts would be potentially very interesting as bulk or nano-materials

(alloy or intermetallic with Pt). Of the group 12 elements, Zn has already been

explored (Figure 6.2, shows high activity) as thin films with Pt and nano-materials. So,

both  Cd,  Hg,  which  are  too  toxic  to  be  explored  by  sputtering  were  explored  as

alloying elements for Pt using our co-reduction method to prepare nano materials and

by high temperature methods to produce bulk materials.
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Figure 6.1: Alloying of different elements into Pt to improve its activity towards

MeOH oxidation. Value obtained by curve fitting flourescence profiles of MeOH

oxidation.
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Figure 6.2: Maximum % change in Pt lattice constant plotted against maximum

electron transfer per atom plotted for several elements. Color scale indicates

flourescence activity for MeOH oxidation of the alloy with red standing for highest

activity.

6.3 Experimental

6.3.1 Synthesis

Both sodium napthalide and sodium borohydride reductions of Pt, Hg and Pt, Cd

precursors were carried out. The reason for using two different reducing agents is

discussed in section 6.4. Bulk phase synthesis of the Pt-Hg phases was also used to

compare the activity with nanoparticles of the same composition.
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6.3.1.1 Sodium borohydride reductions

Materials: Hexachloroplatinic (IV) acid (H2PtCl6) was obtained from Strem

Chemicals. Potassium hexachloroplatinate (K2PtCl6) was synthesized in the

laboratory6. Cadmium (II) chloride (CdCl2) and mercury (II) chloride (HgCl2)

(Aldrich) were used as Cd and Hg precursors. Anhydrous methanol (Alfa Aesar) was

used as the solvent. NaBH4 (Aldrich)  was  used  as  the  reducing  agent.  Degassed

distilled water and acetone (Aldrich) were used to wash the final products.

Experimental: For each reaction, 50 ml MeOH was degassed for 2 h.  1.4 mmol each

of the Pt and Cd or Pt and Hg precursors were dissolved in 40 ml of the degassed

MeOH in a 2 necked round bottom flask (required stirring for some time) under argon.

20 equivalents of NaBH4 (1.4  *  20  mmol)  were  dissolved  in  the  rest  of  MeOH

(vigorous bubbling observed) and was poured through the 2nd neck of the flask into the

precursor solution. Immediate reduction and vigorous evolution of hydrogen gas was

observed. The second neck of the flask was closed with a stopper once the bubbling

subsided (the other neck was used all the time to purge the flask with argon). The

reaction  was  allowed  to  stir  overnight  after  which  the  product  was  allowed  to  settle

down. The product was isolated by decantation.

In some cases, centrifugation was necessary to completely precipitate out the product.

If so, the solution was concentrated by evaporating off some of the solvent under

vacuum. This would allow us to accommodate the reaction mixture in a centrifuge

tube.  The  mixture  was  transferred  into  a  Teflon  centrifuge  tube  with  a  cannula  and

centrifuged. The product was isolated and washed repeatedly with deionized water,

and finally with acetone. After the acetone wash, the product was dried under vacuum,

backfilled with argon and exposed to air slowly by piercing the septum with a syringe

needle. For Pt-Hg, several more reactions were carried out targeting the other PtHg
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phases (Hg4Pt, Hg2Pt and alloy phase of 90 % Pt with 10% Hg).  For these reactions,

only the initial ratio of the Pt:Hg precursors was varied depending on the desired

phase (e.g. for the Hg2Pt  phase,  0.9  mmol  of  K2PtCl6 and 1.8 mmol of HgCl2 was

dissolved in MeOH) everything else was kept the same as the above described

procedure. The reducing agent excess was always maintained at 20 equivalents with

respect to the Pt precursor. X-ray diffraction patterns, SEM images and EDS data were

obtained in each case.

Similar reactions were attempted for Pt-Cd to Pt rich alloy phases as nano-materials.

For these reactions, 1 : 9 equivalents of  Cd : Pt (for a 90% Pt 10 % Cd alloy) and  2 :

8  equivalents  of  Cd :  Pt  (for  a  80  % Pt  20  % Cd alloy)  of  the  Cd and  Pt  precursors

(CdCl2 and  K2PtCl6) were dispersed in 40 ml THF. To each of these suspensions

(K2PtCl6 is not very soluble in MeOH, so obtaining is clear solution is often not

possible), 9 * 20 equivalents of NaBH4 (dissolved in 10 ml MeOH) were added. The

reactions were stirred overnight, the products were isolated by decantation (and

centrifugation if necessary), washed repeatedly with deionized water and finally with

acetone. The products were then dried under vacuum and exposed to air slowly, as

above.

6.3.1.2 Sodium napthalide reductions

Materials: Naphthalene was purchased from Fisher. Sodium metal and diglyme were

purchased from Aldrich. THF and diglyme were freshly distilled over sodium prior to

use. Sodium napthalide was prepared freshly for each reaction following the procedure

described in section 2.2.3. Platinum acetylacetonate (Pt(acac)2), cadmium

acetylacetonate (Cd(acac)2) and mercury (II) acetate (Hg(CH3CO2)2) were all

purchased from Aldrich.
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Experimental: 0.5 mmol each of the Pt and Cd or Pt and Hg precursors were dissolved

in 20 ml THF inside the glove box and taken out in a syringe and injected into the

freshly prepared sodium napthalide solution (2.2 mmol sodium napthalide in 30 ml

THF). An immediate color change from light yellow to black was observed in each

case. The Pt-Cd products were stirred overnight, while the Pt-Hg reaction was stirred

for 4 h. After completion of the stirring times, the reaction mixture was allowed to

stand to allow precipitation of the product. However, in neither case complete

precipitation could be achieved by doing so, and the supernatants remained very dark.

Therefore, the reaction solvent (THF) was completely evaporated off under vacuum,

20-30 ml of dry hexanes was added and the slurry was cannula transferred into

centrifuge tubes. The mixture was sonicated and then centrifuged (5000 rpm, 10 min).

For  the  Pt-Cd reaction,  one  wash  was  tried  with  a  mixture  of  5ml  MeOH and 30  ml

hexanes, however, the MeOH layer remained dark even after multiple centrifugation

efforts  and  only  partial  recovery  of  the  product  was  possible.  The  MeOH  wash  was

skipped altogether for Pt-Hg, since in one trial of adding 1 ml of MeOH to the hexane

solution produced a product that did not precipitate out on centrifuging. A final wash

with just hexanes was done in both cases and the product was dried under vacuum.

The centrifuge tube was backfilled with argon and the product was exposed to air

slowly by putting in a needle through the septum. X-ray diffraction patterns, SEM

images and EDS data were obtained.

6.3.1.3 Annealing the products and bulk phase syntheses

Experimental: The 1:1 reaction samples obtained from sodium borohydride and

sodium napthalide reductions were annealed to obtain the ordered phase (for Pt-Cd) or

to obtain a single phase material (for Pt-Hg) at 600 oC and 400 oC respectively for 12 h
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in silica tubes sealed under vacuum. Lower annealing temperature (300 oC, 12 h) were

tried  for  the  Pt-Cd  reaction.  Some  of  the  product  from  the  Pt-Hg,  NaBH4 reduction

and the product from the Pt-Hg, sodium napthalide reduction were also annealed at

300 oC for 12 h and quenched by taking the tube out of the furnace at 300 oC and

dropping  it  in  a  beaker  of  cold  water.  A part  of  the  product  from the  Pt-Hg,  NaBH4

reduction was also annealed at 150 oC  for  12  h.  These  different  conditions  were

explored  in  an  effort  to  try  to  obtain  other  (Pt  rich)  ordered  Pt-Hg  phases.  The

products from the sodium napthalide reduction of Pt-Cd were annealed at 500 oC for

12 h, again, to obtain the ordered phase.  Annealing steps to obtain specific phases

were decided on input from the EDS data showing ratio of Pt : Cd or Pt:Hg present in

the product and from the Pt-Cd and Pt-Hg phase diagrams (Figure 6.3)4. This

discussed in detail in the results and discussions section.

Bulk phase syntheses of Pt-Hg phases were carried out by weighing out stoichiometric

amounts of Pt and Hg (200 Mesh Pt (99.99%, Engelhard) and Hg (99.999%, Alfa

Aesar)) into a silica tube, sealing the tube under vacuum and annealing at 380 oC for

72 h and finally, cooling the tube down over a period of 24 h to room temperature.

Since the boiling point of Hg is only 356.73 oC, higher temperatures that could lead to

explosion of the tubes were avoided.

6.3.2 Characterization

 X-ray powder diffraction powder patterns (Scintag XDS 2000) were taken of the

products to confirm the composition and structure of the phases. The particle

morphology and size were studied by scanning electron microscopy (SEM) using a

LEO-1550  Field  Emission  SEM  (FE-SEM).  EDX  data  was  obtained  using  the  same
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microscope. Dry powder sample of nanoparticles dispersed on Al stubs were used for

SEM.

Figure 6.3: Phase diagrams for Pt-Hg and Pt-Cd systems4.
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6.3.3 Electrochemical experiments

The electrocatalytic activity of the Pt-Cd and Pt-Hg nanoparticles and bulk materials

for oxidation of methanol and formic acid were examined. Prior to each experiment, a

suspension of the nanoparticle catalyst was prepared as follows: to 8 mg of the dried

nanoparticle sample were added 3.98 mL of distilled water and 1 mL of isopropyl

alcohol  (Aldrich).  Additionally,  20  µL of  a  5% w/w Nafion  solution  in  alcohols  and

water (Aldrich, EW: 1100) was added to this mixture. The resulting mixture was

sonicated in a bath type ultrasonicator for 1 hour. Each nanoparticle suspension

described above was coated onto a 4 mm diameter glassy carbon (GC) electrode. The

GC electrode had been previously polished with diamond paste (METADI-Buehler, ø

= 1µm) and ultrasonicated in Millipore water (18 M  cm-1, Millipore Milli-Q) for 10

min. The electrode was then rinsed with Millipore water and allowed to dry in air. 140

µg cm-2 of the nanoparticles (10.8 µL of nanoparticle suspension) was coated onto the

clean GC electrode. The coated electrode was then dried in air.

Methanol oxidation on the nanoparticle-coated GC electrode was examined in a

mixture of 0.5 M methanol (Burdick and Johnson, 99.9% purity) and 0.1 M sulfuric

acid. Similarly, formic acid oxidation on the nanoparticle-coated GC electrode was

examined in a mixture of 0.5 M formic acid (Mallinckrodt, 88% analytical reagent)

and 0.1 M sulfuric acid. A three-electrode electrochemical cell was used for all

electrochemical measurements. The reference electrode was a sodium chloride

saturated Ag/AgCl electrode, and the counter electrode was a platinum coil. All

electrochemical experiments were carried out at room temperature with a Pine

AFRDE2 potentiostat. All solutions were prepared with Millipore water and de-

aerated with pre-purified argon for at least 15 min before each experiment.
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6.4 Results and discussion

6.4.1 The borohydride reductions

Pt is known to form several intermetallic line phases (Hg4Pt, Hg2Pt, HgPt and a high

temperature  Pt  rich  phase  with  some composition  width)  with  Hg,  of  which  the  two

Hg rich phases are known to be stable at room temperature4. Cd too is known to form

a number of ordered phases with Pt including the 1:1 phase (with some composition

width) which should be stable at room temperature4. Our initial goal was therefore to

synthesize the 1:1 (PtHg and PtCd) phases as nanoparticles using the co-reduction

technique. In earlier work with electropositive elements, we found that the

electropositive metal reacted with protic wash solvents during the work up processes

(discussed in Chapter 3 and 4). The samples obtained from co-reduction of a solution

containing a 1:1 ratio of metal precursors with sodium napthalide (necessary for

reducing the electropositive metal) were either disordered phases or comprised of very

small particles (a few nm). After MeOH wash and annealing the product formed Pt

rich phases with domain size between 20 – 40 nm depending on the annealing

temperature. As discussed in detail in the earlier chapters, the reactant ligands (anions

or neutral electron donors) or even the reaction solvent in the early stages of the co-

reduction interfere with the nucleation and growth of the desired phases. The less

noble metal is thus easily leached from the product during work-up with protic

solvents. These issues were not as significant for PtPb and PtBi, Pb and Bi do not react

with MeOH and the by-products from the precursors could be easily washed off with a

protic solvent6-9.

Keeping in mind all these factors, Cd and Hg were thought suitable for co-reduction

with  Pt  using  NaBH4 (Table 6.1). Nevertheless, we wanted to compare the products
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obtained from using sodium borohydride as the reducing agent to those obtained from

sodium napthalide. So we used both reducing agents in different reactions to obtain

nanoparticles of the ordered 1:1 phases at room temperature.

Table 6.1: Reduction potentials and metal oxygen bond enthalpies for Cd, Pt and Hg

compared to reduction potential of sodium borohydride and sodium napthalide10.

The X-ray diffraction patterns of products obtained from a 1:1 precursor ratio of Pt:M

(M = Hg or Cd) showed very different behavior for Pt-Hg and Pt-Cd. For Pt-Hg, the

X-ray diffraction pattern indicated the presence of ordered Hg4Pt (of domain size 27.2

nm, calculated using the Scherrer equation) with some broad peaks indicating the

presence of a second, probably Pt rich, disordered phase (Figure 6.4). The EDS

analysis showed Pt:Hg atomic ratio in the product to be 1.6:1. These data suggest that

a multi phase product was obtained. In order to produce a single phase product, the

product was split into batches and several annealing experiments were tried. One batch

was annealed at 300 oC for 12 h followed by quenching to obtain the HgPt phase. The

phase diagram for the bulk material indicated that HgPt has a lower peritectoid
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temperature of 250 oC and slow cooling would lead to separation into Hg2Pt and some

Pt rich alloy. Another batch was annealed to just 150 oC,  for  12  h  to  increase  the

diffusion rate nucleation and growth of a single phase. In both cases, the X-ray pattern

showed the end product to be mixture of HgPt, Hg2Pt and Pt. A single phase material

couldn’t be obtained by annealing a 1:1 starting composition (Figure 6.5).

Figure 6.4: X-ray diffraction pattern of product obtained by co-reducing K2PtCl6 and

HgCl2 in 1:1 ratio. The black lines mark the Hg4Pt phase (narrow peaks) PDF #

04-004-7276, the blue and red lines mark the Pt (PDF # 01-070-2057) and Pt0.75Hg0.25

(alloy, PDF # 04-001-2909) phases respectively (broader peaks).
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Figure 6.5: X-ray diffraction patterns of the products from co-reduction of K2PtCl6 and

HgCl2 (in 1:1 ratio) with NaBH4 after annealing at a) 150 oC and b) 300 oC . HgPt,

Hg2Pt, Hg4Pt and Pt peak positions are shown by the red, green, black and blue lines

respectively (PDF #s 03-065-9987, 04-004-7277, 04-004-7276 and 01-070-2057

respectively). The products are found to be mixtures of the first three phases. *

denotes unidentified, possible impurity peaks.
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For the1:1 Pt-Cd reaction, the 1:1 reduction with sodium borohydride reaction, the

product showed comparatively broad peaks in the X-ray diffraction pattern with peak

maxima  close  to  those  for  fcc  Pt  (Figure  6.6).  EDS  data  showed  Pt:Cd  atomic  ratio

close to 1:1. The product was annealed at 600 oC for 12 h to see if  the ordered PtCd

phase forms. While the attempt was successful, and we obtained the ordered CdPt

phase, the domain size was quite large (71.1 nm). The annealing was repeated a lower

temperature (300 oC)  to  obtain  the  phase  with  smaller  domain  size,  resulting  in  the

CdPt phase with domain size 18.9 nm (Figure 6.7). The peak shifts from the reported

patterns may be due to different compositions allowed in the broad phase width of the

CdPt phase: Cd1-xPtx with x < 0.

Figure 6.6: X-ray diffraction pattern of the product from co-reduction of K2PtCl6 and

CdCl2 (in 1:1 ratio) with NaBH4. The black and red lines show the Pt (PDF #

01-070-2057 and PtCd (PDF # 03-065-8872) peak positions respectively.
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Figure 6.7: X-ray diffraction patterns of the products from co-reduction of K2PtCl6 and

CdCl2 (in 1:1 ratio) with NaBH4 a) after annealing at 600 oC and b) after annealing at

300 oC. The black lines denote the peak positions expected for the PtCd phase (PDF #

03-065-8872).

For the Pt-Hg system, since we couldn’t obtain a single phase material from co-

reduction of precursors in a 1:1 ratio, we attempted to synthesize the phases known to

be stable at room temperature, Hg2Pt and Hg4Pt, as nanomaterials. Accordingly,

stoichiometric amounts of the precursors (2 Hg:1 Pt and 4 Hg:1 Pt precursor ratio)

were reduced with sodium borohydride. However, in the case of the 4 Hg:1 Pt reaction,

the X-ray diffraction patterns showed the products to be a mixture of Hg4Pt (ordered)

and HgCl. For the 2 Hg:1 Pt reaction, the product showed peaks corresponding to

ordered Hg4Pt. In each case, there is evidence of a second phase of disordered, small

particle size material in the sample as well (Figure 6.8 a, b).
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Figure 6.8: X-ray diffraction patterns of the products from co-reduction of K2PtCl6 and

HgCl2 in a) 1:2 and b) in 1:4 ratio with NaBH4. In a), the black, blue and red lines

shows peaks of Hg4Pt, Pt and Pt0.75Hg0.25 phases respectively (PDF #s 04-004-7276,

01-070-2057 and 04-001-2909 respectively). In b), black lines show the Hg4Pt while

the blue lines show the HgCl phase (PDF #s 04-004-7276 and 00-004-0581

respectively).

The atomic ratio of Hg:Pt observed by EDS was 1.9:1 and 2.6:1  for the 2 Hg:1 Pt and

4 Hg:1 Pt products respectively.

The reaction to prepare a 90% Pt/10 % Hg alloy phase yielded two morphologically

different products. Some of the product was comprised of significantly larger particles,

which crashed out of the reaction solvent completely. This product could be

completely isolated from the reaction solvent by decantation. However, the

supernatant still had very fine black suspended particles, which could only be isolated

by centrifugation. The former (big particles) were found be primarily Hg4Pt (ordered)

by X-ray diffraction. Presence of broader peaks with maxima corresponding to the fcc

Pt showed presence of some Pt, or a Pt alloy of composition Pt0.75Hg0.25, which is
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almost indistinguishable from pure Pt by X-ray diffraction analysis given the

proximity of the peaks corresponding to this phase to those of pure Pt. The later

product  (smaller  particles)  showed only  peaks  corresponding  to  Pt  or  a  Pt  rich  alloy

(Figure 6.9 a, b).

Figure 6.9: X-ray diffraction patterns of the products from co-reduction of K2PtCl6 and

HgCl2 in 9:1 ratio with NaBH4. a) Shows the pattern from the product consisting of

particles that precipitated and were recovered by decanting the reaction solvent. b)

Shows the product that were precipitated by centrifugation from the decanted reaction

solvent. Black lines show the line positions expected for the Hg4Pt phase while the

blue and the red lines show the Pt and Pt0.75Hg0.25 phases respectively (PDF #s

04-004-7276, 01-070-2057 and 04-001-2909 respectively).

EDS analysis on these materials showed the precipitation product (Figure 6.9 a) to

have an average composition of 9:1::Pt:Hg (which is the exact ratio of precursors used

for this reaction). There was also an isolated region found on this material showing 90

Pt:6  Hg  (ratio  of  the  atomic  %  of  these  metals).  This,  along  with  X-ray  diffraction
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result shows that this material is not phase pure and is comprised of a Pt rich (or pure

Pt phase) phase along with the Hg4Pt intermetallic. The later product (figure 6.9 b)

showed a composition of 52 Pt:1 Hg – a composition suggesting the product is

primarily  Pt.  However,  in  this  product  also,  an  isolated  region  was  detected  with  the

composition  72  Pt:26  Hg  (ratio  of  atomic  percentages)  –  a  composition  close  to  the

Pt0.75Hg0.25 alloy. This, along with the X-ray diffraction patterns suggests that this

material is a Pt rich alloy phase.

For the Pt-Cd system, synthesis of Pt rich alloy phases (90%Pt-10 %Cd and 80 % Pt -

20  %  Cd)  as  nanomaterials  was  also  attempted.  The  entire  product  from  the  first

reaction  could  be  isolated  by  decantation.  The  second  reaction  (80%  Pt,  20%  Hg),

however, gave two morphologically different products comprising of larger (isolated

by  decantation)  and  smaller  (isolated  by  centrifugation)  particles.  X-ray  analysis  for

all three products showed relatively broad peaks with maxima corresponding to Pt or

Pt  alloys  (Figure  6.10  a,  b,  c).  The  EDS analysis  showed that  the  first  two materials

(product from 90% Pt -10 % Cd reaction and the bigger particles from 80 % Pt - 20 %

Cd  reaction)  contain  only  Pt  (besides  some  C  and  O  from  organic  contaminants).

However, EDS analysis on the third product (smaller particles from the 80 % Pt -

20 % Cd reaction) showed an average composition of 6 Pt:1 Cd (atomic %).

It is important to point out here, that K2PtCl6 (the  Pt  precursor  used  for  all  NaBH4

reduction reactions) had very low solubility in MeOH while the Cd and Hg precursors

dissolved completely in the same. Hence the rate of reduction of the two metals (Pt vs

Cd or Hg) was expected to be different. This might be responsible for the

inhomogeneity observed in some cases (for example, Figure 6.4, 6.8 a, b and 6.9 a, b).

However such observations were not general and single phase products could be

obtained in the other cases.
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Figure 6.10: X-ray diffraction patterns of products obtained by co-reducing K2PtCl6

and CdCl2 with NaBH4 a) 8:2 ratio, b) 9:1 ratio, product recovered by decantation

(bigger particles) and c) 9:1 ratio, product recovered by centrifugation (smaller

particles). The lines show the Pt (PDF # 01-070-2057) peak positions.
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Thus, for less electropositive elements like Hg and Cd, the NaBH4 reduction method

provides products that are relatively easy to isolate either by direct precipitation or

centrifugation. For Pt-Hg, the products were mixtures of several binary alloy and

intermetallic phases as clean nano-materials. However these materials In the Hg-Pt

system, Hg4Pt appears to nucleate and grow preferentially. However, when the

reactant ration Hg:Pt::4:1 was used, the product, while containing majority of Hg4Pt,

was not phase pure.

6.4.2 The sodium napthalide reductions

Sodium napthalide reductions were also undertaken to see if any phase pure product

could be obtained as the 1:1 ordered phases for either the Pt-Cd or the Pt-Hg system.

One reason to do so was to try a stronger reducing agent, especially for Pt-Cd where

sodium borohydride might not suffice to ensure rapid co-reduction of both metals.

More importantly, we thought it would be interesting to compare the two methods side

by side to see if the preparation method influenced the products obtained or their

electrochemical properties. Given that the reagents and solvents used are very

different  in  the  two  cases,  we’ll  be  able  to  further  explore  our  hypotheses  about  the

role of the side species involved in the process of co-reduction.

The first point to note was the products, for both Pt-Cd and Pt-Hg, in the case of

sodium napthalide reduction would not precipitate out of a MeOH wash (even when

only 5 ml MeOH was used along with 30 ml hexanes). The products from the sodium

borohydride reductions not only precipitated out of MeOH (which was the reaction

solvent), but also precipitated out of the de-ionized H2O they were washed with. This

suggests that the particles obtained by sodium napthalide reduction are not only very

small,  but  are  prevented  from  agglomeration  by  surface  coatings  that  are  formed  by
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strong adsorption of neutral species such as naphthalene or THF or charged species

such as acetylacetonate. For this reason, the crystallites remain too small to precipitate

out of solution or to be identified by X-ray diffraction. Charged particles are much less

likely to precipitate from polar solvents. If acetylacetonate binds to the particles, the

reduced particles are rendered charged. The X-ray diffraction patterns obtained for the

Pt-Cd and Pt-Hg products with sodium napthalide reduction and subsequent solvent

removal by evaporation showed very broad peaks (Figure 6.11). The very small

particles are chemically labile – most of the reduced metals are at or near the particle

surface. Thus, reactions with solvents, wash solvents, water and air are more likely

than for larger particles. For larger particles, leaching or oxidation may be confined to

the particle surface, which becomes enriched in Pt.

The EDS data showed for the precursor Pt:Cd::1:1, the Pt : Cd atomic ratio to be 1:1.3 ,

so we attempted to obtain the ordered phase by annealing. The product was annealed

at 500 oC for 12 hr and the tetragonal PtCd phase was obtained (Fig 6.12). For the

1:1::Pt-Hg  reaction,  the  Pt:  Hg  atomic  ratio  was  shown  to  be  1  :  1  by  EDS,  so  this

product was also annealed at 300 oC, 12 h followed by quenching in an attempt to

obtain a metastable HgPt phase. Diffraction pattern of the product showed it to be a

mixture of the HgPt, Hg2Pt and Pt (present in very small amount) phases (Figure 6.13).

Apparently the rate of quenching is too low to prevent the peritectoid decomposition

of HgPt.
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Figure 6.11: X-ray diffraction patterns of products of sodium napthalide reduction of

Pt(acac)2 with a) Cd(acac)2 and b) Hg(CH3CO2)2 (ratio of precursors 1 : 1 in each

case). In a) the black and red lines mark the peak positions of Pt (PDF # 01-070-2057)

and PtCd (PDF # 03-065-8872) phases respectively while in b) the lines show Pt (PDF

# 01-070-2057) peak positions.
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Figure 6.12: X-ray diffraction pattern of the product of the sodium napthalide

reduction of Pt(acac)2 with Cd(acac)2 (1 : 1 ratio) after annealing at 500 oC. The black

lines mark the PtCd phase (PDF # 03-065-8872) while * denotes unidentified, possible

impurity peaks.

However,  the  X-ray  pattern  showed several  additional  small  peaks  at  the  low angles

which could not be indexed. This once again, is a typical observation in products from

sodium napthalide reduction suggesting presence of organic containing side products

or impurities.
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Figure 6.13: X-ray diffraction pattern of the product of the sodium napthalide

reduction of Pt(acac)2 with Hg(CH3CO2)2 (ratio of precursors 1 : 1) after annealing at

300 oC. HgPt, Hg2Pt, Hg4Pt and Pt peak positions are shown by the red, green, black

and blue lines respectively (PDF #s 03-065-9987, 04-004-7277, 04-004-7276 and

01-070-2057 respectively). The product is a mixture of the first three phases. * denotes

an unidentified peak.

6.4.3 Bulk phase reactions

As discussed in the introduction to this chapter, our inspiration for exploring these

particular phases was a suggestion that enhanced electrocatalytic behavior could be

expected; however, the initial products from the above reactions discussed showed no
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inactivity of these materials, it could also be due to side products sticking to the

surface of nano-materials causing them to be inactive (especially for the sodium

napthalide reduction products). Even for annealed samples, it is possible that some of

organic materials decompose on the particle surfaces, instead of being removed,

deposit back on the nanoparticles, poisoning their surface (since we anneal the

particles in sealed tubes). This issue has been discussed in section 3.4.2. The best way

to eliminate the later possibility would be to synthesize these phases as bulk materials

and test their electrocatalytic activity. If still inactive, the synthesis of these phases as

cleaner nanomaterials should not be further pursued.

In  the  case  of  Hg:Pt::4:1  reaction,  the  product  is  comprised  of  Hg4Pt  and  Hg2Pt

intermetallic phases,  with the former being predominant.  In the case of Hg :  Pt 2 :  1

reaction, the product comprised of  again comprised of Hg4Pt and Hg2Pt  intermetallic

phases with the later being predominant. For the Pt:Hg::1:1 reaction, the Hg2Pt phase,

with small amounts of Pt resulted, while for the Pt:Hg::9:1 reaction, the product was

found to be a mixture of HgPt,  Hg2Pt and Pt (or Pt0.75Hg0.25 alloy – indistinguishable

from Pt by X-ray diffraction pattern) of which the first two were predominant. Thus,

completely pure single phase materials could not be obtained by bulk phase reactions.

Figure 6.14 shows the X-ray diffraction patterns for the four reaction products.

Even though not single phase, all the products were tested electrochemically for

catalytic activity towards small molecules such as formic acid and methanol. If one of

the phases were very active, we would detect that activity here and be then motivated

to pursue different methods to obtain single phase products.
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Figure 6.14: X-ray diffraction patterns of the products from bulk phase reaction of Pt

and Hg in ratios a) 1:1, b) 1:2, c) 1:4 and d) 9:1. HgPt, Hg2Pt, Hg4Pt and Pt peak

positions are shown by the green, red, black and blue lines respectively (PDF #s

03-065-9987, 04-004-7277, 04-004-7276 and 01-070-2057 respectively).
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6.4.4 Electrochemical activity of PtHg and PtCd phases

Of  the  Pt-Hg phases  described  above,  only  those  obtained  from NaBH4 reduction  of

HgCl2 and K2PtCl6 in ratios 1:9 (done with the intention to obtain an alloy phase rich

in Pt) showed activity for formic acid oxidation. Of the two products obtained from

that reaction, the one with larger particles showed higher activity (Figure 6.15) with

mass activity and current density at +0.2 V (normalized with respect to BET surface

area measured) of 0.026 mA/µg and 0.278 mA/cm2 respectively. The onset potential

was measured to be -0.15 V. This is not as good as PtPb, which has an onset of -0.2 V

and current density of 5.5 mA/cm2 at +0.2 V. Since other samples that contain Hg4Pt

are  not  active,  we  conclude  that  the  Hg-Pt  alloy  produced  is  the  active  species.

However, there are many factors, such as surface contamination that are not controlled

in these experiments.

Figure 6.15: Cyclic voltammograms of the Pt-Hg phases obtained by co-reduction of

K2PtCl6 and HgCl2 with NaBH4 in 9:1 ratio in 0.5 M formic acid, 0.1 M H2SO4 at

electrode rotation rate of 2000 rpm and scan rate 10 mV/sec.
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Of the PtCd products, the product obtained (unannealed) by co-reduction of CdCl2 and

K2PtCl6 (in  1:1  ratio)  with  NaBH4 was  to  found  to  be  active  towards  formic  acid

oxidation. The activity was found to increase in the product annealed at 300 oC, but

decreased in the product annealed at 600 oC. This might be due to the two different

factors in play on going from as prepared unannealed product to materials annealed at

different temperature. Compared to the as prepared product, the annealed products

contain ordered phases. However, with the increase in annealing temperature particle

domain size and hence surface area decreases. Figure 6.16 shows the voltammograms

while table 6.2 shows the BET surface areas measured for these three samples.

Figure 6.16: Cyclic voltammograms of the Pt-Cd phases obtained by co-reduction of

K2PtCl6 and CdCl2 with NaBH4 in 1:1 ratio in 0.5 M formic acid, 0.1 M H2SO4 at

electrode rotation rate of 2000 rpm and scan rate 10 mV/sec.

-0.2 -0.1 0.0 0.1 0.2

0

1

2

3

4

j /
 m

A
 c

m
-2

E / V vs. Ag/AgCl (NaCl sat.)

 as prepared (unannealed)
 annealed at 300oC
 annealed at 600oC



231

Again, the surfaces of the samples annealed at the higher temperature, 600 oC, may  be

coated with organic decomposition products.

Table 6.2: BET surface area of the Pt-Cd samples synthesized by co-reduction of

CdCl2 and K2PtCl6 in 1:1 ratio with NaBH4.

Activity towards formic acid oxidation was also observed for the PtCd samples

obtained by co-reduction of the precursors (in 1:1 ratio) with sodium napthalide. The

activity observed for the annealed sample (annealed at 500 oC) was higher than that

for the unannealed one (Figure 6.17). These observations suggest that the PtCd is an

active catalyst material for formic acid oxidation with the ordered tetragonal phase

having higher activity than the disordered alloy phase with a 1:1 composition. The

higher activity observed from materials obtained by sodium borohydride reduction

compared to materials obtained by sodium napthalide reduction is not unexpected,

since we have established that the surface contamination with side species (mainly

3.44Annealed at
300 oC

0.62Annealed at
600 oC

5.06Unannealed

BET SA(m2 g-1)PtCd

3.44Annealed at
300 oC

0.62Annealed at
600 oC

5.06Unannealed

BET SA(m2 g-1)PtCd
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organics) in the later case is much higher resulting in cleaner materials with the former

method.

Figure 6.17: Cyclic voltammograms of the Pt-Cd phases obtained by co-reduction of

Pt(acac)2 and Cd(acac)2 with sodium napthalide in 1:1 ratio in 0.5 M formic acid, 0.1

M H2SO4 at electrode rotation rate of 2000 rpm and scan rate 10 mV/sec.

High  activity  towards  formic  acid  oxidation  was  also  observed  with  Pt-Cd  alloy

phases synthesized by co-reduction of K2PtCl6 and CdCl2 with  NaBH4 in  ratios  9:1

and 8:2. As discussed in the results and discussions section, the former reaction gave

two products comprising of the smaller and bigger particles. The product with larger

particles,  showed to contain the highest  amount of Cd by EDS, was the one to show

highest activity amongst all Pt-Cd samples (Figure 6.18). Stability over multiple

cycles was also improved in these materials compared to the earlier ones. This results

are consistent with the expectations from the combinatorial studies that Pt rich alloys
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with  Cd  (with  high  Pt  %)  should  be  reasonable  catalysts  for  oxidation  of  small

molecules was accurate. These materials are now being tested for MeOH oxidation

and  the  same  Pt  –Hg  sample  found  active  for  formic  acid  oxidation  has  also  shown

MeOH oxidation activity in the preliminary experiments.

Figure 6.18: Cyclic voltammograms of the Pt-Cd phases obtained by co-reduction of

K2PtCl6 and CdCl2 with NaBH4 with high Pt precursor ratio in 0.5 M formic acid, 0.1

M H2SO4 at electrode rotation rate of 2000 rpm and scan rate 10 mV/sec.

6.5 Conclusions

We have been able to synthesize intermetallic and alloy Hg-Pt and Cd-Pt nano-phases

and have shown that some of them are active catalysts. In the Pt-Hg system, Hg4Pt and

Hg2Pt:  were  always  found  to  form  with  the  syntheses  schemes  studied  in  this  work.
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The active catalysts obtained were found to be Pt rich. Hence exploring ways to

generate single phase, Pt rich nanomaterials would be the next step for the Pt-Hg

system.

For  the  Pt-Cd  system,  the  synthesis  of  ordered  PtCd  as  a  single  phase  could  be

demonstrated by both sodium napthalide and sodium borohydride reduction.

Obtaining Pt rich single phase alloys was also possible, and activity obtained from all

the Pt-Cd materials was good, but not as good as PtPb. Addressing the stability issues

(refer to the voltammograms) would be the next step for the Pt-Cd catalysts. We have

also demonstrated that metals co-reduced with Pt by NaBH4 form intermetallic phases

as nano-materials. These nucleate and grow to a point where they can be characterized

by diffraction at room temperature, or by annealing at temperatures as low as 300 oC.

This in-turn gives us size control – vital for catalyst materials. These studies pave the

way for further pursuit of reducing agents like nBuLi (discussed in Chapter 5) for

devising a generalized method that could work for elements across the periodic table

for synthesizing clean nanomaterials at low temperatures. This work provides a side

by side comparison of the sodium borohydride and the sodium napthalide methods,

from synthesis to electrochemical testing of the materials. This is valuable for

understanding solution phase co-reduction of metal precursor for synthesis of binary

(or multi-component) nano-phases.
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Chapter 7

INTERMETALLICS AND Pt MONOLAYER DEPOSITION BY UPD: POTENTIAL

FOR PROMISING ORR CATALYSTS

7.1 Introduction

Several ordered Pt intermetallics have been shown to be better catalysts for small

molecule oxidation by research groups in CFCI (e.g. PtPb for formic acid oxidation)1, 2.

As described in the previous chapters, the challenges associated with obtaining these

intermetallics as nanoparticles (which is critical for application in real fuel cells), are

numerous. As discussed in the previous chapters, these challenges were explored and

addressed from several directions. At the same time, in the combinatorial effort at

CFCI, a constant search for even higher activity and lower cost catalysts is ongoing.

Simultaneously, given the higher electrochemical stability of the ordered

intermetallics, their possible applications as cathode catalysts also need to be explored.

Thus, when an opportunity to work with the Adzic group at Brookhaven National

Laboratories (our longtime collaborators in the CFCI) arose, I chose to explore the

catalytic potential of intermetallic compounds for the oxygen reduction reaction

(ORR). The Adzic group in BNL, has reported for a long time significant increases in

activity of the existing catalysts by deposition of a single monolayer of Pt on their

surface.

Reproduced in part with permission from Journal of the American Chemical Society,
submitted for publication. Unpublished work copyright 2009 American Chemical
Society.
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If the starting catalyst  is  Pt free (as in the alloy Pd-Fe systems explored in the Adzic

group) this method could result in significant reduction of catalyst cost along with

improvement of activity. Now, if we started with ordered intermetallics, and were able

to obtain good activity by depositing Pt monolayer on their surface, we could possibly

add ‘stability’ to the above equation. In this chapter the initial exciting results from a

combination of the two very powerful approaches mentioned above are discussed.

This chapter is partially adopted from a paper submitted for publication to the Journal

of the American Chemical Society.

7.2 Choice of the intermetallic compounds to be explored

Pt phases: PtPb was the first choice for the Pt intermetallic to be explored because it is

the phase whose syntheses in nanoparticle form, characterization and activity for

methanol and formic acid oxidation has been the most explored and documented1-4.

Also, single crystals of the PtPb intermetallic compound are available (synthesized in

Stockbarger furnace) for future experiments that would be necessary to study the

surface of the catalyst. Pt3Cr (a cubic intermetallic phase) and PtNi (tetragonal

intermetallic phase) were also explored, since nanoparticle samples were available

(Chapter 4). However, for these two phases, only initial experiments could be carried

out owing to time constraints.

Pd phases: Pd compounds would be more desirable in terms of cost as starting point

catalysts than Pt compounds. The current (8/9/09) cost of Pd is $275/oz while that of

Pt is $1265/oz. PdFe was chosen as a base since the Adzic group had worked

extensively with Pd-Fe alloys and they have showed promising results5, 6. Pd-Ni and

Pd-Co, other alloys being investigated in the Adzic group7, would also be interesting.

Unfortunately, however, Pd is not known to form ordered compounds with Co and Ni.
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At  first,  Pb  and  Cu systems with  Pd  were  not  considered  since  these  metals  leached

out  of  the  alloy  at  high  potentials  (~  +0.8  V).  Pd  –Cr/Ti/V  might  be  promising.

However, previous experience with nanoparticle synthesis involving Cr, V and Ti

compounds has shown that these reactions are extremely difficult to control (Chapter

4). These issues have been discussed in Chapter 3 and 4. However, if our initial results

obtained were encouraging, it would open a huge area to explore and the synthetic

complexities might be worth enduring. We describe some work with PdPb at the end

of this Chapter which was started after the success with PtPb. Table 7.1 summarizes

the different Pd systems (alloys/intermetallics) that can be explored.

7.3 Synthesis of the intermetallics

         7.3.1 Experimental

7.3.1.1 Napthalide reduction

Materials: Naphthalene was purchased from Fisher. Sodium metal and diglyme were

purchased from Aldrich. THF and diglyme were freshly distilled over sodium prior to

use. Lead(II)2-ethylhexanoate was purchased from STREM Chemicals Inc. Because

of the high viscosity of lead(II)2-ethylhexanoate, 0.05M stock solutions were prepared

by dissolving 2.496 g in 100 mL THF.



240

Table 7.1: Summary of standard reduction potentials of different elements for

consideration of co-reduction with Pd. The parentheses depict the oxidation state for

which the reduction potential is given, When nothing is specified, the potential is for

conversion to the zero valent metal from the most common oxidation state.

Metal 1 E red Metal 2 E red
Ordered phases
exist?

Pd 0.951 Fe -0.44 (+2) Yes
-0.037 (+3)
0.77 (+3 to
+2)

Pb -0.13 Yes

Cu 0.34 Yes

Zn -0.76 Yes

Bi 0.317 (+3)
2 (+5)

Ni -0.23 No

Co -0.28 No

Re 1.72 (+6) No
0.276 (+4)

Cr -0.74 (+3) yes
-0.913 (+2)

V -1.17(+2) yes

Ti -1.37 yes

Ta -0.81 (+5)

W -0.119 (+4)
-0.090 (+6)

In -0.33 (+3) yes
-0.126 (+1)
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Synthesis of PtPb nanoparticles: A solution of sodium napthalide was prepared by

weighing out stoichiometric amounts of naphthalene (0.1923 g, 1.50 mmol) and

sodium metal (0.0345g, 1.50 mmol) in an argon atmosphere glovebox and loading

these  reactants  into  a  flask  containing  50  mL diglyme or  THF.  The  flask  was  sealed

and removed from the glovebox and stirred overnight under argon to produce a dark

green sodium napthalide solution.

Platinum acetylacetonate (0.0988 g.0.25 mmol) was dissolved in a 5.0 mL aliquot of a

0.05 M stock solution of lead(II)2-ethylhexanoate in diglyme (0.25 mmol lead(II)2-

ethylhexanoate). Meanwhile, an argon purged flask containing the freshly prepared

sodium napthalide was connected to a water cooled condenser. The aliquot of metal

precursors was injected into the dark green sodium napthalide solution which

immediately became black and opaque. Following the injection, the flask was stirred

for 30 min at room temperature. The reaction mixture was cannula transferred into a

centrifuge tube and was centrifuged for 10 min at 2000 rpm. The diglyme was

syringed off leaving a black residue. 40 mL of degassed ethanol was added to the flask,

which was then sonicated in an immersion bath sonicator for 10 min. The supernatant

(colored  yellow)  was  removed  and  40  mL  of  hexanes  were  distilled  into  the  black

precipitate. The tube was sonicated for 10 min and centrifuged again. The supernatant

(usually colorless) was removed and the black precipitate was dried under vacuum.

The tube was then backfilled with argon, and was left overnight with a needle in the

septum to allow slow exposure of the nanoparticles to air4.

7.3.1.2 Synthesis of PdFe nanoparticles

A reported procedure from Ray Schaak group8 for  other  Pd  alloys  was  followed  for

PdFe nanoparticle synthesis. Precursors used were PdCl2 and FeCl2.4H2O. 0.034
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mmol each of the precursors along with 120 mg of poly(vinylpyrrolidone) (PVP, MW

= 40000) were added to 25 ml degassed MeOH. The mixture was stirred for 30 min

under Ar, 25 ml of 0.01 M NaBH4 solution  was  added  to  it  and  stirred  for  3  h.  The

product was isolated by centrifugation, washed with MeOH repeatedly and dried. The

reaction was repeated by substituting stirring of the mixture with sonicating to ensure

more efficient mixing (in some cases, metallic Fe or FePd can stick to the magnetic

stir bar, which was avoided by using a sonicator.).The resulting product was

characterized by XRD and annealed to different temperatures to target the different

intermetallic phases of Pd-Fe system.

7.3.1.3 Synthesis of the nanophase PdPb

0.9 mmol each of Pb(C2H3O2)2.3H2O and Na2PdCl6.4H2O was dissolved in 40 ml of

degassed methanol (degassed with argon for 1 hr) in 2 necked round bottom flask. The

solution  was  stirred  under  argon.  1.8  mmol  of  NaBH4 was  dissolved  in  10  ml  of  the

degassed MeOH and was poured into the precursor solution through the side arm of

the flask. Immediate reduction was observed along with vigorous bubbling. The

bubbling was allowed to subside, and the arm was closed with a stopper. After 15 min,

black mass was found to be settling down at the bottom of the flask. The solution was

stirred overnight under argon and the black particles were collected the next day. After

repeated washing with de-ionized water, the particles were rinsed with acetone and

dried under vacuum. The product was characterized by X-ray diffraction. The sample

was then annealed in a silica tube sealed under vacuum at 300 oC for 12 hr to obtain

ordered phases. The annealed sample was also characterized by X-ray diffraction

(Figure 7.1). The annealed product was found to be a mixture of Pd3Pb and Pd5Pb3

intermetallics.
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Figure 7.1: X-ray diffraction patterns of PdPb phases synthesized. (Top) product

obtained at room temperature, (bottom) product obtained after a 12 hr, 300 oC anneal.

Lines indicate the peak positions for Pd3Pb (PDF # 00-020-0827) and Pd5Pb3 (PDF #

00-026-1151).

7.3.1.4 Characterization

XRD, SEM, TEM, EDS, BET and IR were done on the PtPb sample. The data is

summarized in table 7.2. XRD, SEM, EDS and IR were done on the PdFe sample, and

the data is summarized in table 7.3. The instruments specifications and sample

preparation techniques for each of these have been described in Chapter 2, 3 and 4.
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Table 7.2: Characterization data for PtPb sample used.

7.3.2 Discussions on synthesis

The various aspects of PtPb synthesis have been discussed extensively in Chapter 1.

Since the synthesis of ordered (or disordered) Pd-Fe phases were not attempted in the

DiSalvo group before, in this section, we will discuss some key observations from Pd-

Fe synthesis efforts. It’s worthwhile to mention here that the synthesis of Pd-Fe phases

discussed in this Chapter were physically undertaken at BNL in the Adzic group, as

were the electrochemical experiments, although the other characterizations methods

were used at Cornell University. The absence of a Schlenck line and argon atmosphere

box in the Adzic group at BNL limited the use of sophisticated air free techniques

while targeting these phases. That is why only sodium borohydride reduction method

was undertaken. Electrochemical experiments along with XRD suggested presence of

impurities.

Since polyvinylpyrrolidone (PVP) was used during the syntheses, IR (ATR) was taken

on the solid samples to identify possible impurities. While no evidence of PVP was

found on any of the annealed samples, the as prepared samples did show evidence of

PVP. It is likely that PVP decomposes on annealing. The IR for annealed samples

(550 oC and 700 oC) showed strong absorption in the finger print region, which could

not be ascribed to particular organic species.

PtPb EDS Pt: Pb
ratio (at %)

BET surface
area (m2/gm)

Domain size
(nm, Scherrer
equation)

XRD

1: 1 7.3 18 Single phase
PtPb

PtPb EDS Pt: Pb
ratio (at %)

BET surface
area (m2/gm)

Domain size
(nm, Scherrer
equation)

XRD

1: 1 7.3 18 Single phase
PtPb
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Table 7.3: Summary of characterization data for as prepared and annealed PdFe

samples synthesized using stirring or sonication as the method of mixing the

precursors during the reaction. The rest of the product in each case was detected as C

and O.

PdFe EDS Pd:

Fe ratio

(atm%)

Domain size

(nm,Scherrer

equation)

XRD pattern

shows:

Stirring, as

prepared

16 :20 17.9  Pd (cubic)

Stirring,

Annealed 550 oC,

4 hr

24 : 36 37.4 Pd3Fe cubic alloy phase,

some ordering peaks might be

present (intermetallic)

Sonication, as

prepared

11 : 39 23.2

Sonication,

300 oC, 12 h

18 : 28 Pd (cubic) with peak maxima

shifted suggesting Fe

incorporation

Sonication,

550 oC, 4 hr

18 : 36 36 Pd3Fe cubic alloy phase,

some ordering peaks might be

present (intermetallic)

Sonication,

700 oC, 4 hr

17 : 36 58.8 Pd3Fe cubic alloy phase,

some ordering peaks might be

present (intermetallic)
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EDS on Pd-Fe samples showed them to be iron rich, but XRD indicated otherwise. It

is likely that this is due to the semi-quantitative nature of results obtained with

powders rather than flat, polished solid angles. Small unidentifiable peaks in XRD

might also suggest organic salts present. SEM images (Figure 7.2 a, b, c, d) showed

the presence of morphologically different crystallites.

Figure 7.2: SEM images of PdFe samples annealed to 550 oC (a, b) and 700 oC (c, d)

respectively. For each sample, (b) and (d) are the images taken at higher

magnifications.

2 µm 100 nm

2 µm 1 µm

a b

c d

2 µm 100 nm

2 µm 1 µm

2 µm2 µm 100 nm100 nm

2 µm2 µm 1 µm1 µm

a b

c d
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7.4 Electrochemical experiments

7.4.1 Experimental

Thin film electrodes with nano-electrocatalysts were prepared by placing definite

amounts of a nanoparticle suspension in H2O (1 mg ml-1)  onto  a  flat  glassy  carbon

electrode (5 mm diameter, Pine instrument). For some experiments, the electrode with

the nanocatalyst was kept in 1 mM PdCl2 and  K2PtCl4 solutions for 1 hr to obtain

irreversible electro-less adsorption of Pd and Pt respectively. However, no significant

changes in surface area were observed on the cyclic voltammograms obtained post this

process, suggesting the incorporation of the noble metal from this process, if any, was

not significant, and hence has not been included in the calculation of Pt/noble metal

loading. These samples are depicted as Pd(el)/PtPb and Pt(el)/PtPb respectively. In

some cases a Pt/Pd monolayer was added after the electroless adsorbtion by galvanic

replacement of an underpotentially deposited (upd) Cu monolayer on the catalyst

(PtPb, Pt(el)/PtPb, Pd(el)/PtPb, PdFe) electrode with Pt atoms. After UPD of Cu from

a 50 mM H2SO4 + 50 mM CuSO4 solution,  the thin film electrode covered with a Cu

monolayer  was  rinsed  and  kept  in  a  1.0  mM   K2PtCl4 +  50  mM  H2SO4 solution for

about 3 min to complete the replacement of Cu with Pt. These samples are depicted as

M*(ML)/PtPb  and  M’(ML)/PtPb  with  *  and  ’  standing  for  Pd  and  Pt  electro-less

deposition, respectively, attempted prior to deposition of the M monolayer, M being

either Pt or Pd (M(ML) = M monolayer). M(el)/PtPb on the other hand depicts the

sample where only electro-less deposition was attempted on the PtPb with M solution,

M again being either Pt or Pd. For the ORR measurements the electrode was covered

with a thin layer of Nafion by placing 5 µL of 5 wt % Nafion solution on the electrode

followed by drying in a dessicator.
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7.4.2 Results and discussion

The PtPb catalyst suspension was placed on the electrode, and modifications such as

Pt or Pd monolayer deposition, electro-less adsorption of Pt or Pd or a combination of

these were undertaken and the catalyst systems were then tested for ORR activity.

Catalyst  performance and activity was found to differ in each case.  The same is true

for Pd-Fe systems. Table 7.4 summarizes step by step modifications done on each

catalyst system tested along with the notations used to refer to them.

As  mentioned  in  the  experimental  section,  in  the  cases  where  the  electrode  with  the

nanocatalyst  was  kept  in  1  mM  PdCl2 and  K2PtCl4 solutions  for  1  hr  no  significant

change in surface area were observed on the cyclic voltammograms obtained. This

lack  of  depositions  of  Pt  or  Pd  suggests  a  high  stability  of  the  surface  of  the

intermetallic, or a lack of metallic Pb in the surface layer. Since no significant change

in surface area was observed post this process, the incorporation of the noble metal

from  this  process,  if  any,  is  not  significant,  and  hence  has  not  been  included  in  the

calculation of Pt/noble metal loading.

Figure 7.3 shows the ORR polarization curve obtained with the Pt’/PtPb/C and

Pt(ML)/PdPb as a thin film RDE . A high activity of the first catalyst is indicated by

E1/2 = 900 mV; Pt mass activity of 0.03 A/mg based on a calculated Pt monolayer

coverage and the initial Pt contained in the PtPb.
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Table 7.4: Summary of different catalyst modifications attempted and corresponding

notations used to refer to them.

PtPb Suspension  of  PtPb  in  H2O (1µg/µL)

dispersed on electrode

Pt(ML)/PtPb Pt monolayer  placed by galvanic

displacement of underpotentially

deposited Cu monolayer (Cu upd) with Pt

atoms on the PtPb

Pt(el)/PtPb Electroless deposition of Pt on PtPb

attempted by immersing the later in Pt2+

solution

Pt’(ML)/PtPb Electroless  deposition  of  Pt2+ attempted,

then Pt monolayer deposited (by Cu upd)

on the PtPb

Pt*(ML)/PtPb Electroless deposition of Pd2+ attempted,

then Pt monolayer deposited (by Cu upd)

on the PtPb

Pt(ML)/Pd*(ML)/PtPb Electroless deposition of Pd2+ attempted,

then first Pd and then Pt monolayer was

deposited (by Cu upd) on the PtPb

Pt(ML)/PdFe(550) Pt monolayer  Cu upd on the PdFe,

annealed at 550 oC sample

Pt(ML)/PdFe(700) Pt monolayer  Cu upd on the PdFe,

annealed at 700 oC sample
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Figure 7.3: Polarization curves for the ORR on Pt’(ML)/PtPb and Pt(ML)/PdPb (inset)

in 0.1 M HClO4  solution; sweep rate 20 mV/sec.

Pt/PtPb systems were found to give currents as high as 2.7 mA/cm-2 (normalized to the

geometric surface area of the electrode) at 0.9 V. Table 7.5 summarizes the results.

The highest activity in terms of half wave potential was observed for the Pt’(ML)/PtPb

(Pt(ML)  =  Pt  monolayer)  system.  Owing  to  the  initial  higher  loading  of  the  catalyst

(PtPb), the mass activities are low in spite of high specific activity. To counter this

problem, for the best system, the experiments were repeated with lower initial loading

of just PtPb and PtPb dispersed on carbon support (Vulcan XC-72).
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Table 7.5: Comparison of electrochemical characteristics of the PtPb- and Pd-Fe-based

electrocatalysts.

The later should ensure higher dispersion even with lower loading and prevent the

activity from being affected. Table 7.5 also includes the summary of activities

observed for the best Pd-Fe catalysts. Pt mass activity for these systems are off course

much  higher,  given  Pt  is  only  deposited  in  as  a  monolayer  on  the  Pd-Fe  system  for

these catalysts.

Stability of the catalysts was tested by applying potential steps between 1132 mV and

594 mV at 10 sec intervals. The unsupported catalysts showed no loss of activity after

6000 cycles. Loss of activity was observed in the corresponding supported catalyst,

which suggests carbon corrosion or other problems related to the support to be

responsible for activity loss. Figure 7.4 compares the activities of the different

electrocatalysts towards the ORR at 0.9 V before and after application of the potential

steps. After 16,000 cycles, the unsupported catalysts showed activity loss, but entire

activity could be recovered by cycling for 20 cycles at 50 mV sec-1 in  a fresh

0.13130779.7Pt(ML)/PdFe(700)

0.542171848.2Pt(ML)/PdFe(550)

0.021031808.6Pt(ML)/Pd*(ML)/PtPb

0.01468818.3Pt*(ML)/PtPb

0.065385899.4Pt'(ML)/PtPb

0.032241862Pt(el)/PtPb

0.041938869.5Pt(ML)/PtPb

0.031391846PtPb

mass activity wrt total Pt
A/mg

Jk (0.9 V)
µA/cm2

Half wave
potential(V)

0.13130779.7Pt(ML)/PdFe(700)

0.542171848.2Pt(ML)/PdFe(550)

0.021031808.6Pt(ML)/Pd*(ML)/PtPb

0.01468818.3Pt*(ML)/PtPb

0.065385899.4Pt'(ML)/PtPb

0.032241862Pt(el)/PtPb

0.041938869.5Pt(ML)/PtPb

0.031391846PtPb

mass activity wrt total Pt
A/mg

Jk (0.9 V)
µA/cm2

Half wave
potential(V)
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electrolyte  solution  (0.1  M  HClO4).  This  suggests  contamination  of  the  electrode

surface by spectator species in the solution to be causing the loss of activity observed.

Figure 7.5 gives the polarization curves for the Pt’(ML)/PtPb system  showing the

above results.

Figure 7.4: Comparison of current densities (normalized with respect to the geometric

surface area of the electrode) of the PtPb and PdFe electrocatalysts before and after

stability testing by applying 6000 potential steps between 1132 mV and 594 mV at 10

sec intervals.
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Figure 7.5: Comparison of the polarization curves for the ORR on Pt’(ML)/PtPb

before and after applying potential steps (between 1132 mV and 594 mV at 10 sec

intervals) in 0.1 M HClO4 solution. Activity lost after 16000 potential steps could be

recovered by cycling at 50 mV/sec for 20 cycles in 0.1 M HClO4 solution between

-0.2 V and 0.85 V(described as ‘cleaning’) suggesting surface contamination by

spectator species playing a role in the observed activity loss.

The Pd-Fe catalysts were reasonably stable with little or no decline in activity

following 5000 cycles of stability testing.

Pt3Cr and PtNi intermetallics were also tested for oxygen reduction activity

(unsupported) – both with and without Pt monolayer deposition by Cu UPD. The

activity and hydrogen absorption area from the CVs were found to be very low in all

cases. The probable cause is insufficient dispersion of the catalysts in H2O in the

mother solution resulting in much lower solution strength than what was intended and

Potential / V vs. RHEPotential / V vs. RHE
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assumed (1 µgm/µl). Consequently, actual catalyst loading was much lower than what

was  intended.  Most  of  the  catalyst  could  not  be  dispersed  even  after  2  to  4  h  of

sonication. The data are summarized in table 7.6. The Pt amount from loading would

not be accurate and hence, is not included. The next step with these systems would be

to use additives like alcohols or dilute acids which should help in achieving higher

dispersions. Experiments with C supported systems also need to be done.

Table 7.6: Summary of electrochemical observations for Pt3Cr and PtNi catalysts.

Alkaline media experiments with PtPb: Cyclic voltammograms for the PtPb

(unsupported) was obtained in alkaline media (0.1 M NaOH solution, freshly

prepared) by cycling between potentials from -1.2 V to 0.8 V. CVs (at different sweep

rates) were obtained on the same electrode (without washing) in 0.1 M HClO4 after it

was  removed  from  the  alkaline  media.  However,  no  significant  information  was

obtained from these curves as noticeable changes weren’t observed by alkaline cycling.

Additional experiments with PdFe systems: PdFe samples investigated showed

interesting morphologies under the SEM and suggested the presence of additional

surface species (CV and ATR). The cyclic voltammograms obtained for PdFe showed

18.618.40.2No activity0.02Pt3Cr/Pt(ML)

18.418.4No activity0.02Pt3Cr

15.615.40.2No activity0.35PtNi/Pt(ML)

15.415.4No activity0.27PtNi

Total Pt
(µgm)

Pt from initial
loading of
catalyst
(µgm)

µgm of Pt
from UPD

Half wave
potential (mV)

Surface area
from CV
(cm2)

18.618.40.2No activity0.02Pt3Cr/Pt(ML)

18.418.4No activity0.02Pt3Cr

15.615.40.2No activity0.35PtNi/Pt(ML)

15.415.4No activity0.27PtNi

Total Pt
(µgm)

Pt from initial
loading of
catalyst
(µgm)

µgm of Pt
from UPD

Half wave
potential (mV)

Surface area
from CV
(cm2)
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evidence of Fe dissolution at the initial potential. To understand this effect further,

additional experiments were done by obtaining subsequent voltammograms starting at

the same or different potentials. The oxygen reduction activity of the catalyst was

measured after running these cyclic voltammograms by employing the same electrode

(in  a  fresh  electrolyte  solution)  for  testing  ORR  activity.  Some  activity  loss  was

observed, but as in the case of PtPb catalysts, the catalyst could be reactivated after 20

cycles (sweep rate 50 mV/sec, scan rate 1600 rpm, between – 0.2 and 0.8 V).

Although interesting, the information obtained from these observations are not

completely understood at this point, and more experiments remain necessary.

Additional discussions for PdPb: Although PdPb was not an initial system of interest

(discussed in the ‘choice of intermetallics to be explored’ section), given the high

stability  showed  by  the  PtPb  catalyst  systems,  our  hopes  were  raised  about  lead

containing  systems.  Also,  a  viable  way  to  counter  the  low  Pt  mass  activity  problem

would be starting with the exact system, just without Pt. Combining the above factors,

with  the  fact  that  Pd  and  Pb  forms a  number  of  ordered  phases,  PdPb systems were

targeted to be explored. Initial voltammetry of PdPb nanoparticles showed dissolution

of Pb. This subsided after several cycles indicating the presence of Pd in the surface

layer (Figure 7.6).
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Figure 7.6: a) Cyclic voltammograms of the PdPb intermetallic in 0.1 M HClO4,

sweep rate 20 mV/s. The stable CV of the PdPb intermetallic is obtained after 7 cycles

between -0.03 V and 1.30 V.b) Cyclic voltammograms of the PdPb intermetallic with

and without Pt monolayer deposited.

Voltammetry  of  a  Pt/PdPb/C  catalyst  showed  the  onset  of  PtOH  formation  at  quite

negative potential, more negative than that observed for Pt nanoparticles. This implies

that  the  surface  will  not  be  a  very  active  ORR  catalyst,  which  was  observed  in  the

polarization curve (Figure 7.3). Although the surface layer contains Pd atoms; they are

apparently expanded as a consequence of the larger lattice and atomic size of Pb. The

electronic  properties  of  a  Pt  monolayer,  particularly  the  shift  of  the  weighted  d-band

center, which depends on the cumulative contributions of lattice strain and ligand

effect, is likely to account for this phenomenon9, since the d-band center of metal

monolayers is directly linked to the adsorption energies and activation barriers for

reactions. The  electrochemical  experiments  with  PtPb  were  done  by  Adzic  group

member, Dr. Miomir B. Vukmirovic at the Brookhaven National Laboratory.
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7.5 Correlation studies for UPD (underpotential deposition) shift and enthalpy of

formation of intermetallic compounds

7.5.1 Background

The term ‘underpotential deposition (upd)’ refers to the electrochemical formation of

up  to  a  monolayer  of  the  adsorbate  at  potentials  more  positive  than  the  reversible

Nernst potential for its bulk deposition. Upd has been observed for a wide variety of

substrate/adsorbate combinations, and is very well established. The mechanism and

forces behind upd however, although studied extensively, still awaits complete

understanding. The academic motivations behind studying upd are many. The very

fact that upd exists shows that the chemical potential of  atoms deposited at the

underpotentials differ from that of the bulk metal and the adatoms are more strongly

bound to the surface of the foreign surface than the surface of its own species.

Understanding why that is so, may lead to possible prediction of upd shifts (defined

variedly, but in simple terms, the potential difference between the bulk and monolayer

stripping peaks), and to measures of the binding energy for the pairs in consideration.

For  example,  this  attraction  between  the  adatom  and  substrate  was  measured  by  the

magnitude of the upd effect (upd shift) and has been used to determine the binding

energies of the substrate and adsorbate atoms10. A more general definition for upd

shift, defined at a given degree of coverage for a substrate adsorbate system is the

equilibrium potential of the substrate/adsorbate system at a given coverage, measured

with respect to an electrode of the same metal  M, both in equilibrium with the same

solution containing Mz+ ions11.  In such a case,  measurement of potentials at  different

coverage degrees by the adsorbate may deliver direct information about binding of the
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adsorbed atoms. These tasks however, are easier said than done, and numerous studies

have been undertaken till date in this direction, we discuss some of them below.

Starting with the idea that electrostatic interactions have to play a dominant role is the

upd phenomena, electronegativity was considered for correlating to the upd shift

measured ( upd) for polycrystalline substrates in aqueous and non-aqueous solutions

by Kolb, Przasnyski and Gerischer12-14. Since the work functions of solids are known

more accurately than electronegativities, and are linearly related to Pauling’s

electronegativities of the corresponding atoms15, 16, the substrate/adsorbate work

function  difference  was  plotted  against  upd by Kolb et al.12 Another treatment by

Trasatti at the onset of upd (degree of coverage,  = 0)predicts a linear relationship of

unit slope between underpotential shift and work function differences based on the

argument that the bond between the substrate and adsorbate is fully ionic in this limit17.

These treatments work well for polycrystalline substrates but break down for upd on

single crystal faces18, particularly for more compact faces where interactions between

the adatoms are expected to be large. In a more general way, from a thermodynamic

point of view, the upd shift is related to chemical potential (or binding free energy

change) difference between S/M (where S and M stands for the substrate and

adsorbate respectively) and M/M pairs19, 20. These terms (binding free energy change)

have solvent effects included and is purely dependent on work function only when the

bonding is purely ionic and adatom-adatom interactions can be neglected (e.g. Trasatti

‘s treatment at low coverage with the adion  assumption). The upd shift has also been

treated in terms of electron and ion core properties by neglecting solvent effects and

considering the free energy of the substrate/adsorbate system as a function of two

constituents: metal ion cores and valence electrons. The resulting equation has been

used for obtaining information about ion cores for substrate adsorbate systems by

expolating results from solid/vacuum interface to the electrochemical system11. Other
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treatments include phenomenological analysis for both aqueous and non-aqueous

systems (acetonitrile, propylene carbonate) which takes into account solvent effects

and was used to estimate upd shifts with good agreements to the experimental data

using work function differences, lattice co-ordination numbers and adsorption energies

of solvent dipoles. This treatment showed linear variation of upd shift with , where

the intercept  and slope depends on the free energy change for water desorption, work

function differences and enthalpies of S-M and M-M bonds for chosen solvents21.

The density functional method has proved to be a very powerful tool for the electronic

structure of complex solids. A density functional theorem (dft) jellium model for

polycrystalline surfaces accounted for higher UPD shifts with higher work function

difference and forecast the role of surface energies. The model was extended to single

crystal surfaces22-24. In general, density functional approaches are useful for

understanding the general trends of upd phenomena. Binding energies, upd shifts,

lattice constants of adsorbates, induced image charges and related properties can be

calculated. But so far sensible results are limited to sp metals. Detailed discussions on

any  of  the  treatments  mentioned  above  are  beyond  the  scope  of  this  work.  The

interested reader should refer to the references for further understanding of the upd

phenomena and its implications.

What we set to do here, is to try another approach towards understanding the upd

phenomena – by correlating the upd shifts (experimental) of a substrate/adsorbate pair

to the calculated enthalpies of formation of an intermetallic phase between them

(calculated using the Miedema model). Since electronegativity (related to the work

function) difference is considered to be the major factor contributing towards the

enthalpy of formation of intermetallic compounds between two elements, a correlation

should exist between the later and the upd shift. The enthalpies calculated using the

Miedema model contains work function and electron density terms and depends on the
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stoichiometry of the compounds (to be discussed in the next section). Hence, the

nature of the correlation should provide information about factors controlling upd

shifts and binding at the surface. We intend to start with data from aqueous systems

and extend to other solvents if possible. Density functional calculations will be done

following the initial work to further the analysis by students in the DiSalvo group.

7.5.3 Results and discussion

This  work  is  currently  at  a  very  primary  stage  with  no  significant  results  to  be

discussed. Initial enthalpy calculations using the Miedema model25 shows some

correlation between the relative binding energies (calculated from experimental upd

shift values in aqueous media12, and enthalpies of formation of intermetallic

compounds of the metal pairs studied (Figure 7.7).
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Figure 7.7: Enthalpies of formation of intermetallic compounds for different metal-

metal pairs plotted with respect to their relative binding energies calculated from upd

shifts12.

7.6 Conclusions

In conclusion, in this section we have demonstrated the formation of a new class of

core-shell electrocatalysts for the ORR comprising a Pt monolayer shell and ordered

intermetallic compound cores. We have coupled highly stable, less expensive

intermetallics with a Pt monolayer (high activity, low metal content). These

electrocatalysts exhibit high activity and very high stability. Our data indicate

strategies suitable for selecting the types of intermetallic compounds as the support for
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a Pt monolayer. We consider that this fabrication method holds excellent potential for

creating efficient fuel cell electrocatalysts. For further work in this topic, more

experiments need to be done, especially on bulk (single crystal) surfaces in order to

understand  the  surface  phenomena  for  PdFe  and  also  for  PtPb.  These  studies  would

provide significant insight towards the electrochemistry observed with these materials

before  and  after  monolayer  deposition.  Lastly,  preliminary  correlation  studies  of  the

bulk  enthalpy  of  formation  and  the  upd  described  in  the  last  section  need  to  be

complimented with density functional calculations.
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Chapter 8

CONCLUSION AND FUTURE DIRECTIONS

The work discussed in this dissertation addresses the synthesis and applications of

alloy and intermetallic (ordered compounds) catalyst nanomaterials. Prior to this work,

nano-phase synthesis of these materials for catalyst applications without using

surfactants  was  explored  for  only  a  few  systems  (Pt-Pb,  Pt-Bi  and  Pt-Ti).  Although

encouraging catalytic activities were observed with the synthesized products, not all

the challenges were identified and overcome. The synthetic methods were not

extended to all metals across the periodic table, rather the focus was on Pt compounds

with Bi and Pb. Lastly, catalytic applications of the synthesized materials were limited

to oxidation of small molecules only.

In  this  work,  I  started  with  the  already  explored  phases  and  tried  to  improve  the

synthesis techniques. For PtPb, where obtaining the desired phase by sodium

napthalide reduction was possible with low temperature annealing (~110 oC), I tried to

obtain the phase at room temperature. The objective was to have higher control on the

size distribution as well as cleaner surfaces. Together, we hoped this would increase

the catalytic activity of the PtPb nanoparticles. Indeed I was successful in this quest

(Chapter 2).

I next tried to improve the sodium napthalide method, since it is a stronger reducing

agent, able to possibly reduce group IV through XV metals. As discussed in Chapter 2,

I succeeded in this goal by exploring new Pt precursors and changing the post reaction

work up techniques. For Pt-Ti, I tried to understand the underlying factors causing the

system to behave differently from PtPb to address the two major challenges faced:

high temperature (above 700 oC) annealing was required to obtain ordered phases, and
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loss of Ti from the final product during work-up. The work described in Chapter 3

identifies these factors.

After  Pb  and  Ti,  I  explored  the  3d  elements  in-between for  co-reduction  with  Pt  (or

even to be reduced by themselves) to give nano phase materials. In Chapter 4, I

discussed the challenges that I have identified through this work, and methods to

counter the challenges and limitations that still remain. I have been able to synthesize

binary alloy and intermetallic compounds of Pt with Cr, V, Mn, and Ni. Most of these

materials have shown at least some electrochemical activity for the oxidation of small

molecules.

Most importantly, through the above work, the previously unidentified factors that

need to be addressed have been recognized. Doing so has enabled us to consider

alternative reducing agents. Some of these have even been explored and their own

limitations have been identified. For others, preliminary work has been completed and

future research directions have been identified. These alternative reducing agents were

discussed in Chapter 5.

As a continuation of the work with different metals across the periodic table, other

phases with Cd and Hg have been synthesized, both nano and bulk materials using

sodium napthalide as well as sodium borohydride methods. Along with generating

some new catalysts, this work provided a side by side comparison of properties of the

phases synthesized by different methods. Chapter 6 discusses this work and its

implications.

Lastly, these materials and PdPb phases were used as supports for core-shell cathode

catalysts in collaboration with the Adzic group at the Brookhaven National

Laboratories.  The  success  of  this  work  has  broadened  the  application  of  these

materials from just anode catalysts for oxidation of small molecules to catalysts for the

oxygen reduction reaction. In Chapter 7 I discussed this work and possible future
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research directions for generating improved catalysts for fuel cell cathodes using these

materials.

However, challenges still remain for synthesizing clean, nano (5-10 nm) particles of

ordered  intermetallic  materials  at  as  low  a  temperature  as  possible  without  using

surfactants so that the particles remain clean and active. But through this dissertation,

the challenges have been identified and addressed wherever possible (Pb, Hg and Cd).

In other cases (especially with very reactive metals like Ti, V, Cr and Mn) further

research is necessary and has been started in the directions identified in this work.

Most importantly, I have been able to explain and predict the observations based on

the properties of the non-Pt metal in question.

Last, but not the least, several new catalysts have been successfully synthesized and

tested through the work described in this dissertation – doing justice to our motivation

for starting this work.




