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ABSTRACT 

Electrocatalyst supports that have resistance to corrosion, high surface area, high 

porosity, and adequate electronic conductivity are needed to improve the durability of 

proton-exchange membrane fuel cells (PEMFC) utilized for transportation, stationary, 

and portable power applications. Although platinum supported on carbon is the typical 

electrocatalyst used for the oxygen reduction reaction (ORR) in PEMFCs, the corrosion 

of carbon presents a challenge for the widespread and commercialization of this 

technology. Tantalum pentoxide (Ta2O5) is stable under the oxidative potentials and 

acidic conditions of the ORR, but prior efforts have largely focused on carbon-Ta2O5-Pt 

catalysts which can still result in the degradation of the support. To develop a potential 

Ta2O5 support, the effects of thermal treatments and magnesium reduction of tantalum 

oxide aerogels were evaluated in order to create a support material that meets the required 

characteristics typically observed in carbon-based supports. Sol-gel synthesis and 

supercritical drying were performed to obtain tantalum oxide (TaOx) aerogels with high 

surface area and porosity. Thermal treatments in air and thermal reduction using 

magnesium (Mg) as a reducing agent were investigated to improve the crystallinity and 

electronic conductivity of TaOx aerogels. The morphology and structure of TaOx aerogels 

were determined using scanning electron microscopy, nitrogen physisorption, and X-ray 

diffraction measurements. Electronic conductivity measurements were obtained using a 

two-point probe configuration. Results indicated that the sol-gel synthesis method was a 

viable approach to produce TaOx aerogels with high surface areas of 197 m2g-1 and mean 
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pore diameters of 11 nm. Subsequent thermal treatments in air and Mg reduction 

modified the crystal structure, reduced the oxygen content, and improved the electronic 

conductivity of TaOx aerogels. Mg reduction of the as-prepared TaOx aerogel produced a 

material with a TaO crystal structure, a surface area of 54 m2g-1, and an electronic 

conductivity of 3.7x10-3 S cm-1. Moreover, Mg reduction on the 850ºC-thermally treated 

TaOx aerogel produced a material with Ta2O crystal structure, a surface area of 11 m2g-1, 

and an electronic conductivity of 3.5x10-4 S cm-1. From this study, sol-gel synthesis, 

thermal treatments, and Mg reduction were shown to improve the resulting structure, 

morphology, and electronic conductivity of TaOx aerogels making them potential 

alternatives to replace carbon-based supports. Understanding the effect of thermal 

treatments and Mg reduction in TaOx aerogels opens up new opportunities for the design 

and development of highly durable and stable carbon-free ORR electrocatalyst supports 

for fuel cells.
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1.  INTRODUCTION

1.1 Background and Overview of Proton Exchange Membrane Fuel Cells 

Fossil fuels including oil (petroleum), natural gas, and coal are a primary source 

of energy that is widely used in many different countries for energy production. Fossil 

fuels are not a renewable energy source as they cannot be produced at the same rate at 

which they are being consumed.1 However, petroleum remains as the major 

transportation fuel of choice because of its energy content, easy transportability, and 

reasonable availability.2 In 2018, fossil fuels accounted for ~ 80% of the total U.S. energy 

consumption while renewable energy only accounted for ~11% (Figure 1).3 

 

Figure 1. U.S. energy consumption by energy source, 2018.3 

 

The use of fossil fuels as a primary source of energy is not sustainable for the long 

run since their combustion is a major contribution of carbon dioxide, a major factor to the 

earth’s pollution and climate change.2 As a result, significant progress has been made in 

the advancement of hydrogen-based renewable technologies for the automobile sector. 
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Fuel cells are energy conversion devices that generate electricity from an 

electrochemical reaction in which oxygen and hydrogen-rich fuel combine to form 

water.4 There are different types of fuel cells and their classification depends upon the 

type of fuel, electrolyte, and temperature of operation.5 Proton Exchange Membrane Fuel 

Cells (PEMFC) use hydrogen or ethanol as their fuel source, perfluorosulfonic acid or 

hydrocarbon-based membrane as the electrolyte, and normally operate between 0°C to 

95°C.2, 6 The typical components of a PEMFC consist of a negative electrode (anode) and 

a positive electrode (cathode) separated by an ion-conducting electrolyte (Figure 2). 

 

At the anode, hydrogen atoms that serve as the fuel source, are separated into 

protons (H+) and electrons (e-), as described by the following equation. 

 

Figure 2. Schematic representation of a Proton Exchange Membrane Fuel Cell 

(PEMFC) illustrating the anode, electrolyte, cathode, and the flow of electrons.2 
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2 H2 → 4 H+ + 4 e- (1) 

The generated electrons travel through an external circuit, generating electricity 

and ultimately powering the device connected to the fuel cell.2 The protons that were 

generated at the anode side migrate through the electrolyte to the cathode side where they 

react with oxygen and electrons to produce water and heat according to the following 

equation. 

O2 + 4 H+ + 4 e- → 2 H2O (2) 

The overall reaction is observed in Equation 3. 

2 H2 + O2 → 2 H2O (3) 

The use of a catalyst is crucial at the anode for the activation energy barrier to be 

overcome and for the hydrogen oxidation reaction to be kinetically feasible at < 80 °C 

(Equation 1). At the cathode, the use of a catalyst is also necessary to perform the 

kinetically slow 4 e- transfer during the oxygen reduction reaction (Equation 2).2, 7 

Currently, platinum supported on carbon black is the state-of-the-art catalyst used in both 

electrodes. However, the startup/shutdown operation mode is a major concern for the 

degradation of the components of the fuel cell.8 When a fuel cell has been shut down for 

a period of time, it will be filled with air that has leaked from the environment in both the 

anode and the cathode compartments. On starting up the vehicle, hydrogen is injected 

into the anode resulting in a hydrogen-air front passing through the anode, leading to 

extremely high potentials at the cathode. Potentials of 1.5 V at the cathode are high 

enough to cause carbon corrosion and severe irreversible degradation of the 

electrocatalyst (Figure 3). The carbon corrosion reaction in aqueous solutions can be 



 4 

thermodynamically oxidized at potentials above 0.207 V,9 and it is described by the 

following equation. 

C + 2H2O → CO2 + 4H+ + 4e− (Eo = 0.207 vs. RHE) (4) 

 

Different operational modes can lead to Pt dissolution since Pt thermodynamically 

dissolves at ~1.18 V at 80 °C.2 The dissolution of Pt will enhance the formation of Pt 

band deposits in the membrane of the fuel cell, ultimately leading to system 

degradation.10 Figure 4 illustrates the different degradation processes that can occur in 

PEMFCs. Carbon corrosion and Pt dissolution are considered primary degradation 

processes and also contribute to secondary degradation processes such as particle 

detachment, agglomeration, and Ostwald ripening.11 

 
Figure 3. A schematic diagram of the startup/shutdown operation mode. A 

high potential of 1.5 V at the cathode catalyst layer leads to catastrophic degradation 

in a short period of time.2 
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Particle detachment occurs due to the weakening of the interaction between 

platinum particles and the carbon support. A possible explanation of particle 

agglomeration is that neighboring platinum particles may come into contact with each 

other due to the shrinkage of the carbon support. Ostwald ripening happens when the 

dissolved platinum particles are redeposited on other large platinum particles resulting in 

significant particle growth. Overall, carbon corrosion causes the loss of the structural 

integrity of the catalyst layer leading to a decrease in porosity, mass transport limitations, 

and ultimately overall loss in fuel cell’s performance.11 

 

1.2 Characteristics of Support Materials 

For the long-term operation of PEMFC, it is important to find corrosion-resistant 

support materials that meet or improve the characteristics of carbon-based supports. 

Carbon supports have: (i) high surface areas (ca. 100-1,000 m2g-1), (ii) high porosity, and 

(iii) high electronic conductivity (ca. 1-10 S/cm).9 Thus, before developing an alternative 

 

 

 

 

 

 

 

Figure 4. Simplified representation of suggested degradation mechanisms for 

platinum particles on a carbon support in fuel cells.11 
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viable carbon-free support, it is important to understand the unique properties required in 

an electrocatalyst support and the role each one of them plays in PEMFCs. 

High surface area allows for a finer dispersion of Pt particles resulting in a high 

utilization of Pt metal on the support.12 Uchida et al. observed that the increase in surface 

area of the support from 58 to 1500 m2g-1 resulted in Pt particle size reduction from 3.7 to 

1.0 nm.13 Increasing the surface area is an excellent approach to decrease Pt loadings and 

subsequently PEMFC cost. 

Furthermore, high porosity in a support material favors the efficient mass transfer 

of liquids and gases, diminishes water flooding in the electrodes, and increases the 

interaction among neighboring molecules. Adequate mass transfer of liquids and gases 

requires that the transport paths, through which the molecules move into or out of the 

catalytic active sites, be open and porous for the molecules to travel easily and for the 

reactions to occur most effectively.14 To avoid flooding problems at the site of the 

cathode catalyst layer at high current densities, a catalyst support should possess a very 

small amount of micropore volume (< 2 nm), large portion of mesopores (2-50 nm), and 

a few macropores (> 50 nm).15 Lastly, a prior study indicated that for a large molecular 

catalyst such as iron corrole, a certain pore size (20 nm) in the carbon support enabled the 

catalytic molecules to be near each other.16 As a result, there was a greater electronic 

interaction among the iron corroles leading to higher catalytic activities during ORR.  

Additionally, adequate electronic conductivity on the support is necessary to 

allow for the proper electron transport from the support to the noble metal catalyst. 

Support materials that have good conductivity allow the transfer of electrons leading to a 

higher activity of the catalysts.12 A prior study indicated that the higher resistance for 
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charge transport on the support correlated with the increase of voltage needed to obtain a 

given increment of current.17 

Lastly, resistance to corrosion is an important feature for support materials to 

possess. When a support material is electrochemically stable in acidic media under the 

working conditions of PEMFC, it will prevent the degradation processes that can occur in 

an electrocatalyst (support corrosion, platinum dissolution, particle detachment, 

agglomeration, and Ostwald ripening). Since corrosion of the support weakens the 

interaction between the catalyst and the support material, it is crucial to develop support 

materials that are resistant to corrosion in order to prevent degradation of the fuel cell 

components and maintain a high catalytic performance.11-12 Although it is challenging to 

meet all the required characteristics of typical carbon-based supports simultaneously, the 

design of new synthesis procedures and the understanding of the fundamental properties 

of alternative materials can open up new opportunities for the development of carbon-free 

supports with adequate physicochemical properties for the application of fuel cells and 

other important electrochemical energy devices. 

 

1.3 Metal Oxides as Alternative Support Materials 

In recent years, metal oxides have been regarded as potential materials to replace 

carbon-based supports because of their high resistance to corrosion in an electrochemical 

environment, low dissolution in acidic media, and adequate stability against 

electrochemical corrosion presented in PEMFCs.12 Furthermore, it has been observed that 

when Pt particles are tightly bound to metal oxide supports, Pt particles are protected 

from the different degradation process typically observed in carbon-based supports.18-20 
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Prior studies have attributed the stabilization of Pt nanoparticles on metal oxide supports 

to the presence of strong metal support interactions (SMSI) between platinum particles 

and the metal oxide (Figure 5).21-22 

 

Figure 5. A model of a supported metal particle, illustrating the effects of 

strong metal support interactions when Pt particles are supported on Ta2O5.
22 

 

Thermochemical calculations of Sn, Ti, Nb, Sb, W, and Ta, concluded that their 

metal oxides, hydroxides, or metals were among the most stable materials at 80 °C in 

strong acidic (pH=0) environments typical of PEMFC cathode conditions.23 Although 

titanium oxide (TiOx) has been the most widely studied and frequently used metal oxide 

catalyst support for ORR in PEMFC,20, 24-26 a recent report by General Motors Company 

indicated the necessity to avoid TiOx as catalyst support because it can lead to significant 

degradation of the polymeric membrane, causing membrane thinning, and increased gas 

crossover.27 In addition, when the activity and stability of overlayers of Pt supported on 

different metal oxides (Ti, Sn, Ta, Nb, Hf, and Zr) were analyzed, the dissolution 

potential (Udiss) of Pt went beyond 1.2 V when Pt particles were supported on TaO2 rather 
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than TiO2 (Figure 6).28 Values lower than 1.2 V favored sintering of Pt particles, but 

values greater 1.2 V indicated a shift in the Udiss of Pt beyond 1.2 V as a result of the 

strong binding between Pt particles and the metal oxide. 

 

Figure 6. Dissolution potentials (Udiss) as a function of the number of Pt (111) 

layers on the metal oxide supports. The dashed line represents Udiss
 under standard 

conditions.28 

 

Tantalum (Ta) is known as one of the most corrosion resistant metals, and at low 

temperatures (<150°C), tantalum is almost immune to chemical attack.29 The Pourbaix 

diagram of Ta indicates that the range of thermodynamic stability of Ta2O5 lies below 

that of water reduction (Figure 7).30 Ta2O5 is the thermodynamically stable phase under 

acidic pHs (pH~1) and potentials (0.4 – 1.4 V) typically required for ORR. The high 

corrosion resistance and inertness of Ta has been attributed to a thin protective oxide 

film.30-31 
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Figure 7. Pourbaix Diagram of Tantalum and Ta2O5.
30 The blue rectangle 

encloses the pH and potentials typically required for the oxygen reduction reaction in 

PEMFC. 

 

Tantalum is a good candidate for further investigation as a support material and 

prior studies have demonstrated its stability under PEMFC operation conditions.20, 22, 24, 

32-33 The durability and corrosion resistance of different carbon-supported Pt 

electrocatalysts were evaluated against electrocatalysts that incorporated TaOx with the 

support material. Durability was measured by calculating the change in electrochemical 

surface area (ECSA) under cathode conditions (Table 1). 

pH 

P
o
te
n
ti
al
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Table 1. Change in electrochemical surface area (ECSA) for noble metal 

supported on carbon vs. noble metal supported on supports containing TaOx. 
Carbon-

based 

support 

ECSA 

decrease 

(m2g-1) 

Support 

containing TaOx 

ECSA 

decrease 

(m2g-1) 

Experimental 

details 
Reference 

Pt/C 44.5 Pt/Ti0.7Ta0.3O2 34.0 
10,000 accelerated 

load cycling. 
24 

Pd/C 24.5 Pd/Ti0.7Ta0.3O2 6.2 
50 cycles, 5 mVs-1, 

160 rpm. 
34 

Pt/Carbon 

Nano Tubes 
38.1 Pt/Ta2O5/CNT 21.6 

10,000 potential 

cycling durability 

tests. 

22 

Pt/Glassy 

Carbon 
92.4 Pt/TaOx/GC 68.3 5 mVs-1, 1600 rpm. 33 

Pt/Carbon 31.0 Pt/Ta2O5/C 17.2 
10,000 cycles of 

accelerated 

durability test. 

35 

 

 

Even though a higher retention of the electrochemical active surface has been 

observed for support materials that incorporated TaOx, prior efforts have largely focused 

on carbon-Ta2O5 support catalysts which can still result in the degradation of the support 

due to carbon corrosion. Other strategies have developed carbon-free supports, 24, 34, 36 but 

the incorporation of TaOx has primarily being in small quantities serving simply as a 

dopant rather than the main component of the support material. Both approaches limit the 

understanding of TaOx as a support material and its potential to improve the durability of 

the electrocatalyst support. 

 

1.4 Sol-gel Synthesis Method (High Surface Area and Porous Materials) 

As discussed previously, high surface area and porosity are characteristics that a 

support material should have. Sol-gel synthesis is an approach that has shown success in 

the development of metal oxides materials with high surface area and porosity. The sol-

gel synthesis route allows for metal oxide particles in the solution to agglomerate and link 
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together in order to form an interconnected network under controlled conditions.37 The 

sol-gel synthesis process involves sol formation, gelation, and a drying step (Figure 8). 

 

Figure 8. Schematic representation of the sol-gel method.38 

 

The sol-gel synthesis route, involving metal alkoxides M(OR)n where M can be 

Al, Si, Ti, V, Mo, W, or Ta, is considered a two-step polymerization reaction. The first 

reaction is the hydrolysis reaction that starts by the hydrolysis of an alkoxy ligand to 

produce a hydroxylated metal center and an alcohol (Equation 5). The second step is the 

condensation reaction, which occurs as the hydroxylated species condense to form 

oxypolymers to create oxygen bridges and the removal of water (Equation 6). In the 

overall reaction, the alkoxy ligand and water precursors result in a metal oxide and an 

alcohol (Equation 7).39 

Ta(OCH2CH3)5 + H2O ➝ Ta(OCH2CH3)4 (OH) + CH3CH2OH (5) 

Ta(OCH2CH3)4 (OH) + Ta(OCH2CH3)5 ➝ Ta2O(OCH2CH3)8 + CH3CH2OH (6) 

2Ta(OCH2CH3)5 + 5H2O ➝ Ta2O5 + 10 CH3CH2OH (7) 

There are three different drying techniques typically used to remove the liquid 

from the wet gel (Figure 9).40 The first drying technique is via ambient air-drying, which 

leads to the formation of a dense xerogel. The second is a freeze-drying technique which 
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involves lowering the temperature of the solvent below its crystallization temperature and 

removing it as a vapor forming a cryogel. The third drying technique is a supercritical 

drying process which replaces the liquid phase in the wet gel with the use of a 

supercritical fluid, typically CO2. By removal of the solvent under supercritical 

conditions, no liquid-vapor interface exists, capillary stress is prevented, and collapse of 

the porous structure is avoided resulting in an aerogel with high porosity, low density, 

and high surface area.38, 40 

 

Figure 9. Three different drying techniques of a wet gel.40 

 

Aerogels are promising materials for the development of metal oxide supports for 

ORR due to several unique properties: (i) high surface area, (ii) stabilization of nanoscale 

particles, (iii) low controllable density, and (iv) open porosity. Different metal oxide 

aerogels have already been synthesized and analyzed as support materials with high 

surface area and porosity to replace carbon-based supports. Table 2 summarizes the 

results obtained from different studies on metal oxide aerogels. 
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Table 2. Metal oxide aerogels (surface area and pore size). 

Metal Oxide Aerogel Surface Area (m2g-1) Pore size (nm) Reference 

TiO2 aerogels 50-550 15-30 15 

SnO2 aerogels 40-90 15-45 41 

TiO2 aerogels 272 3-5 34 

SnO2 aerogels 74 to 77 20-40 42 

Nb2O5 aerogels 190 2-10 43 

ZrO2 aerogels 143-205 17-65 44 

Ta2O5 aerogels 221 2-50 45 

Ta2O5 aerogels 917 4-12 46 

 

Although sol-gel synthesis has been recognized as a potential synthesis route to 

develop metal oxides supports with high surface areas and an open-pore morphology, 

many aerogels end up with a low surface area after undergoing thermal treatments in 

order to reach crystallinity and obtain sufficient electronic conductivity.15, 24 Hence, 

further research is needed in the development of aerogels that combine higher surface, 

high porosity, and sufficient electronic conductivity in order to successfully replace 

carbon-based supports. 

 

1.5 Magnesium Reduction (Enhanced Electronic Conductivity) 

Among the various metal oxides, SnO2, TiO2, NbO2, and TaO2 have shown 

chemical stability suitable for strong acidic conditions for PEMFC.22, 25-26, 32-33, 47-50 

However, the choice of metal oxide used as a support material is limited when the need 

for high electrical conductivity is also considered. Most of these oxides are insulators 

(TiO2) or wide-band gap semiconductors (SnO2, NbO2, and TaO2).
28 For example, Ta2O5 

has a band gap of 3.9 eV51-52 and an electronic conductivity of 3.01x10-12 S/cm 53 while 
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the typical electronic conductivity of carbon supports lies between 1-10 S/cm.9 Hence, 

the electronic conductivity of metal oxides must be improved before they can be 

considered as potential alternative materials to carbon-based supports for PEMFC 

application. 

Although there are several ways to increase the electronic conductivity of a metal 

oxide,15, 24, 54-57 increasing their conductivity through reduction by using magnesium (Mg) 

as a reducing agent is a favorable approach for the following reasons: (i) the metal 

produces a promising way for the preparation of nano-sized metal oxide powders; (ii) the 

reduction temperature is low and adjustable; (iii) handling of Mg powder is relatively 

easy; (iv) the by-product (MgO) can be easily eliminated by acid leaching; and (v) the 

morphology of the initial material can be preserved.58-61 

Furthermore, Mg reduction of some metal oxides is thermodynamically favorable 

because the active metal (Mg) has a higher oxygen affinity than the metal oxide. Based 

on the Ellingham diagram (Figure 10), the reduction of tantalum using Mg is 

thermodynamically favorable because the line representing the reaction of magnesium 

(Equation 8) lies below the line representing the reaction of tantalum (Equation 9). 

2Mg + O2 => 2MgO (8)  

4Ta + 5O2 =>2Ta2O5 (9) 

Since the reaction line of magnesium lies below that of tantalum’s, ∆G is 

negative, and the reaction is thermodinamycally favorable.62 The overall reaction is 

shown in Equation 10, which shows that the driving force for the reaction of tantalum is 

tremendous.60 

Ta2O5(s) + 5Mg(g) = 2Ta(s) + 5MgO   ∆G1073-1223K = -987 to -891 kJ/mole (10) 
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Figure 10. Ellingham diagram.63 

 

Overall, Mg reduction will lead to structural transformation and intrinsic band gap 

changes of the metal oxide that may enhance the electronic conductivity of the material. 

Prior work using Mg as a reducing agent under a reducing atmosphere (H2/Ar) resulted in 

a highly conductive black ZrO2-x by decreasing its broad band gap of 5-7 eV to 2.1 eV, 

changing its oxidation number from Zr+4 to Zr+3, and forming oxygen vacancies.54 

Another study modified the intrinsic band gap of TiO2 via Mg reduction which resulted in 

a higher conversion efficiency of solar light energy to water evaporation.64 Lastly, a prior 

study on the electrical conductivity in oxygen-deficient phases of Ta2O5 observed a trend 

of increasing electronic conductivity with decreasing oxygen content.65 The electronic 

conductivity increased in the following way Ta2O5 < Ta2O2 < Ta2O. Experimentally, the 

reduction of tantalum oxide by using Mg as a reducing agent has been carried it out 
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successfully.58-60 However, prior studies have largely focused in the reduction of TaOx to 

tantalum metal with the goal of simply producing a pure metal instead of increasing its 

electronic conductivity. Additionally, the effect of Mg reduction on TaOx aerogels has 

not been studied. 

 

1.6 Project Motivation and Objectives 

Tantalum oxide (TaOx) is resistant to corrosion under the oxidative potentials 

encountered in the oxygen reduction reaction for proton exchange membrane fuel cells. 

Although prior studies have used tantalum in electrocatalyst supports, most of the prior 

work have largely focused on carbon-Ta2O5 supports, which can still result in the 

degradation of the support, or they have limited the use of tantalum to a dopant rather 

than the main component in the support.22, 32-33 

The motivation of this project was to develop TaOx aerogels that could serve as 

potential carbon-free support materials for the ORR in PEMFCs. To our knowledge, no 

prior study has explored the effect of thermal treatments and reduction of TaOx aerogels 

to modify their crystal structure and improve their electronic conductivity. The 

hypothesis tentatively assumed that the reduction of TaOx aerogels using Mg as a 

reducing agent will increase the electronic conductivity of TaOx aerogels while retaining 

the properties of large surface area and porous morphology.  

The specific research objectives were the following: i) synthesize high surface 

area and porous TaOx aerogels via sol-gel synthesis and supercritical drying to determine 

the effect of thermal treatments in air in order to obtain two different precursors 

(amorphous vs crystalline); ii) determine the effect of thermal reduction (using Mg as a 
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reducing agent) on the morphology, crystallinity, and degree of reduction of TaOx 

aerogels; and iii) analyze the effect of reduction on the electronic conductivity of TaOx 

aerogels. The results of this project aimed to contribute to the scientific knowledge 

concerning the design and development of a highly stable carbon-free support catalyst for 

the oxygen reduction reaction in proton-exchange membrane fuel cells.
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2. MATERIALS AND METHODS 

2.1 Chemicals 

Tantalum ethoxide (Ta(OC2H5)5), 200 proof anhydrous ethyl alcohol (C2H6O), 

nitric acid (HNO3), and Mg powder >99.9% (40-45µm in size) were obtained from Sigma 

Aldrich. Washed acetone was obtained from the Chemistry department at Texas State 

University. All regents were used without further purification. 

 

2.2 Synthesis of Tantalum Oxide Gels 

Tantalum oxide aerogels and xerogels were synthesized using a sol-gel synthesis 

method adapted from a previously reported procedure.46 Two solutions (A & B) were 

prepared in the following way. Solution A, prepared inside an argon-filled (H2O ≤ 1.0 

ppm) glove box, consisted of 1.5 g (3.7 mmol) of tantalum ethoxide dissolved in 7.9 g 

(171 mmol) of ethyl alcohol. Solution A was magnetically stirred (600 rpm) for 10 

minutes. Solution B, prepared outside the glovebox, consisted of 198.6 µL of ultrapure 

water (>18 MΩ) using PureLab Classic DI instrument, 626 µL of ethanol, and 37.6 µL 

nitric acid. Solution B was magnetically stirred (400 rpm) for 10 minutes. Subsequently, 

solution A was added into solution B. The final solution was stirred for 10 minutes and 

then transferred to a plastic vial where it remained still. The solution gelled after a certain 

time (~ 2–3 h) and the wet gel was aged for an additional 72 hours at room temperature. 

The gel was washed with ethanol once a day for three days. The gel was then dried either 

via ambient air-drying for 24 h at 60 °C to form a xerogel or under supercritical 

conditions (73.8 bars, 31 °C) where the ethanol was exchanged for CO2 and then 

removed using a Leica EM CPD 300 instrument to form an aerogel. 
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2.3 Thermal Treatments 

Tantalum oxide aerogels were thermally treated in a muffle furnace (Thermolyne, 

Thermo Scientific, Inc.) at 550 °C or 850 °C in air for 2 hours using a ramp rate of 10 

°C/min. 

 

2.4 Magnesium Reduction Method 

The thermal treatment using metallic magnesium as a reducing agent was 

performed by modifying previously reported procedures.54, 64 Approximately, 0.30 g of 

TaOx aerogel was mixed and ground with approximately 0.30 g of Mg powder (50:50 

wt%) using an agate mortar and pestle. The sample was transferred to a quartz vial and 

sealed under vacuum with an in-house vacuum system. Mg reduction method was 

performed by heating the sealed vial up to 600 °C for 4 h under an argon atmosphere with 

a ramp rate of 10°C/min in a tube furnace (Lindberg Blue M, Thermo Scientific). After 

the Mg reduction method, the quartz vial was cooled down to room temperature and 

taken out of the tube furnace. Subsequently, the quartz vial was transferred to an argon-

filled (H2O ≤ 1.0 ppm) glove box, opened, and transferred to a clean vial to prevent the 

reduced material from reacting with atmospheric oxygen. The clean vial with the reduced 

sample remained in the glovebox overnight before it was taken out to ambient 

atmosphere. 

 

2.5 Chemical Leaching 

To remove MgO impurities, the reduced samples were chemically leached in 100 

mL of 0.3 M HCl solution under magnetic stirring for 1 h. The sample was subsequently 
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rinsed five times in ultrapure water, two times in acetone, and then recovered by 

centrifugation (1690 RFC, 3,000 rpm, 3 min, thermo, Sorvall ST16). Lastly, the sample 

was dried overnight at 60°C in air. 

 

2.6 Sample Notations 

The notations used for the different TaOx aerogel samples are listed in Table 3 

and described as follows: the as-prepared TaOx aerogel’s notation is (Ta-Ap), for the 550 

°C thermally treated TaOx aerogel (Ta-550), for the 850 °C thermally treated TaOx 

aerogel (Ta-850), for the as-prepared TaOx aerogel after Mg reduction (Ta-Ap-Mg), for 

the 850-thermally treated aerogel after Mg reduction (Ta-850-Mg), for the as-prepared 

TaOx aerogel after Mg reduction and chemical leaching (Ta-Ap-Mg-CL), and for the 850-

thermally treated aerogel after Mg reduction and chemical leaching (Ta-850-Mg-CL). 

Table 3. Notation used to label different TaOx aerogels. 

Material Thermal 

treatment 

Mg reduction 

method 

Chemical 

Leaching 

Label 

TaOx aerogel No-treatment No No Ta-Ap 

TaOx aerogel 550 °C No No Ta-550 

TaOx aerogel 850 °C No No Ta-850 

TaOx aerogel No-treatment Yes Yes Ta-Ap-Mg-CL 

TaOx aerogel 850 °C Yes Yes Ta-850-Mg-CL 

 

2.7 Physical and Structural Characterization 

Powder X-ray diffraction (XRD) measurements were conducted using a Bruker 

AXS D8 Advance powder X-ray diffractometer with a Cu Kα (λ = 1.5406 Å) radiation 

source, operating at 40 kV and 25 mA and a high-resolution energy-dispersive 1D 

Linxeye XE detector. The scan range of 2θ was 15° < 2θ < 85° with a 0.01° increment. 

The powder diffractograms of metallic Ta (PDF 01-088-2338), MgO (PDF 96-900-6750), 
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Ta2O5 (00-019-1298), TaO (PDF 03-065-6750), and Ta2O (PDF 01-074-2305) were 

obtained from the crystallography open database (COD) were used as references. 

Nitrogen physisorption measurements were obtained using a Micromeritics ASAP 

2020 surface area and porosimetry analyzer. Before analysis, the samples were degassed 

under vacuum at 120 °C for 16 h. Brunauer−Emmett−Teller (BET) surface areas were 

obtained from the nitrogen physisorption isotherms. Mean pore diameters and cumulative 

pore volumes were calculated from the desorption isotherm using the 

Barrett−Joyner−Halenda method (Micromeritics Microactive software, version 4.02). 

Scanning electron microscopy (SEM) images and energy dispersive X-ray 

spectroscopy (EDS) measurements of the materials were obtained using a Helios 

NanoLab 400 Dual Beam Field Emission Scanning Electron Microscopy. For sample 

preparation, powders were dispersed in isopropanol, sonicated for 5 minutes, deposited 

on an aluminum sample holder, and further dried in an oven at 60 ºC for 5 minutes. 

Thermogravimetric analysis (TGA) was used to analyze the different weight loss 

processes occurring when increasing temperature. TGA measurements (TA Instruments 

Q50) were performed at a constant heating rate of 10 ºC/min in air from 25 ºC to 800 ºC. 

 

2.8 Electronic Measurements 

The electronic conductivities of the materials were determined with a conductivity 

cell made in-house of two stainless steel electrodes (area = 1.27 cm2) and an insulating 

ring. Approximately 100 mg of material was introduced between the two electrodes 

(Figure 11). The electrodes were pressed using a pressure of 20 psi transferred to the 

conductivity cell and measured at room temperature. 
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Figure 11. Stainless steel electrodes (gray) with the material introduced in 

between the two electrodes (black). 

 

Two-point probe measurements were obtained using a constant voltage ( 0.1 V) 

applied to the conductivity cell made in-house (Figure 12) using an Arbin Instruments 

BT-2043 potentiostat/galvanostat. The current was monitored until quasi-steady state was 

reached (~5 min) and the resistance was determined using Ohm’s law, R = V/I. The 

thickness and diameter of the pellet were measured using a micrometer (Mitutoyo, USA). 

The electrical conductivity, σelec (S cm-1), was calculated from the experimentally 

measured values using the equation σ = l/(R ∙ A), where l is the thickness of the sample, 

R is the measured resistance in Ω, and A is the cross sectional area. 

 

Figure 12. Schematic diagram of the conductivity cell made in-house of two 

stainless steel electrodes, insulating rings, and the pressed material in between the 

electrodes to obtain two-point probe measurements. 
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3. RESULTS AND DISCUSSION 

3.1 Effect of Thermal Treatment in the Crystal Structure of TaOx Aerogels 

To study the effect of thermal treatment on as-prepared TaOx gels, 

thermogravimetric analysis (TGA) was performed from 25 °C to 800 °C with a heating 

rate of 10 °C /minute in air atmosphere. Figure 13 represents the results obtained from 

the TGA analysis of an as prepared TaOx xerogel. 

 

Figure 13. Thermogravimetric Analysis (TGA) curve of TaOx xerogel. 

 

Technical issues with the thermogravimetric equipment limited further analysis 

using the aerogel samples; however, the data obtained from TaOx xerogel were taken as 

representative of the effects of heating in air for the TaOx aerogels. The weight loss at 

temperatures lower than 400 °C was attributed to the dehydration and decomposition of 

organic compounds from organic precursors used in the synthesis of TaOx aerogels. The 

significant 45% weight loss observed at temperatures higher than 450 °C was attributed 
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to the removal of oxygen or hydroxyl groups, but further analysis needs to confirm this. 

TGA does not alone prove a phase transition but additional observations of an exothermic 

peak centered at 386.7 °C in a differential thermal analysis supported this assessment.51 

Based on the results obtained in the TGA analysis, thermal treatments were 

performed on TaOx aerogels at different temperatures (550 °C and 850 °C) for 2 hours in 

air in a muffle furnace. The changes in the structure during heating were determined by 

X-ray diffraction (XRD) analysis. Figure 14 summarizes the results obtained from the 

XRD analysis of TaOx aerogels. 

As-prepared TaOx aerogels (Ta-Ap) have an amorphous structure as no defined 

peaks are observed within the XRD pattern, but only broad features indicating a weak 

organization of the atoms. However, as the temperature increased to 550 °C, a mild 

crystal reorganization took place and broad peak were observed. Subsequently, the 

thermal treatment at 850 °C resulted in an important structural reorganization since a 

phase transition from an amorphous structure to a monoclinic Ta2O5 crystal structure 

according to standard reference for Ta2O5 (00-019-1298) was observed on the XRD 

pattern. A prior study indicated that the high crystallinity of materials can improve the 

electrical conductivity in comparison to amorphous ones.15 Furthermore, it has been 

observed that Ta2O5 amorphous materials have a higher band gap and a lower electronic 

conductivity compared to Ta2O5 crystalline materials.65-66 Generally in electrocatalysis, a 

combination of surface reactivity, electronic conductivity, ionic conductivity, separation 

of electron-hole pairs, and facile mass transport of molecules must be provided in order 

to enhance the molecular conversion and obtain high performance.14 
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Figure 14. X-ray diffraction (XRD) of TaOx aerogels obtained at different 

temperatures (as-prepared, 550°C, and 850°C); diffraction peaks corresponding to 

monoclinic Ta2O5 reference (00-019-1298) are shown at the bottom of the figure. 

 

3.2 Effect of Mg Reduction in TaOx Aerogels Physical Properties 

Since Ta2O5 is an electronic insulator with a wide band gap of 3.9 eV and an 

electronic conductivity of 3.01x10-12 S/cm, its electronic conductivity must be modified 

before Ta2O5 can be considered as an alternative material to replace carbon-based 

supports in fuel cells.9, 52-53 Hence, thermal treatments to the TaOx aerogels with metallic 

magnesium were carried out. The overall reaction would promote oxygen-deficient 

phases of TaOx aerogels by promoting tantalum reduction (Equation 11).54, 58-60 

TaOx + Mg → TaOx-1 + MgO (11) 

The overall Mg reduction process was performed to as-prepared TaOx aerogels 

(Ta-Ap) and TaOx aerogels heated to 850°C in air (Ta-850) as described in the 
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experimental methods section. Figure 15 (g) shows a schematic illustration of the Mg 

reduction steps performed to the TaOx aerogels. 

 

Figure 15. (a-c) Pictures of the Mg reduction steps performed to the as-

prepared TaOx aerogel; (d-f) pictures of the Mg reduction steps performed to the 850-

thermally treated TaOx aerogel; (g) schematic illustration of the Mg reduction steps. 

 

Figures 15(a) and (d) present visually observed physical properties between Ta-

Ap and Ta-850 precursors prior to their reduction using Mg as a reducing agent. Overall, 

the heat treatment at 850°C in air did not promote any visible color change to Ta-850 

sample since its color remained white as Ta-Ap. The only visible changes observed 

between Ta-Ap and Ta-850 were the textures of the grains and the apparent volumes. The 

grains of Ta-Ap sample were fluffy and voluminous while the grains in the Ta-850 
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sample were dense and compacted. These visibly observed changes were consistent with 

the weight loss of TaOx aerogel at temperatures higher than 450 ℃ according to TGA 

analysis and the increase in crystallinity observed in the XRD analysis. After Mg 

reduction, a dramatic color change is observed visually between Ta-Ap-Mg and Ta-850-

Mg samples. Ta-Ap-Mg turned gray in color while Ta-850-Mg turned black. The gray 

color observed in Ta-Ap-Mg is attributed to the presence of unreacted Mg powder 

because after the chemical leaching step, the gray color turned black. Removal of the 

gray color is an indication that any unreacted Mg and MgO impurities were successfully 

removed by the chemical leaching step according to Equations 12 and 13.58-60 

Mg + 2HCl → MgCl2 + H2   ∆G298k= -401 kJ/mole (12) 

MgO + 2HCl → MgCl2 + H2O   ∆G298k= -61 kJ/mole (13) 

Although the color change is a physical property, a prior study indicated that a 

color change implies the modification of the material’s optical properties as a result of a 

reduced bandgap by the creation of oxygen vacancies within the lattice.54 A black color 

in a material indicates the ability of the material to absorb light in the whole visible light 

range. Furthermore, a lower band gap in TaOx materials is associated with a higher 

electronic conductivity.65 

 

3.3 Effect of Mg Reduction on The Morphology of TaOx Aerogels 

High surface area is an important feature that a support material needs to have for 

a better distribution of the catalyst, an improved utilization of the catalyst, and a higher 

reduction of particle agglomeration.12-16 In a similar manner, adequate pore structure (i.e. 

mesoporous morphology) allows for a better mass transport of gases onto the catalyst 
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surface and a better removal of the reaction products from the catalyst layer in the fuel 

cell.15 

The morphologies of the TaOx aerogels were evaluated before, during, and after 

the Mg reduction process using scanning electron microscopy (SEM). The Ta-Ap sample 

showed a nanoparticle morphology composed of spherical particles that are highly 

compacted and dense (Figure 16a). The particle diameter was heterogeneous 

approximately 10 to 300 nm. In contrast, the Ta-850 sample exhibited a more 

homogeneous network of interconnected spherical nanoparticles with diameters in the 

range of 20 to 90 nm (Figure 16d). The difference in morphology observed in Ta-850 was 

attributed to the coalescence of particles due to the 850 ℃ thermal treatment performed 

prior to the Mg reduction method. 

After the Mg reduction method, the spherical morphology of the particles 

observed in Ta-Ap-Mg was retained, but there was a decrease in the particle diameter to 

<100 nm (Figure 16b). On the other hand, the average particle diameter of Ta-850-Mg 

sample increased between 100 to 200 nm (Figure 16e). 

Subsequently, after the chemical leaching step (Figure 16c and 16f) the main 

difference observed between the morphologies of Ta-Ap-Mg-CL and Ta-850-Mg-CL was 

the size of the particles. Ta-Ap-Mg-CL had a heterogeneous morphology formed of 

smooth large particles and rough small particles while the Ta-850-Mg-CL had a 

homogeneous morphology composed of particles roughly even in size. 
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Figure 16. (a-c) Scanning Electron Microscopy (SEM) pictures of the Mg 

reduction steps performed to the as-prepared TaOx aerogel; (d-f) pictures of the Mg 

reduction steps performed to the 850-thermally treated TaOx aerogel. 

  

3.4 Effect of Mg Reduction on The Chemical Composition of TaOx Aerogels 

Changes of the chemical composition was determined by Energy Dispersive X-

ray Spectroscopy (EDS). The elemental composition in TaOx aerogels was dramatically 

affected by the temperature, Mg reduction, and chemical leaching treatments (Figure 17). 

EDS elemental analysis showed that Ta was present and evenly distributed throughout 

the structure of the aerogels before and after the Mg reduction process. Prior to Mg 

reduction, the 850°C-thermal treatment performed to the TaOx aerogel resulted in an 

important reduction of carbon and oxygen content in comparison to the TaOx aerogel that 

did not undergo thermal treatment. The removal of organic residues such as ethanol or 

carbon by thermal treatment at 850°C in air is also consistent with the results observed 

from TGA analysis. 

(a) Ta-Ap

400 nm

(c)Ta-Ap-Mg-CL

400 nm

(b) Ta-Ap-Mg

400 nm

(d) Ta-850

400 nm

(e) Ta-850-Mg

400 nm

(f) Ta-850-Mg-CL

400 nm



 31 

 

Figure 17. Scanning electron microscopy (SEM) images of (a) Ta-Ap, (g) Ta-

Ap-Mg-CL, (m) Ta-850, and (s) Ta-850-Mg-CL; element map composition of tantalum 

(b, h, n, t), oxygen (c, i, o, and u), magnesium (d, j, p, and v), carbon (e, k, q, and w), 

and chlorine (f, l, r, and x). 

 

Table 4 summarizes the relative elemental composition based on EDS analysis, 

normalizing to at atomic ratio of one for Ta. The most important observations were the 

change of oxygen and carbon content within the structure. For example, the reduction of 

TaOx aerogel precursors with Mg metal resulted in a decrease of the tantalum to oxygen 

atomic ratio in both Ta-Ap and Ta-850. After reduction, Ta-Ap-Mg-CL, which started 

with an amorphous structure, showed a relative oxygen reduction of 0.8 while Ta-850-

Mg-CL, which started with a crystalline structure, showed a higher oxygen reduction of 

1.7. Such high difference suggests that the starting crystallinity of the precursor may play 

an important role in the reduction mechanism with magnesium. A greater removal of 

oxygen content is achieved when the precursor has high crystallinity. 
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Furthermore, the high atomic ratio of carbon observed in Ta-Ap is attributed to 

residual carbon from the ethanol used during the synthesis of TaOx aerogels. Because the 

amount of carbon is significantly high in the reduced Ta-Ap-Mg-CL sample, further 

analysis is recommended. Although carbon can increase the electronic conductivity of the 

material, it can also lead to degradation of the material due to corrosion. 

Lastly, the presence of Mg was related to small impurities remaining after acid 

leaching and the contribution from the sample holder use during analysis. Although the 

presence of Cl was also observed, its relative atomic ratio was virtually zero. 

Table 4. Atomic ratio determined from Energy Dispersive X-ray Spectroscopy 

(EDS) analysis of TaOx aerogels. 

Material Ratio                                           

Ta :  O  : Mg : C  :  Cl 

Stoichiometry Oxygen difference 

Ta-Ap 1.0 : 3.9 : 0.2 : 1.0 : 0.0 TaO3.9 0.8 

Ta-Ap-Mg-CL 1.0 : 3.1 : 0.1 : 0.9 : 0.0 TaO3.1 

Ta-850 1.0 : 3.3 : 0.1 : 0.2 : 0.0 TaO3.3 1.7 

Ta-850-Mg-CL 1.0 : 1.6 : 0.2 : 0.4 : 0.0 TaO1.6 
 

 

3.5 Effect of Mg Reduction in The Crystal Structure of TaOx Aerogels 

The effect of reduction in the aerogels’ crystal structures were analyzed by X-ray 

Diffraction (XRD). Figure 18 shows the XRD patterns of Ta-Ap, Ta-Ap-Mg, and Ta-Ap-

Mg-CL samples. Powder diffraction references taken from the crystallography open 

database (COD) were used for comparison with measured samples. The green, red, gray, 

and blue lines at the bottom of Figure 18 represent the diffraction patterns of TaO, MgO, 

metallic Ta, and Ta2O respectively. 

XRD patterns showed that Ta-Ap only had broad features due to a weak 

organization of its atoms within the amorphous structure. However, after Mg reduction, 

the XRD of Ta-Ap-Mg showed four peaks (111), (200), (220) and (311) at 2θ values of 
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35.14°, 41.62°, 57.75°, and 70.78° corresponding to the reference pattern of TaO crystal 

structure according to standard reference (PDF 03-065-6750). 

The XRD pattern of Ta-Ap-Mg also showed one peak at a 2θ value of 35.47°, 

corresponding to the (111) plane of metallic tantalum and two peaks at 2θ values of 

42.80° and 62.14° respectively corresponding to the (002) and (022) planes of MgO. 

Although other small peaks were distinguishable along the diffractogram, these small 

phases were not characterized. The reduction of Ta-Ap by Mg was considered successful 

because of the phase transition to TaO crystal structure and the appearance of MgO 

peaks. It is important to mention that the changes observed in Ta-Ap should not only be 

attributed to the reduction by Mg, but also to the thermal treatment at 600°C performed 

during the reduction procedure. While the reduction of Ta-Ap by the strong Mg reducing 

agent leads to a decrease in its oxygen content, the thermal treatment at 600°C may affect 

the arrangement of its atoms and hence its crystal structure. Therefore, the 600°C thermal 

treatment and reduction with magnesium are both factors that contribute to the final 

structure of Ta-Ap-Mg-CL. 

Lastly, the XRD pattern of Ta-Ap-Mg-CL did not have MgO peaks any longer 

suggesting that the chemical leaching step was successful in removing MgO impurities. 

A small peak at a 2θ value of 37.94° was also observed and attributed to Ta2O crystal 

structure, but no other peaks corresponding to this crystal structure were observed. 
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Figure 18. X-ray diffraction (XRD) patterns of as-prepared TaOx aerogel (Ta-

Ap), Ta-Ap after Mg reduction (Ta-Ap-Mg), and Ta-Ap-Mg after chemical leaching 

(Ta-Ap-Mg-CL); diffraction peaks corresponding to standard references for TaO, 

MgO, metallic Ta, and Ta2O are shown at the bottom of the figure. 

 

XRD analysis was also performed in the samples thermally treated to 850 °C in 

air, subsequently reduced using Mg metal, and then chemically leached. The XRD 

patterns of Ta-850, Ta-850-Mg, and Ta-850-Mg-CL are shown in Figure 19. The XRD 

analysis indicated that the reduction of Ta-850 using Mg as a reducing agent resulted in a 

phase transformation from a monoclinic Ta2O5 to a Ta2O crystal structure according to 

standard reference Ta2O (PDF 01-074-2305). The phase transformation was supported by 

the peaks corresponding to Ta2O5 crystal structure disappearing and the three (220), 

(400), and (422) peaks at 2θ values of 38.07°, 54.94°, and 68.79° corresponding to Ta2O 

crystal structure appearing. The XRD analysis after Mg reduction showed one (111) peak 
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at a 2θ value of 35.47° corresponding to metallic Ta and two (002) and (022) peaks at 2θ 

values of 42.80° and 62.14° attributed to MgO. After chemical leaching, these peaks were 

no longer observed. Since Ta-850 had undergone a thermal treatment at 850°C prior to 

Mg reduction, its phase transformation is entirely attributed to the reduction by Mg metal 

and not to the 600°C thermal treatment performed during the reduction procedure. 

 

Figure 19. X-ray diffraction (XRD) patterns of 850-thermally treated TaOx 

aerogel (Ta-850), Ta-850 after Mg reduction (Ta-850-Mg), and Ta-850-Mg after 

chemical leaching (Ta-850-Mg-CL); diffraction peaks corresponding to the dark blue, 

gray, red, and light blue vertical lines at the bottom represent the diffraction patterns of 

Ta2O, metallic Ta, MgO, and monoclinic Ta2O5 respectively. 

  

3.6 Analysis on The Degree of Reduction in TaOx Aerogels 

When both of the XRD patterns of Ta-Ap and Ta-850 were compared and a 

stoichiometric analysis of the degree of reduction was calculated based on XRD standard 

reference patterns, it was observed that the degree of reduction was different for each of 
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the samples (Table 5). The aerogel previously heated to 850 ℃ in air, Ta-850, had an 

initial tantalum to oxygen ratio of 1 to 2.5 based on its initial Ta2O5 crystal structure. 

However, after reduction by Mg, its Ta to O content decreased to 1 to 0.5 based on its 

final Ta2O crystal structure. More than 75% of the oxygen content in Ta-850 sample was 

removed after reduction by Mg and chemical leaching. In comparison, based on the XRD 

analysis, the initial stoichiometry of Ta-Ap sample was unknown because it did not 

present a definite crystal structure. However, its final tantalum to oxygen ratio was 1 to 1 

based on the TaO crystal structure achieved after reduction by Mg and chemical leaching.  

The results indicated that the crystalline precursor (Ta-850) reached a higher 

degree of reduction compared to the amorphous precursor (Ta-Ap) suggesting that 

crystallinity plays an important role during the Mg reduction process. The role of the 

precursor’s crystallinity observed in the XRD analysis is in agreement with the results 

observed in the EDS analysis. Prior studies had suggested that reduction of the surface of 

a metal oxide proceeds with a rate constant that depends on the orientation of the surface 

plane, the extent of reduction, and the nature of the surface defects.67-68 The position of 

oxygen atoms and number of bonds to surrounding atoms should influence their removal 

with a different degree of difficulty. Hence, the degree of reduction is expected to be 

dependent upon the initial structure of the precursor. 

Table 5. Degree of reduction based on standard references of XRD patterns. 
 

Sample Crystal Structure Reference 
Atomic 

ratio 

Degree of 

Reduction  

- - Ta TaO0 High 

 

 

 

Low 

Ta-850-Mg-CL Ta2O     Ta2O   TaO0.5 

Ta-Ap-Mg-CL TaO    TaO TaO1 

Ta-850   Ta2O5       Ta2O5   TaO2.5 
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3.7 Analysis of Oxygen Concentration 

A subsequent study of the peak location, d-spacing, lattice constant, and crystal 

size of both reduced samples, Ta-Ap-Mg-CL and Ta-850-Mg-CL, was done based on the 

data obtained from the XRD analysis. The parameters of the reduced samples were 

compared to their standard reference (Table 6). Using the Scherrer equation and the full 

width at half maximum (FWHM) from the XRD data, the crystal size of the reduced 

materials was determined. The results indicated that Ta-850-Mg-CL had a larger crystal 

size compared to Ta-Ap-Mg-CL. The difference in crystal size is attributed to the 

additional 850 ℃ thermal treatment in air performed to Ta-850 precursor prior to the Mg 

reduction procedure. 

Table 6. X-ray diffraction parameters of Ta-Ap-Mg-CL and Ta-850-Mg-CL. 

Sample 
Peak 

(hkl) 

Peak 

location (2θ) 

d-spacing 

(Å) 

Lattice 

constant (Å) 

Crystal 

size (nm) 

TaO standard 

reference 
111 35.47 2.53 4.38 N/A 

Ta-Ap-Mg-CL 111 34.78 2.58 4.46 2.70 

Ta2O standard 

reference 
220 38.15 2.36 6.68 N/A 

Ta-850-Mg-CL 220 37.34 2.41 6.80 11.91 
 

 

The shift in peak position observed after reduction by Mg and chemical leaching 

led to a subsequent analysis of the peak location between experimental values and 

standard references. Figure 20 shows that the (111) plane of TaO standard reference was 

located at a 2θ value of 35.5°; however, the (111) plane in Ta-Ap-Mg sample was located 

at a 2θ value of 35.3°, and after chemical leaching it shifted further down to a 2θ value of 

34.8°. The same trend was observed for the (220) plane of Ta2O standard reference which 
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was located at a 2θ value of 38.2°, but the (220) plane location of Ta-850-Mg and Ta-

850-Mg-CL were further down at 2θ values of 37.7° and 37.3° respectively. 

 

Typically, it is known that a shift in peak position to lower theta values is 

attributed to a unit cell enlargement. A prior study has indicated that tantalum’s unit cell 

constant is known to depend on the oxygen content in the metal according to Equation 

14, where a is the Ta unit cell constant (Å) and co is the oxygen content in the metal 

(at%).59 

a=3.3030 + 0.0039 co (14) 

Furthermore, it has also been reported that the out-of-space lattice parameter and 

tetragonality increase with decreasing oxygen concentration, indicating that the crystal 

structure is closely related to the oxygen content.69 As a result, a linear extrapolation 

analysis was used to estimate the oxygen content of the reduced samples in comparison to 

 

Figure 20. Average 2θ values for the (111) peak on TaO standard (gray), Ta-

Ap-Mg (green), and Ta-Ap-Mg-CL (blue); average 2θ values for the (220) peak of 

Ta2O standard (gray), Ta-850-Mg (green), and Ta-850-Mg-CL (blue). 
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their standard reference based on the d-spacing and stoichiometry obtained from the XRD 

analysis (Table 6). 

The linear extrapolation was done with the assumption that the same crystal 

structure was maintained as the oxygen content increased, but this trend may not hold 

true for larger oxygen concentrations. The analysis was inspired by Vegard’s law which 

indicates that a linear relationship exists between the crystal lattice constant of an alloy 

and the concentrations of the constituents elements.70 Although the reduced TaOx 

aerogels are not alloys and variables used in Vegard’s law are not used, the shift to lower 

theta values of the reduced TaOx aerogel materials is related to a unit cell enlargement 

which may be due to a higher oxygen content in the reduced samples compared to their 

standard references. Based on the previous assumptions, the d-spacing and final 

stoichiometry of Ta-Ap-Mg-CL and Ta-850-Mg-CL samples were compared to the d-

spacing and stoichiometry of metallic Ta, TaO, and Ta2O standard references.  

The TaO standard reference had a d-spacing value of 2.53 Å for the (111) plane, 

and the stoichiometry was assumed to have a ratio of tantalum to oxygen of 1 to 1 with an 

oxygen concentration of 50%. The metallic-Ta had a d-spacing value of 2.44 Å for the 

(111) plane and it was assumed to have 0% of oxygen concentration. The experimental 

data of Ta-Ap-Mg-CL sample with a TaO crystal structure had a d-spacing value of 2.88 

Å for the (111) plane. Based on the linear extrapolation, it was determined that Ta-Ap-

Mg-CL sample had an oxygen concentration of 76 % indicating that it had 26% more of 

oxygen compared to the 50% observed on the standard reference of TaO (Figure 21). 
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Figure 21. Linear extrapolation of the oxygen content in metallic Ta standard 

reference, TaO standard reference, and Ta-Ap-Mg-CL aerogel sample. 

 

For the linear extrapolation of Ta-850-Mg-CL sample, the (220) plane was more 

adequate for comparison of the body-centered cubic Ta2O crystal structure and the body-

centered cubic metallic Ta. The Ta2O standard reference had a d-spacing value of 2.36 Å 

for the (220) plane, and the stoichiometry was assumed to have a ratio of tantalum to 

oxygen of 2 to 1 with an oxygen concentration of 33 %. The metallic Ta standard 

reference had a d-spacing value of 1.17 Å for the (220) plane, and it was assumed to have 

0% of oxygen concentration. The experimental data for the (220) plane of the Ta-850-

Mg-CL sample with a Ta2O crystal structure indicated a d-spacing value of 2.4 Å and the 

linear extrapolation determined an oxygen concentration of 35 %. The oxygen content in 

Ta-850-Ap-Mg is only 2% higher than the standard reference Ta2O (Figure 22). 
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Figure 22. Linear extrapolation of the oxygen content in metallic Ta standard 

reference, Ta2O standard reference, and Ta-850-Mg-CL aerogel sample. 

 

The linear extrapolation analysis showed that both samples Ta-ap-Mg-CL and Ta-

850-Mg-CL may have a higher oxygen content compared to their standard reference. It 

was observed that the chemical leaching step apart from removing MgO impurities, it 

was also oxidizing the reduced TaOx materials. Overall, the higher oxygen content in the 

reduced samples agrees not only with the shift in peak position to lower theta values, but 

also with the larger unit cell determined for the reduced samples compared to their 

standard reference. 
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3.8 Comparison of The Composition from EDS and XRD Analysis 

Table 7. Composition of TaOx aerogels from Energy Dispersive X-ray 

Spectroscopy (EDS) and X-ray Diffraction (XRD) analysis. 

Material 
Stoichiometry 

based on EDS 

Stoichiometry 

based on XRD 

Ta-Ap TaO3.9 Unknown – amorphous structure 

Ta-Ap-Mg-CL TaO3.1 TaO1 

Ta-850 TaO3.3 TaO2.5 

Ta-850-Mg-CL TaO1.6 TaO0.5 

 

A comparison between the stoichiometry obtained from the EDS and XRD 

analysis was conducted in order to observe the difference in oxygen concentration before 

and after the Mg reduction method with the goal to have a better understanding of the 

difference observed in the crystal structure of the reduced materials (Table 7). 

The trend observed for Ta-850 precursor is that its stoichiometry obtained from 

the EDS analysis has a higher oxygen content of 3.9 compared to the one obtained from 

the XRD analysis of 2.5. The difference may be attributed to the presence of small 

impurities from the sample holder used during the EDS analysis as well as the low 

precision of the analysis. Although, the initial stoichiometry for Ta-Ap precursor is 

unknown by the XRD analysis, the EDS analysis predicted an oxygen content of 3.9, 

which is much higher than the one in Ta-850 precursor. This discrepancy may be due to 

the contribution of surface oxygen, hydroxyl, or water groups on the material. Ta-Ap is 

an as-prepared TaOx aerogel but Ta-850 is a TaOx aerogel that has gone through a 

thermal treatment resulting in the loss of surface impurities as observed on the TGA 

results. 

The trend observed after the Mg reduction method is that Ta-850-Mg-CL product 

has a lower oxygen content compared to Ta-Ap-Mg-CL product. It is possible that the 
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surface oxygen from hydroxyl groups or water in Ta-Ap may have influenced its final 

degree of reduction. A prior study of the reduction of Ta2O5 powder with magnesium gas 

indicated that Mg reduction of tantalum oxide started from the powder’s surface via 

magnesium gas which led to the formation of magnesium oxide on the surface.60 As the 

reduction reaction proceeded, the oxygen component inside the particles was diffused 

out. Based on this study, it is predicted that the metallic Mg had to first react with oxygen 

impurities present on the surface of the Ta-Ap aerogel before reaching the oxygen within 

the structure. Due to oxygen impurities on the surface, Ta-Ap-Mg-CL may have achieved 

a lower degree of reduction compared to Ta-850-Mg-CL. 

 

3.9 Analysis of Surface Area and Porosity 

Nitrogen physisorption analysis of the Ta-Ap sample indicated an initial BET 

surface area of 197 m2g-1 and a mean pore diameter of 11 nm (Table 8). After Mg 

reduction process, the surface area of Ta-Ap-Mg-CL and Ta-850-Mg-CL decreased to 54 

m2g-1 and 11 m2g-1 respectively; however, the mean pore diameter for both products 

increased to 12 nm and 23 nm respectively. Apart from the effect of the thermal treatment 

during the Mg reduction method, the low surface area of Ta-850-Mg-CL is attributed to 

particle growth and coalescence promoted by the initial 850 ℃ thermal treatment 

performed prior to its reduction. Although the final surface area of the reduced TaOx 

aerogel samples is low compared to the typical surface areas reported for carbon-based 

supports (100-1000 m2g-1),9 the surface area of Ta-Ap-Mg-CL aerogel is in the range of 

surface areas previously reported for other metal oxide aerogels used as support materials 

(40 to 75 m2g-1).15, 41-42 
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Table 8. N2 Physisorption surface area, cumulative pore volume, and mean pore 

diameter of materials: Ta-Ap, Ta-Ap-Mg-CL, and Ta-850-Mg-CL. 

Material 
Surface Area 

(m2/g) 

Cumulative Pore 

Volume (cm³/g) 

Mean Pore 

Diameter (nm) 

Ta-Ap 197 0.8 11 

Ta-Ap-Mg-CL 54 0.2 12 

Ta-850-Mg-CL 11 0.1 23 

 

Apart from a high surface area, a catalyst support should possess a small 

percentage of micropores, a high percentage of mesopores, and some percentage of 

macropores. The pore size distribution analysis (Figure 23) showed that Ta-Ap had a 

small contribution of micropores (< 2 nm), a large contribution of mesopores (2-50 nm), 

and a small contribution of macropores (>50nm). 

 

Figure 23. Pore size distribution of the as-prepared TaOx aerogel (gray), Ta-

Ap-Mg-CL (green), Ta-850-Mg-CL (blue). 

 

After Mg reduction and chemical leaching, the pore size distribution indicated an 

increase in the average pore size. Both, Ta-Ap-Mg-CL and Ta-850-Mg-CL samples no 
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longer had a contribution of micropores, but mainly consisted of mesopores and a few 

macropores. Overall, the pore size distribution indicated that the reduction by Mg and the 

chemical leaching increased the pore size of Ta-Ap-Mg-CL and Ta-850-Mg-CL samples 

but decreased their cumulative pore volume. 

 

3.10 Evaluation of The Electronic Conductivity 

There are different factors that can influence the electronic conductivity of TaOx 

aerogels including grain-boundary resistance, band gap, crystal structure, composition, 

pore size, and the measurement technique. 

Table 9. Electronic conductivity of Ta-Ap, Ta-Ap-Mg-CL, and Ta-850-Mg-CL. 

Sample Electronic Conductivity Scm-1 

Ta-Ap 3.5 x10-10 

Ta-Ap-Mg-CL 3.7 x10-3 

Ta-850-Mg-CL 3.5 x10-4 
 

 

The electronic conductivity measured for Ta-Ap was 3.4 x10-10 S cm-1 (Table 9), 

which supports that the material is highly electronically insulating. The low electronic 

conductivity was attributed to the aerogel’s mesoporous structure particularly to the 

presence of grains boundaries. Grain boundaries generate potential barriers acting as 

trapping centers of electrons.71-72 When a material has grain boundaries, the electric 

current is affected because the electrons cannot easily travel as compared to a material 

without grain boundaries. Although the electronic conductivity of Ta-850 precursor 

(crystalline structure) was not measured, it is expected to be higher than Ta-Ap precursor 

(amorphous structure) because of the difference in crystal structure. Prior studies had 
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indicated that the band gap of an amorphous phase is slightly larger than equivalent 

compositions in the crystalline phase.65 A higher band gap in an amorphous material 

could lead to lower electronic conductivities. The calculated band gap for a crystalline 

Ta2O5 material was reported to be lower 4.03 eV than the calculated band gap for Ta2O5 

amorphous material 4.52 eV.66 Experimental studies have also shown a higher electronic 

conductivity for crystalline Ta (1.1x105 S cm-1) compared to amorphous Ta (8.7x103 S 

cm-1).65 It suggested that due to the 850 ℃ thermal treatment and phase transformation 

from amorphous to crystalline Ta2O5 structure, Ta-850 precursor would have a higher 

electronic conductivity compared to Ta-Ap precursor. 

Preliminary results indicated that the electronic conductivity of both Ta-Ap-Mg-

CL and Ta-850-Mg-CL samples significantly improved after the reduction of TaOx 

aerogels by Mg acting as a reducing agent. The increase in conductivity can be attributed 

to the change in oxygen composition. A prior study indicated that the electronic 

conductivity of TaOx materials increased as the oxygen content in the crystal structure 

decreased (Ta2O5 = 2x10-9 S cm-1< TaO < Ta2O = 6x102 S cm-1).65 Furthermore, a study 

indicated that the conduction mechanism of tantalum was dependent upon its oxidation 

state.73 Initially, Ta metal has a fine metallic conductivity, but once the oxidation state of 

Ta increases (Ta= lowest oxidation state < Ta2O < TaO < Ta2O5 = highest oxidation 

state), the metallic conductivity changes to an electron hopping mechanism and 

ultimately the conductivity becomes very low due to the high resistivity. Since the final 

crystal structure of Ta-Ap-Mg-CL (TaO) and Ta-850-Mg-CL (Ta2O) are oxygen deficient 

phases of tantalum pentoxide (Ta2O5), their higher electronic conductivity compared to 

Ta-Ap precursor is attributed to the lower oxygen content of these crystal structures. 
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Since Ta-850-Mg-CL reached a higher degree of reduction, less oxygen content, 

compared to Ta-Ap-Mg-CL, it was expected that it would have a higher electronic 

conductivity, but the experimental results indicated the opposite. This anomaly observed 

for Ta-Ap-Mg-CL was associated to the higher carbon content within the sample 

observed in the EDS analysis (Table 4). The presence of carbon has been directly 

correlated with an increased in the electronic conductivity of a material.74 Based on the 

N2 physisorption analysis (Table 8 & Figure 23), both reduced materials increased their 

pore size compared to the precursor. A prior study has also shown that the overall rate 

constant during charge transfer increased by a factor of 10 when the pore size tripled (1.5 

nm to 4.7 nm), suggesting that pore size can improve the charge transfer efficiency.75 For 

this reason, the increase in pore size of the reduced materials was also considered as a 

factor that may have enhanced their electronic conductivity. 

Lastly, although several variables were controlled and different techniques were 

implemented to obtain reproducible results, a consistent and reliable method has not been 

developed to measure the electronic conductivities of reduced TaOx aerogels. For this 

reason, this research project recognizes that these are preliminary results of single 

measurements of the reduced materials and acknowledges that the measuring technique 

and equipment are also factors that can affect the electronic conductivity. 

In general there are different factors that affect the electronic conductivity of 

materials including grain-boundary resistance, band gap, crystal structure, composition, 

pore size, and measurement technique. Because preliminary results indicated an increase 

in the electronic conductivity of Ta-Ap-Mg-CL and Ta-850-Mg-CL samples, it is 
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suggested that reduction of TaOx aerogels by Mg was a promising approach to enhance 

their electronic conductivity.
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4. CONCLUSIONS 

The motivation of this project was to develop TaOx aerogels that could serve as 

potential carbon-free support materials for the ORR in PEMFC. The initial hypothesis 

tentatively predicted that Mg reduction will increase the electronic conductivity of TaOx 

aerogels while retaining the properties of large surface area and porous morphology. 

Results indicated that via the sol-gel synthesis method, high surface area and porous 

TaOx aerogels were successfully synthesized. Furthermore, TaOx aerogels were able to 

retain an adequate porous morphology even after Mg reduction and chemical leaching. 

Although the final surface area of the TaOx aerogels decreased as a result of thermal 

treatments and reduction conditions, the final surface area of the Ta-Ap-Mg-CL material 

was still adequate when it was compared to previously reported surface areas for other 

metal oxide supports. 

The analysis on the effect of Mg reduction on the crystal structure of the TaOx 

aerogel showed that the crystallinity of the precursor plays an important role in the degree 

of reduction of the final material. In performing Mg reduction on two different structures, 

amorphous (Ta-Ap) and crystalline (Ta-850), it was observed that Ta-Ap had a phase 

transition from amorphous to TaO crystal structure while Ta-850 had a phase 

transformation from monoclinic Ta2O5 to Ta2O crystal structure. Ta-850 precursor 

reached a higher degree of reduction compared to Ta-Ap precursor, indicating that a 

crystalline precursor will reach a higher degree of reduction compared to an amorphous 

one. Analysis of XRD peak position indicated that both Ta-Ap-Mg-CL and Ta-850-Mg-

CL had a higher content of oxygen compared to their standard references. In addition, 



 50 

chemical leaching was found to not only remove MgO but also shift the XRD peaks 

position by adding oxygen to the structure. 

Lastly, preliminary measurements of the electronic conductivity of TaOx aerogels 

indicated that Mg reduction was a successful approach to increase the electronic 

conductivity of the materials. While the precursor (Ta-Ap) material had an electronic 

conductivity of 3.4 x 10-10 S cm-1, the reduced samples (Ta-Ap-Mg-CL and Ta-850-Mg-

CL) had a higher electronic conductivity of 3.7 x10-3 S cm-1 and 3.5 x10-4 S cm-1 

respectively. Hence Mg reduction was strong enough to reduce a highly stable and inert 

material such as TaOx. Since the final electronic conductivity of the reduced samples 

were still low (10-3 - 10-4 S cm-1) compared to the typical electronic conductivities 

observed for carbon-based supports (1-10 S/cm), the processing conditions of Mg 

reduction on TaOx aerogels should be improved.  

Further studies are needed to (i) optimize the Mg reduction process (amount of 

Mg, temperature, and time of thermal treatment) to increase the electronic conductivity of 

TaOx aerogels; (ii) improve the method used to measure the electronic conductivity of the 

reduced materials; and (iii) test the activity and stability of reduced Ta-based aerogels as 

electrocatalyst supports.
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