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PREFACE 

 
Introduction 

This dissertation was submitted in article format, as allowed by the North-West University 

(NWU) under the General Academic Rules (A-rules) set for post-graduate curricula.  The A-

rules prescribed that “... where a candidate is permitted to submit a dissertation in the form of 

a published research article or articles or as an unpublished manuscript or manuscripts in 

article format and if more than one such article or manuscript is used, the dissertation must 

still be presented as a unit, supplemented with an inclusive problem statement, a focused 

literature analysis and integration and with a synoptic conclusion….".  Thus, due to the 

aforementioned, the articles included in this dissertation were added as they were 

published/submitted/drafted in/for a specific journal, depending at which stage the specific 

article was at the time the dissertation was submitted for examination.  Some conventional 

chapters, i.e. experimental, as well as results and discussions, were therefore excluded from 

the dissertation, since the relevant information is presented in each respective article 

(Chapters 3 to 6).  Separate motivation and objectives (Chapter 1), literature survey (Chapter 

2), as well as project evaluation and conclusions (Chapter 7) chapters, were included along 

with the articles.  Some repetition of ideas and similar text in some of the chapters and 

articles do occur, as some information presented in the motivation and objectives, literature 

survey, as well as project evaluation and future prospective chapter were summarized in the 

articles.  This repetition is therefore a result of the format in which the dissertation is 

submitted and is beyond the candidate’s control.  Furthermore, the fonts, numbering, and 

layout of Chapters 3, 4, 5 and 6 (containing the research articles) are not consistent with the 

rest of the dissertation, since they were included as published (Chapter 3, 4 and 5), or in 
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generic article format (Chapter 6, submitted to or in preparation for submission to accredited 

peer reviewed journals). 

A patent was granted by the Netherland patent office on the work presented in Chapters 3 to 

5 on 19 October 2018 (Application number: NL2017962A, Publication number: 

NL2017962B1).  Seeing as what the bulk of the patent consisted of work presented in 

Chapters 3 to 5, it was decided to only present the front page and claims in Appendix A. 

Rationale in submitting dissertation in article format 

Submitting a MEng dissertation in article format is allowed by the NWU; however, it is not a 

requirement of the NWU’s A-rules.  It is prescribed in the A-rules that with the submission of 

a non-article format dissertation, the faculty may require proof that at the time of submitting 

the dissertation for examination, the candidate has prepared a draft article ready for 

submission, or submit proof that a research article has already been submitted to an 

accredited journal.  However, in practice, many of these draft articles are never submitted to 

accredited peer-reviewed journals. 

Some advantages of submitting a MEng dissertation in article format include: (i) it increases 

the likelihood that the conducted work will be published, which is advantageous to the 

candidate, supervisor(s), and the university in general, (ii) articles submitted for publication 

are reviewed by experts in the respective field, which is implemented by the candidate to 

improve the article(s).  This not only improves the dissertation’s quality, but also gives the 

candidate (as well as supervisors and examiners) greater confidence in the conducted work, 

and (iii) it resolves the conflict between preparing articles for publication and the dissertation 

for examination, as the writing of the dissertation often enjoys priority, resulting in a lot of 

research results not getting published in the peer-reviewed public domain. 
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 ABSTRACT xiii 

ABSTRACT 

 

This dissertation presents a method to generate on-demand and pure hydrogen from neutral 

pH water using a hydrolysing material, i.e. mechanochemically activated aluminium (Al), 

under standard ambient conditions.  The individual and combined effects of the considered 

activation compounds, i.e. bismuth (Bi), indium (In), and tin (Sn), on Al during 

mechanochemical processing were evaluated.  Of importance in this study were i) composite 

hydrolysis reactivity towards water, ii) the effects of activation compounds on Al particle 

behaviour during mechanochemical activation, i.e. cold-welding, strain hardening, fracturing, 

and iii) the distribution of activation compounds in Al particles.  Several activation 

compound combinations were considered for investigation, i.e. Bi-In-Sn, Bi-In, Sn-In and Bi-

Sn.  SEM and EDS analyses were applied to determine particle morphology and surface/sub-

surface chemical compositions of Al particles pre- and post mechanochemical activation 

procedures.  Scanning electron microscopy (SEM) energy dispersive x-ray spectrometer 

(EDS) results presented in this study suggests that the considered activation compounds could 

be distributed relatively homogeneously throughout Al particles by mechanochemical 

activation.  Such a distribution promoted micro-galvanic activity between anodic Al and 

cathodic Bi, In, and Sn.  X-ray diffraction indicated various intermetallic phase formation 

between Al-activation compound and activation compound-activation compound.  These 

phases formed as a result of mechanochemical activation and in some cases affected the 

structural failure and/or reactivity of Al particles.  Numerous high hydrogen yielding (>95%) 

composites were prepared.  Furthermore, a preliminary method to recover activation 

compounds from hydrolysed Al using common acids was proposed. 

Keywords: Aluminium; mechanochemical processing; activation compounds; hydrolysis; 

neutral pH water; bismuth; indium; tin. 
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CHAPTER 1:  MOTIVATION AND OBJECTIVES 

 

An overview of the project motivation is briefly discussed in Section 1.1, while general aims 

and specific objectives are listed in Section 1.2.

 

1.1. Background and motivation 

Hydrogen is a suitable substitute for traditional carbon-based fuel sources.  The majority of 

hydrogen currently produced contains carbon dioxide (CO2) and carbon monoxide (CO) [1, 

2].  CO2 is the main green-house gas contributor, whereas CO in known to deteriorate proton 

exchange membrane fuel cells (PEMFCs) used to convert the chemical energies associated 

with hydrogen gas into electrical energy [3-6].  PEMFCs can offer a technology for clean 

energy production [7, 8], especially for mobile (transport sector), low-power (<1 kW), and 

portable electrical device applications [9, 10].  A limiting factor to hydrogens application is 

its low gaseous density of 0.089 kg.m-3 [11], which greatly complicates its storage. 

Several methods have been developed in recent years to generate on-demand pure hydrogen.  

One such a method is the hydrolysis of certain metals, such as Al, Mg and Zn [12-19], with 

various water qualities.  Al was considered in this study as a hydrolyzing metal and water as 

the hydrogen source.  Water has a hydrogen content of 111 kg.m-3, whereas petrol and liquid 

hydrogen (at 20 K) has hydrogen contents of 84 and 71 kg.m-3, respectively [20, 21]. 

Al’s hydrolysis is a spontaneous reaction; however, a thin protective oxide layer on Al’s 

surface prevents this reaction.  Numerous studies have been performed to remove this oxide 

layer, e.g. submerging Al in acidic or alkaline solutions, amalgamation with Hg and Ga, 

hydrothermal processing, and thermal and mechanochemical activation with various 

materials.  In most cases, these activated Al composites are limited to laboratory scale due to 
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several reasons, e.g. certain activation compounds are toxic/expensive, composites exhibit too 

high/low reactivities, expensive equipment required, and corrosive reaction conditions.  This 

study focused on the development of an improved Al activation process, with emphasis on 

hydrogen yield and activation compound addition optimization. 

1.2. Objectives 

The overall objective of this study was to develop and optimize a process to produce a low-

cost mechanochemically activated Al based composite, which may be combined with neutral 

pH water under standard ambient conditions, to generate on-demand, pure hydrogen for a 

variety of low power applications. 

The specific objectives of this work were: 

1. Identify suitable activation compounds to activate Al using a mechanochemical 

approach; 

2. Determine the efficiency of identified activation compounds in terms of composite 

hydrolysis reactivity; 

3. Investigate the various reaction parameters that may affect the performance of 

prepared composites; 

4. Develop a method to recover activation compounds from hydrolyzed Al composites. 
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CHAPTER 2: LITERATURE SURVEY 

 

This chapter reviews current, relevant literature relating to the dissertation topic, i.e. 

hydrogen generation by the reaction of mechanochemically activated aluminium and water.  

This chapter consist of general information on renewable energy (Section 2.1), hydrogen as 

an energy carrier (Section 2.2), current hydrogen production processes (Section 2.3), 

hydrogen storage methods (Section 2.4), an overview of the proposed hydrogen generation 

method (Section 2.5), and the known aluminium hydrolysis methods (Section 2.6).  Finally, a 

concluding summary is provided (Section 2.7). 

2.1. Introduction 

The continuous development and expansion of industrial and commercial sectors over recent 

decades have placed increasing stress on the global energy demand, raising questions 

regarding the reserve capacity and sustainability of current fossil fuel resources [22].  The 

increase in energy demand and subsequent fossil fuel consumption is chaperoned by 

increased pollutant emissions.  As a result, these factors are incentive for the development of 

renewable energy sources.  Though a fossil-fuel free economy is many years away from 

becoming a reality, a reduction of fossil fuel dependence is an achievable objective.  

Renewable energy sources, e.g. solar, wind, geothermal and tidal, are infinite energy sources 

with relatively reliable and predictable patterns.  Wind and solar energy production is 

comparatively safe and has minimal negative environmental consequences [23, 24].  

Additionally, the use of solar energy for off-grid mining areas [25, 26] and off-grid islands 

[27, 28] has been adopted in the past [29]. 

A major limitation of large scale implementation of continuous off-grid renewable energy is 

daily intermittency, i.e. periods of low wind speeds and night-time.  Additionally, such a 

power-grid may not be able to handle the total amount of energy produced during certain 
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periods, forcing it to forgo the excess energy generated, either by exporting excess energy to 

a neighbouring grid or by down-scaling the energy production capacity.  Thus, it is evident 

that an energy storage method is required for a renewable energy grid to provide a continuous 

supply of energy.  Several such methods exist, e.g. compressed air energy, fly-wheels, 

thermal energy, pumped hydro-storage, and electrochemical (batteries).  These methods 

typically store energy on a small to medium scale, and only for a limited period of time [30]. 

2.2. Hydrogen as an energy carrier 

The production of hydrogen may be a suitable energy storage solution.  Unlike hydrocarbons, 

hydrogen cannot be destroyed when reacted with oxygen [31], and only yields water and 

energy according to Reaction 2-1: 

H2 + 0.5O2 → H2O, ΔH = -285.8 kJ/mol (Reaction 2-1) 

Hydrogen has been identified as the best candidate to replace fossil fuels [32, 33].  Per unit 

mass, hydrogen combustion yields three times more energy than natural gas and six times 

more energy than coal [34].  Hydrogen is typically applied in petroleum refining [35-37], 

ammonia production [33, 35, 38], refinement of various metals, e.g. copper, zinc, uranium, 

lead, nickel, and tungsten [35, 39, 40], hazardous waste hydrogenation (dioxins, 

polychlorinated biphenyls), and as rocket fuel [35].  Hydrogen is a renewable, non-polluting 

energy carrier with high specific energy and calorific density [41-43].  Furthermore, internal 

combustion engines can be converted with relative ease to facilitate hydrogen gas as a fuel 

source, increasing the efficiency by 25% if compared to petrol engines [34, 44].  However, 

the compatibility of hydrogen gas with fuel cells (FCs) is its most appealing factor.  FCs can 

serve as an alternative form of clean energy production [7, 8].  A major advantage of FC 

application is the decentralization of power generation, implying that electricity does not 

have to be imported from the point of generation by transformers and high tension, long 
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distance power lines where losses usually occur [34].  Various different FCs exist, e.g. 

proton-exchange membrane (PEM), alkaline, phosphoric, solid oxide, and molten carbonate 

[9].  PEMFCs convert the chemical energies associated with hydrogen into electrical energy 

without combustion [3, 4], and are considered advantageous over other FC types for mobile 

power applications (such as vehicles), stationary power units, and portable electrical devices 

[9, 10, 45, 46].  The transport sector have adopted PEMFCs due to its fast start-up and lower 

operational temperature characteristics [34].  PEMFCs are the ideal replacements for internal 

combustion engines due to its temperature tolerance, high power density, and rapid load 

responses.  Approximately half of the globally produced oil is consumed by road vehicles [2], 

and considering the likelihood that fossil fuel production will decrease over-time [47], 

PEMFC operated vehicles seems inevitable.  In addition to this, the global projected energy 

demand will double or triple by 2050 and it is highly unlikely that gas and oil supplies will 

meet this demand [48].  Thus, the need for alternative, renewable fuels is further expedited by 

these trends. 

2.3. Hydrogen production 

Hydrogen is the most abundant element in the universe, but is rarely found in its elementary 

form on earth.  Hydrogen can be produced from non-renewable (hydrocarbon) and renewable 

sources.  The majority of hydrogen is currently produced from non-renewable sources [2, 35], 

and it is estimated that 48% of hydrogen is produced from natural gas, 30% from oil, 18% 

from coal, and 4% from electrolysis [2].  Hydrogen obtained from hydrocarbons produces 

carbon dioxide (CO2) as a by-product, which is subsequently released into the atmosphere [1, 

49].  Additionally, carbon monoxide (CO) may be present in hydrogen obtained from 

hydrocarbon sources and may have detrimental effects on fuel cells utilized to convert the 

chemical energies of hydrogen to electrical energy [5].  Thus, if hydrogen were to be 

obtained from hydrocarbons it cannot be truly considered as renewable.  Ideally, the process 
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applied to obtain hydrogen should only produce hydrogen (and no other gasses such as CO2 

and/or CO) from a renewable sources [50].  The most commonly applied industrial hydrogen 

production methods are discussed in short in the following texts [35]: 

2.3.1. Steam methane reforming 

This process consists of reacting natural gas or other methane (CH4) rich gas streams with 

steam in the presence of a catalyst, mainly producing hydrogen and CO2.  The obtained 

hydrogen rich gas typically consists of 70 to 75 % hydrogen, 2 to 6 % CH4, 6 to 14 % CO2, 

and 7 to 10 % CO.  This method of hydrogen production is however not an attractive route 

for a mature hydrogen economy.  A reason being is that natural gas reforming produces as 

much CO2 as direct natural gas combustion.  Additionally, this route would starve the global 

CH4 reserve, resulting in natural gas being as sensitive as oil [35, 51]. 

2.3.2. Hydrocarbon gasification 

Gasification, also termed partial oxidation process, produces hydrogen gas from various 

hydrocarbon sources, e.g. coal, low-value refinery products, heavy residual oil, and 

petroleum coke [52].  Gasification is performed by reacting the hydrocarbon source with 

oxygen at a less than stoichiometric ratio at between 1200 and 1350 ºC, yielding a mixture of 

hydrogen and CO [53]. 

2.3.3. Hydrogen from biomass 

Two biomass-to-hydrogen conversion technologies are typically utilized, i.e. thermochemical 

and biochemical processes [35].  These processes involve either pyrolysis or gasification to 

obtain syngas, which is a mixture of hydrogen and CO [35, 53].  Biomass gasification has 

been identified as a possible approach towards renewable hydrogen production.  

Additionally, various hydrogen from biomass production processes yield other useable by-

products, e.g. ethanol, methanol, activated carbon, and fertilizer [54]. 
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2.3.4. Hydrogen from nuclear energy 

Hydrogen can be produced from water by electrochemical and/or thermochemical processes 

utilizing nuclear energy as the primary thermal energy source [55].  Notwithstanding the 

attractiveness of hydrogen production from a carbon-limiting perspective, the use of nuclear 

power raises other serious health and environmental concerns with regard to uranium mining 

and processing, radioactive waste disposal and management, and the potential for devastating 

accidents [54]. 

2.3.5. Water electrolysis 

This hydrogen production method entails splitting water molecules into hydrogen and oxygen 

by utilizing an electrolyzing device operating on electricity.  Two types of water electrolysers 

are most commonly utilized, i.e. alkaline using potassium hydroxide as an electrolyte and 

PEM which utilizes a solid polymer membrane electrolyte.  Electrolysers currently being 

utilized ranges from a few kW to up to 2 MW per electrolyser [35].  A major benefit of 

hydrogen obtained in such a way is that only pure oxygen and hydrogen are produced [52, 53, 

56].  Nevertheless, large volume hydrogen production plants implementation has yet to be 

realized due to economic considerations. 

2.4. Hydrogen storage 

The storage of hydrogen is complicated by its low boiling point (-252.95ºC), low gaseous 

density (0.089 kg.m-3), and high liquidus density (71 kg.m-3) [11, 35].  In fact, hydrogen 

storage is a critical issue that has to be resolved prior to establishing an economically and 

technically viable hydrogen fuel economy [49].  For instance, on-board vehicular hydrogen 

storage requires much larger storage tanks, if compared to petrol/diesel tanks [2].  According 

to Sharma and Ghoshal (2015), three competing requirements are considered as challenges in 

finding a suitable storage material, i.e. high hydrogen density, reversibility of the 
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release/charge cycle at temperatures compatible with current generation fuel cells, and fast 

release/charge kinetics with minimum energy barriers with regard to hydrogen release/charge 

procedures [35].  Hydrogen can be stored by manipulating its state conditions (phase, 

temperature, pressure), and chemically by various compounds, e.g. metal hydrides, methane, 

carbon nanostructures, methanol, and liquid organic hydrogen carriers [57-59].  Currently, 

hydrogen is mainly stored as a pressurized gas, in its liquid state, or as a metal hydride [11].  

Of these methods, pressurized gas is the cheapest and least complicated storage method [60].  

Figure 2-1 illustrates the various hydrogen storage methods [35]. 

 

Figure 2-1: Illustration of the various hydrogen storage methods (Reprinted from Sharma and 

Ghoshal, Hydrogen the future transportation fuel: From production to applications, 2015, 43, 

1151-1158, with permission from Elsevier). 

Hydrogen’s storage in a solid or liquid matrix is a viable alternative to compressed and liquid 

hydrogen storage methods.  The most promising storage methods are in solid materials that 

either form chemical bonds or physically adsorb hydrogen at volume densities greater than 
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liquid hydrogen [35].  Considering the latter mentioned, the following hydrogen generation 

method is proposed. 

2.5. Proposed hydrogen generation method 

In this dissertation, hydrogen generation by means of Al-water hydrolysis reaction was 

investigated.  Water was selected as the hydrogen source material.  Per unit volume, water 

has a hydrogen content of 111 kg.m-3, exceeding that of gasoline (84 kg.m-3) and pure liquid 

hydrogen (71 kg.m-3) [20, 21, 61].  Various methods exist to produce hydrogen from water, 

e.g. water photo-catalysis [62-65], water electrolysis [56, 59, 66, 67], metal-hydride 

hydrolysis [68-70], and metal hydrolysis [12, 71-73].  Furthermore, when considering 

hydrogen’s low gaseous density, it would be beneficial to store it as water, and break the 

hydrogen-oxygen bond when the demand for it presents itself. 

In recent years, several metals have been considered for metal hydrolysis hydrogen 

generation, i.e. Al, Mg, and Zn [12, 16, 18, 19, 74, 75].  Al is considered as the most viable 

metal due to several attractive properties, i.e. high hydrogen generation potential of 1.36 L.g-1 

Al under standard ambient conditions [76, 77], low volumetric mass density of approximately 

2700 kg.m-3, high energy density, and abundance.  No carbon is released during the 

hydrolysis of Al, and only yields pure hydrogen gas and Al-hydroxides.  These hydroxides 

are considered environmentally benign and may be used in various applications, i.e. 

flocculation, fire retardation, papermaking [78, 79].  Furthermore, Al can be fully re-

metallized to its metallic state, i.e. Al0, by the Hall-Héroult process [14, 61].  Al’s volumetric 

mass density and high energy density significantly reduce the total weight of an Al-based 

energy system.  An example of the use of Al in the field of energy is its application in high 

pH electrolyte batteries.  Pure Al discharge reaction potential can be as low as -2.33 V with 

respect to the standard hydrogen electrode [80].  Additionally, the lightweight of Al and its 

tri-valence (Al3+) yields an electrochemical equivalence of 2.98 Ah.g-1 [81].  All the 
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foregoing properties of Al indicate it to be a suitable anode material.  Many investigators 

began studying Al’s corrosion as a hydrogen generator.  Due to the fact that pure Al is highly 

electronegative; it is easily subjugated to corrosion by changing into ion forms.  According to 

Dražić and Popić (1999) the electrochemical corrosion of Al-based materials cannot be 

predicted using Wagner-Traud mixed potential model, due to existence of the negative 

difference effect.  This effect states that the hydrogen evolution rate will increase with 

increasing anodic polarization [82].  Normally, practical uses of Al based materials are 

recognized for its resistance to corrosion, e.g. construction material.  This is due to a thin, 

dense, protective oxide layer on the surface of Al (and its alloys) caused by the strong affinity 

between Al and oxygen.  This layer protects Al from corrosion under ambient conditions and 

it is the main limiting feature when corrosion applications of Al are considered, especially if 

continuous hydrogen generation is the end-goal. 

2.6. Aluminium hydrolysis methods 

Al may be hydrolysed by either manipulating the reaction conditions, i.e. water pH, reaction 

temperature, or by manipulating Al’s physical and chemical properties.  This section 

discusses some of the most relevant hydrolysis methods. 

2.6.1. Al’s exposure to harsh pH environments 

Submerging Al in alkaline or acidic solutions to generate hydrogen has been widely 

investigated [83-97].  This method involves the dissolution of the coherent oxide layer Al’s 

surface, as well as preventing reformation thereof, by means of acidic/alkaline solutions.  

Boukerche et al. (2014) found that the dissolution rate of Al was greater in NaOH than in HCl 

[88].  This was ascribed to the presence of hydroxide ions (OH-) in alkaline environments, 

which actively dissolved the protective oxide layer.  NaOH is the most commonly utilized 

alkali, and the Al-NaOH reaction occurs as follow [83, 98-100]: 
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2Al + 6H2O + 2NaOH → 2NaAl(OH)4 + 3H2 (Reaction 2-2) 

NaAl(OH)4 → NaOH + Al(OH)3 (Reaction 2-3) 

2Al + 6H2O → 2Al(OH)3 + 3H2 (Reaction 2-4) 

NaOH consumed in Reaction 2-2 is regenerated by NaAl(OH)4 decomposition (Reaction 2-

3).  Thus, only water is consumed during this reaction if the reaction is properly controlled.  

The overall reaction (Reaction 2-4) is a well-known parasitic reaction, which is considered 

undesirable during alkaline Al-air batteries.  Soler et al (2007b) investigated the effects of 

NaOH, KOH and Ca(OH)2 on Al’s dissolution, and it was found that NaOH was superior to 

KOH and Ca(OH)2 when promoting Al’s dissolution [84].  Several hydrogen generating 

devices have been developed based on the Al-NaOH reaction [85, 90, 101-103]. 

This method of hydrogen generation typically requires extreme pH values and elevated 

temperatures (approximately 100°C) in order to achieve high hydrogen generation rates. The 

use of such harsh pH solutions is considered far from ideal due to the rapid equipment 

deterioration.  Addition, the use of harsh pH solutions for mobile application should be 

avoided. 

2.6.2. Hydrothermal process 

Hydrogen may be generated by reacting Al with water at elevated temperatures and 

pressures.  In recent years, several studies have been conducted [104-110].  Under the correct 

conditions, Al powder can react with neutral pH waters according to the following reaction 

[105]: 

2Al + 3H2O → Al2O3 + 3H2 (Reaction 2-5) 

An attractive prospect of the Reaction 2-5 is the application thereof in space and underwater 

propulsion systems [111, 112], and explosives [113].  Typically, nano-scaled Al is best suited 
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for this type of reactions as such particles have high chemical activity, comparable to that of 

alkali metals, due to their larger reaction surfaces.  However, a draw-back of this method is 

the requirement of expensive equipment and unfavourable reaction conditions [104, 105]. 

2.6.3. Combination with dissimilar metals 

A mechanism was proposed by Reboul et al. (1984) explaining Al’s activation by alloying 

elements, also known as dissimilar metals [114].  Initially, anode dissolution is induced by 

galvanic coupling, which oxidized Al and the alloying element, according to Reaction 2-6: 

Al(M) → Al3+ + Mn+, M = alloying element/dissimilar metal (Reaction 2-6) 

Mn+ cations re-deposits onto the surface of Al due to the cathodic nature of the alloying 

element relative to Al, according the electrochemical exchange reaction: 

Al + Mn+ → Al3+ + M (Reaction 2-7) 

Simultaneous local Al-oxide layer separation occurs during Reaction 2-7, shifting Al’s anodic 

potential towards that of bare Al.  As for point defect formation, retention and agglomeration 

of mobile metallic species on alloy surfaces attributes to the localized de-filming process 

[115].  Thus, Al may be activated with small quantities of various alloying element/dissimilar 

metals to enable the Al anodic dissolution process [116].  Al’s activation by dissimilar metals 

may be divided into three groups: amalgamation, thermal alloying, and mechanochemical 

activation.  The following texts discuss these activation routes. 

2.6.3.1. Amalgamation 

Smith (1972) stated that Hg addition to a Al-water system could continuously produce 

hydrogen at temperatures ˂100°C [117], until Al is consumed.  This approached avoids the 

use of corrosive chemical and unfavourable reaction conditions.  Al’s amalgamation with Hg 

and Hg-based composites and hydrolysis occurs according to Reactions 2-8 and 2-9, 

respectively [118-122]. 
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Al + Hg → Al(Hg) (Reaction 2-8) 

Al(Hg) + 6H2O → Al(OH)3 + H2 + Hg (Reaction 2-9) 

Here, Al’s corrosion/dissolution mechanism may been ascribed to a combination of physical 

and electrochemical processes [123].  Reaction 2-8 presents the physical corrosion of Al 

where Al’s atomic bond strength is reduced as Hg penetrates the surface of Al particles, 

which caused Al’s embrittlement.  This occurrence is known as the Rebinder effect, defined 

as the effect of adsorptive decrease in solid strength under physical-chemical influences of 

the medium [124].  Consequently, a Hg-based amalgam is formed on the surface of Al [125].  

Subsequently, electrochemical corrosion takes place as described by Reaction 2-9 [118].  

This reaction occurs via the transport of Al through the amalgamated layer, towards the 

amalgam-water boundary were Al is hydrolysed and Al-hydroxide and hydrogen gas is 

produced.  Al is continuously dissolved and transported via the amalgam to the 

amalgam/water boundary, allowing continuous hydrogen generation until Al is consumed.  

This process is schematically presented in Figure 2-2 [120]. 

 

Figure 2-2: Proposed aluminium hydrolysis induced by Hg (Reprinted from Huang et al. 

Effects of amalgam on hydrogen generation by hydrolysis of aluminium with water, 2011, 

36(23), 15119-15124, with permission from Elsevier). 

Seo et al. (1988) stated that the reactivity of amalgamated Al was influenced by the amalgam 

composition [126].  Huang et al. (2011) prepared a Hg-Zn amalgam and determined its 
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effects on Al’s hydrogen generation, and found that the addition of Zn to the amalgam 

increased the hydrogen generation rate and yield.  In addition, the activation energy of the 

Hg-Zn amalgam was 43.4 kJ.mol-1, whereas the Hg amalgam was 74.8 kJ.mol-1 [120].  

Though Hg, and Hg-based materials, has been proven successful in activating Al, its use has 

been limited due to the toxicity associated with Hg.  In its elemental and methylated forms, 

Hg is highly toxic to humans and animals [127].  Consequently, this method is typically 

avoided. 

Ga has a similar effect than Hg on Al particles, and is known to induce structural failure of Al 

matrixes [12, 72, 73, 128].  For instance, a Ga-In-Sn material has a melting point of 10.4°C, 

and in its liquid state, can cover and amalgamate the surface of Al to remove the coherent 

oxide layer [129].  However, Ga is an expensive compound and the use thereof to activate Al 

increases the cost of such Al composites.  Thus, the use thereof limits the application of Ga-

containing composites for hydrogen generation purposes. 

2.6.3.2. Thermal alloying 

Thermal alloying entails melting Al together with various activation compounds.  Al has a 

relatively low melting point, i.e. 660°C, so treatment temperatures are typically in this range.  

However, depending on the activation compounds considered, the thermal treatment 

temperature may be well below that.  Numerous studies have been performed on the 

activation of Al by thermal treatment with metals, e.g. Ga [124, 130, 131], Ga-In [132, 133], 

Ga-In-Sn [131, 134, 135], Ga-In-Zn [136], Ga-In-Sn-Bi [137], Ga-In-Sn-Mg [138, 139].  

Though, high hydrogen yielding alloys could be prepared using this method, it has been 

proven that mechanochemical method produces more reactive composites than composites 

prepared by thermal treatment.  For instance, Fan et al. (2007) compared the reactivities of 

Al-5.3% Ga-2.0% In-5.4% Sn-7.3% Zn composite (wt.%) prepared by thermal and 
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mechanical activation methods.  They found that the composite prepared by 

mechanochemical processing had a shorter total reaction time and higher hydrogen yield than 

the thermally prepared composite [143].  In addition to this, thermal treatment consumes 

more energy that mechanochemical activation methods, due to inevitably heat loss during 

treatment procedures.  Furthermore, one has to consider the solubilities of activation 

compounds in Al during thermal treatment procedures.  For instance, Bi has no appreciable 

solubility in Al and forms a segregated layer on an Al melt [140], whereas Sn has a 0.1% 

solubility in Al at 600°C [141, 142].  Thus necessitating additional homogenization of Al 

melts to allow composite distribution through the melt until solidification occurs, further 

complicating such an activation route. 

2.6.3.2. Mechanochemical activation 

This activation route may be summarized as the coupling of chemical and mechanical 

phenomena on a molecular scale.  It entails chemical behavior of stressed solids, mechanical 

breakage, tribology, stress-corrosion cracking, and material degradation under continuous 

deformation conditions.  Mechanochemical activation gains its novelty as it is completely 

different from traditional chemical methods (e.g. does not include dissolving, solution 

agitation, heating), enabling environmentally friendly, and low contamination material 

preparation methods. 

The general particle size and morphological changes of ductile, brittle, and ductile-brittle 

metals occurring during mechanochemical processing are explained in Refs. [143-145], and 

are summarized in the following text.  During mechanochemical processing procedures (e.g. 

ball milling), metals undergo repetitive plastic deformation and are subjected to radical 

changes in particle shape, residual stress, which redistributes constituents.  During ball 

milling of ductile and malleable particles, several mechanisms are at play.  As ball milling 



 LITERATURE SURVEY 16 

commences, particles cold weld as they are caught between the impacts of milling equipment, 

forming larger coagulated particles consisting of an unequal distribution of the initial 

constituents.  After a certain period of milling, the coagulated particles will reach a stress-to-

strain point due to work hardening, followed by strain-induced fracturing of coagulated 

particles. The result is a decrease in particle size as a result of particle fracturing.  Of 

importance in this dissertation is Al’s behavior during mechanochemical processing in the 

presence of certain metals.  Du Preez and Bessarabov (2018) illustrated Al’s behavior in the 

presence of Sn and In in Figure 2-3 during mechanochemical activation [146]. 

 

Figure 2-3:  Illustration of Al’s behavior in the presence of other compounds.  Figures (c) and 

(f) shows Al-5 wt.% Sn-5 wt.% In micrographs, which where ball-milled for 5 and 30 min, 

respectively [146]. 

A benefit of Al’s mechanochemical processing with dissimilar metals is that such metals may 

be relatively evenly distributed throughout Al particles, which promotes micro-galvanic 

activity between Al and the metal during hydrolysis reactions.  Du Preez and Bessarabov 
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(2018) presented sub-surface micrographs of a mechanochemically activated Al-5 wt.% Sn-5 

wt.% In as shown in Figure 2-4. 

  
(a) (b) 

  
(c) (d) 

Figure 2-4:  A SEM micrograph of a mechanochemically processed Al-5 wt.% Sn-5 wt.% In 

composite (a) and the corresponding EDS mappings for Al (b), Sn (c) and In (d) [146]. 

Numerous studies have been performed on the mechanochemical activation of Al with a 

series of dissimilar metals, e.g. Ga-In [71, 147], Ga-In-Sn [128, 148], Ga-In-Sn-Zn [72], Ga-

Bi-Zn [149].  In most cases, high hydrogen yielding composites were prepared.  When 

considering the total cost per volume unit hydrogen produced, the activation route and 

materials used to activate Al are the main determining factors.  The major benefit of this 
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activation route is its simplicity and low energy requirements, allowing for the fabrication of 

a cheap hydrogen producing material. 

2.6.4. Mechanochemical activation by metal oxides 

A method to activate Al includes milling Al with metal oxides.  Such metal oxides includes 

compounds capable of independent, highly exothermic thermite reactions (MoO3, Bi2O3, 

CuO) [150], as well as chemically inert oxides (MgO, Al2O3, TiO2) [150, 151].  Even though 

the addition of metal oxides to Al during ball milling increased the reactivity and hydrogen 

yield of Al during hydrolysis, the decrease in potential hydrogen generation (caused by a 

large fraction of Al being replaced by metal oxide), low availability of effective metal oxides 

[84], and increased complexity of seeding processes, makes metal oxide based Al activation 

less attractive than other, well established methods [110, 152]. 

2.6.4. Mechanochemical activation by water soluble salts 

The use of water soluble inorganic salts (e.g. NaCl, KCl) individually or in conjuration with 

other additives to activate Al via mechanochemical activation has gained attention due to the 

relative ease and simplify of this Al activation method [20, 79, 153, 154].  The salts used 

during this activation method fulfil various crucial roles: i) salts prevents Al particles from 

cold-welding to each other, forming large agglomerates, ii) salts act as grinding media, 

reducing Al’s particle size, iii) certain salts react with water to release heat, which promotes 

Al’s hydrolysis, and iv) salt particles can become lodged in the surface of Al particles as 

indicated in Figure 2-5 [79].  Here, a NaCl particle has been lodged into an Al particle.  

When introduced to water, the salt particles dissolve and underlying metallic Al is 

hydrolysed.  Per wt%, this type of composite typically requires a large fraction of salt to 

appreciably activate Al, reducing the hydrogen generation potential. 
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Figure 2-5: SEM micrograph of a NaCl particle lodged into an agglomerate of 

mechanochemically activated Al particles (Reprinted from Alinejad and Mahmoodi, A novel 

method for generating hydrogen by hydrolysis of highly activated aluminium nanoparticles in 

pure water, 2009, 34(19), 7934-7938, with permission from Elsevier). 

2.6.5. Mechanochemical activation by carbon-based additives 

Al’s activation by C-based materials does not form chemical bonds; rather the interaction 

between Al and C-based materials may be ascribed as an adhesive/adsorptive type.  

Primarily, Al’s mechanochemical activation by C-based materials prevents the reformation of 

the protective oxide layer on fresh Al surfaces due to C preventing contact between oxygen 

and the fresh Al surface [155].  In some cases where high energy mechanochemical 

activation was applied, Al4C3 formation occurred.  The hydrolysis of Al4C3 yields methane, 

instead of hydrogen gas, according to the following reaction [156]: 

Al4C3 + 12H2O → 4Al(OH)3 + 3CH4 (Reaction 2-10) 

However, the formation of Al4C3 can be minimized by a low energy mechanochemical 

activation route [156], or formed Al4C3 can be converted to Al(C) by prolonged milling 

[157].  A major disadvantage of this method is that the heat released by Al/C composite 

hydrolysis exceeds the rate of heat transfer to the environment, which results in explosion-
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like reactions [158].  Additionally, without specialized storage, Al/C composites are readily 

pacified by air [156, 159] and atmospheric moisture [156]. 

2.6.6. Activation of Al by Group 1 and 2 metals 

Al composites activated by alkali and alkali earth metals (Mg is excluded from this section), 

such as Li and Ca, have been considered for hydrogen generation purposes.  Alkali metal 

hydrolysis is similar to that of Al (in the absence of the protective layer), yielding hydrogen 

and an alkali solution.  Compared to the other alkali metals, Li hydrolysis is relatively mild, 

and the hydrolysis reaction is systematically slowed and eventually stopped due to the 

formation of an insoluble Li-hydroxide layer on its surface.  A major advantage of a Li or Ca 

activated Al composite is that Li and Ca increase the hydrogen volume obtainable per gram 

of composite hydrolysed.  This is due to the fact that Li and Ca undergoes hydrolyses, 

whereas other typical activation compounds do not.  Assuming complete hydrolysis and 

standard ambient conditions, Al, Li and Ca will generate 1360, 1760 and 610 mL of hydrogen 

per gram of metal, respectively.  Zhao et al. (2011) mechanochemically prepared Al- x wt.% 

Ca (x = 5, 10, 15, 20) composites achieving 93.5 to 100% hydrogen yields [160].  Fan et al. 

(2011) mechanochemically prepared an Al-40% Li composite which achieved a hydrogen 

yield of 94.5%.  In addition to this, the authors thermally prepared a Al-30% Li composite at 

650 and 550°C, which yielded less hydrogen if compared to the mechanochemically prepared 

composite [161].  Rosenband and Gany (2014) thermally prepared a high hydrogen yielding 

Al-Li composite [162].  Fan et al. (2011) and Chen et al. (2014) mechanochemically 

produced Al-Li based composites reaching hydrogen yields of >90% [163].  However, a 

short-coming of Al-Li composites is that they are highly reactive with air, and that special 

storage measures have to be implemented.  Furthermore, certain Al-Li composites have such 

high hydrolysis reactivity, that in-situ generated heat my cause the generated hydrogen to 

combust as it is generated. 
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2.7. Possible application 

On-demand, pure hydrogen generation by the hydrolysis of Al with neutral pH water is an 

attractive source of hydrogen for various low power (<1 kW) applications.  One such an 

application is in the unmanned aerial vehicle (UAV) market.  PEMFCs are good candidates 

to replace Li-ion battery powered UAVs, providing such UAVs with longer flying times due 

to their low weight and high durability (https://ieeexplore.ieee.org/document/6749817).  

According to the U.S. Department of Energy, suitable fuel cells and UAVs are available; the 

limiting factor to fuel cell powered UAVs is low-cost, practical H2 fuelling 

(https://www.energy.gov/sites/prod/files/2016/05/f32/fcto_webinarslides_h2_fc_small_unma

nned_air_vehicles_052616.pdf).  Some differences between battery and fuel cells powered 

UAVs include the following: i) fuel cells do not need to be recharged and only require 

hydrogen and air to function, ii) batteries store energy while fuel cells generate energy on-

demand, and iii) in a fuel cell, anode (hydrogen) and cathode (air) gases are kept separate 

making it safer to operate.  In addition to this, battery powered UAVs require large batteries 

for prolonged operation; whereas fuel cell powered UAVs mass remain static and only fuel 

storage increases to add runtime.  For comparison sake, a 16 kg UAV system operating on 

battery power can operate for approximately 5 h, whilst the same system can operate for 28 

and 48 h if powered by a fuel cell consuming gaseous or liquid hydrogen, respectively 

(https://www.unmannedsystemstechnology.com/wp-content/uploads/2017/02/White-Paper-

Fuel-Cell-Energy-Systems-for-UAVs.pdf). 

According to a study by PricewaterhouseCoopers (PwC) on the commercial applications of 

UAV technologies, the emerging global markets for drone-based business services are as 

follow: infrastructure (asset inventory, maintenance, investment monitoring) and agricultural 

(soil and drainage analysis, crop health assessment) sectors account for 45.2 and 32.3 billion 

USD, respectively.  Other sectors (e.g. transport, security, entertainment, insurance, 

https://ieeexplore.ieee.org/document/6749817
https://www.energy.gov/sites/prod/files/2016/05/f32/fcto_webinarslides_h2_fc_small_unmanned_air_vehicles_052616.pdf
https://www.energy.gov/sites/prod/files/2016/05/f32/fcto_webinarslides_h2_fc_small_unmanned_air_vehicles_052616.pdf
https://www.unmannedsystemstechnology.com/wp-content/uploads/2017/02/White-Paper-Fuel-Cell-Energy-Systems-for-UAVs.pdf
https://www.unmannedsystemstechnology.com/wp-content/uploads/2017/02/White-Paper-Fuel-Cell-Energy-Systems-for-UAVs.pdf
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telecommunication, and mining) collectively accounts for 49.7 billion USD 

(https://www.pwc.pl/en/publikacje/2016/clarity-from-above.html).  Philip du Preez, general 

manager of ExecuJet Cape Town flight operations stated that the drone technology market 

has been increasing in recent years and is expected to grow by >19% from 2017 to 2020.  

Economist and economic adviser to the Commercial Aviation Association of South Africa, 

Roelof Botha, forecasts that the South African UAV industry will contribute 2 billion ZAR to 

the economy and create more than 24 000 jobs by the end of 2018 

(http://www.miningweekly.com/print-version/aviation-company-adds-drones-to-african-

offering-2017-07-19).  Thus, a large market exists for on-demand hydrogen generation 

applications.  The hydrolysis of Al can produce up to 11 wt% hydrogen (relative to the 

weight of Al), and if combined with a standard commercially available PEMFC, 

approximately 2200 Wh.kg-1 Al of specific energy can be produced [11].  Though, a feasibly 

study has to be conducted, this method of on-demand hydrogen generation may be suitable 

for UAV applications. 

2.8. Conclusion 

In short, the ideal activated Al composite should contain the minimum wt.% of activation 

compound, and preferably, the activation compounds should be readily available, 

inexpensive, and safe/easy to handle.  Thought numerous studies have been performed on the 

activation of Al with various materials, a mechanochemical Al activation method using 

dissimilar metals that excludes Ga as an activation compound is relatively unexplored.  A 

study by Parmuzina and Kravchenko (2008) mechanochemically prepared an Al composite 

containing a certain wt.% of 70% Ga-30% In and 60% Ga-25% In-10% Sn-5% Zn.  Both 

composites achieved approximately 99% hydrogen yields, suggesting that Sn and Zn could 

replace a fraction of the Ga content [72].  Furthermore, Bi has been proven to increase the 

reactivity of mechanochemically activated Al [20, 149, 164-166].  Moreover, the use of Bi in 

https://www.pwc.pl/en/publikacje/2016/clarity-from-above.html
http://www.miningweekly.com/print-version/aviation-company-adds-drones-to-african-offering-2017-07-19
http://www.miningweekly.com/print-version/aviation-company-adds-drones-to-african-offering-2017-07-19
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combination with other low melting point metals to activate Al by a mechanochemical 

method for hydrogen generation purposes is also relatively unexplored.  Thus, the use of Bi, 

Sn and In, and combinations thereof, to mechanochemically activate Al were considered as 

activation compounds in this dissertation.  By monovariance experimentation and subsequent 

activation compounds addition optimization, the fabrication of high hydrogen yielding 

composites containing the minimum activation compounds was the focus of this dissertation. 
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Effective activation compounds are developed to produce hydrogen via hydrolysis of ball-milled Al-

In-Bi-Sn composites in tap water at room temperature.  Al-In-Bi-Sn composites are successfully 

activated by 3 h of milling.  These composites exhibit hydrogen yields > 85% between 2.5 min (fastest 

reaction time) and 14 min (slowest reaction time).  The intermetallic phases responsible for Al 

activation, InSn4, InBi and In3Sn, are selectively synthesized, identified and characterized.  The 

reaction kinetics of each intermetallic phase are determined after ternary composite preparation, i.e., 

milling Al with In and Bi or Sn.  Quaternary composites are also prepared to determine the formation 

kinetics of the intermetallic phases.  These quaternary composites have high hydrogen yields (> 90%) 

and the reactions are complete within 170 s.  The formation of intermetallic phases is responsible for 

the structural failure of Al, resulting in the size reduction of Al particles.  The following are also 

investigated and quantified: the effects of water volume and reaction temperature on hydrolysis 

kinetics, and the activation energies of ternary Al composites. 

 

 

Keywords: Activated aluminum; Hydrogen generation; Mechanochemical activation 

 

 

 

1. INTRODUCTION 

Hydrogen is a nonpolluting, clean and renewable energy carrier [1].  It has been identified as 

the most promising future alternative to traditional fossil fuels [2,3] due to its high calorific values [4], 

abundance and renewability [5].  The majority of hydrogen gas is produced from hydrocarbon sources 

[6], which produce large quantities of CO2 gas as a by-product [7].  In addition, traces of CO may be 

present in hydrogen produced from hydrocarbons and may deteriorate proton exchange membrane fuel 

cells (PEMFCs) used to convert hydrogen’s chemical energy to electrical energy [8].  Hydrogen can be 
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generated from various hydrocarbon sources, such as biogas [9], natural gas [4], and petroleum [10], 

whereas non-hydrocarbon hydrogen generation methods includes water electrolysis [9,11],  water 

photo-catalysis [12], metal hydrolysis [11,13], and metal hydride hydrolysis [14].  Combining 

hydrogen with fuel cells to devices that are able to transform chemical energy into electricity and heat 

has yet to reach wide-scale application due to certain limitations, e.g., low efficiency, and high costs of 

hydrogen storage and transport [15].  For example, hydrogen has a low gaseous density of 0.089 kg m
-

3
, making the storage (and transport) of hydrogen gas a major limiting factor to the application thereof 

[4,16].  Ideally, hydrogen should be generated as it is required and consumed as soon as possible after 

being generated, removing the need for long term storage. 

In recent years, research has focused on hydrogen generation by the reaction between a 

hydrogen source and a metal as hydrolyzing material [17-19].  Water is the most promising candidate 

as a hydrogen source [20] because it has a high hydrogen content of 111 kg m
–3

, whereas gasoline and 

pure liquid H2 have hydrogen contents of 84 and 71 kg m
–3

, respectively [4,21].  Group IIA and IIIA 

light metals hold promise as hydrolyzing materials [22].  One such a promising and sustainable metal 

is aluminum (Al), the most abundant crustal metal on earth [4,23,24].  Al is a lightweight metal with a 

low density of 2700 kg m
–3

 and it can be fully recycled after hydrolysis through the Hall-Héroult 

process [25].  Furthermore, solid Al is much easier and safer to store than chemical hydrides and other 

hydrogen carriers [26]. 

Thus, hydrogen generation via hydrolysis of Al composites has attracted much interest from the 

scientific community because of the relative simplicity of the system and the high hydrogen storage 

capacity [27].  The reaction related to hydrogen generation is expressed as follows [5,25,26,28]: 

2Al + 4H2O  2AlOOH + 3H2 (1) 

or 

2Al + 6H2O  2Al(OH)3 + 3H2 (2) 

The by-products produced in Reactions (1) and (2) are eco-friendly and they have many 

industrial applications, e.g., in alumina production [26], water treatment, paper making and fire 

retardation [25]. 

A major problem during Al hydrolysis, however, is the formation of a thin coherent oxide layer 

on the surface of Al and its composites, preventing further oxidation and corrosion of the Al [29].  

Many methods have been proposed to remove and/or disrupt the oxide layer in efforts to increase the 

Al reactivity.  One such method is the immersion of Al in an alkaline NaOH and/or KOH environment, 

which causes corrosion of the oxide layer and exposure of fresh Al to water [30-33].  However, due to 

the corrosive conditions, alternate methods were developed.  One such a method is the amalgamation 

of the surface of Al with Hg, Hg-Zn amalgam [34] or eutectic Ga-In [22,35].  A less expensive and 

nontoxic method for removing the passive film includes the mechanical milling of Al with water 

soluble inorganic salts [36,37], carbon [38], metal oxides [39,40], iron [41] or lithium [42].  However, 

some of these methods have limitations, e.g., manufacturing processes are time consuming, the 

addition of large quantities (high wt%) of activation compounds is required, and initial and/or overall 

hydrogen generation rates are low. 

Alloying Al with low melting point metals, e.g., Ga, In, Zn, Sn and Bi, has been found to be 

successful in activating Al for hydrogen generation under mild conditions [4,13,22,36,43].  During Al 
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composite preparation, melting methods require more energy than mechanochemical methods, hence 

increasing the cost of such composites.  Furthermore, the inclusion of expensive activation compounds 

(Ga and In) reduces the economic feasibility of the large scale application.  To the best of our 

knowledge, very limited literature is available in the public peer-reviewed domain on the successful 

mechanochemical activation of Al by means of low melting point metals (excluding Ga) for hydrogen 

generation purposes.  Wang et al. (2013) achieved hydrogen conversion efficiency of close to 100% 

using a mechanochemically activated Al-Ga-In-Sn 89-3-3-5 wt% composite.  The intermetallic phases 

In3Sn and InSn4 were observed during mechanochemical preparation of the Al-Ga-In-Sn composite.  

They are suspected to be the major compounds contributing to the activation of Al [44].  A recent study 

by du Preez and Bessarabov (2017) prepared high hydrogen yielding Al-Bi-In composites by a 

mechanochemical activation method dissimilar to the one applied in this study [45]. 

In this study, we attempted to activate Al by a mechanochemical activation method using Bi, In 

and/or Sn.  Activation of Al was successfully achieved using only Bi-In and In-Sn.  InBi, In3Sn and 

InSn4 were selectively synthetized and the reaction kinetics for each of the composites containing 

intermetallic phases, i.e., Al-BiIn, Al-In3Sn and Al-InSn4, were investigated.  X-ray diffraction (XRD) 

was used to confirm the presence of in-situ formed intermetallic phases.  Formation and reactivity of 

quaternary Al-In-Bi-Sn was also investigated.  The activation metals (Bi, In and Sn) were found to be 

present on the surface of Al particles, indicating complete consumption of the as-received In, Bi and 

Sn during the mechanochemical activation process. 

 

 

 

2. MATERIALS AND METHODS 

2.1. Materials 

The following starting materials were supplied by Sigma-Aldrich (South Africa): Al powder (< 

200 m, 99.5% purity), In shots (+5–2 mm, > 99.9% purity), Bi granules (> 99.99% purity) and Sn 

powder (< 150 m, 99.5% purity).  Hydrolysis reactions were performed using tap water.  Pure 

nitrogen (99.99%) (Afrox, South Africa) was used during all purging steps. 

 

2.2. Aluminum composite compositions and their mechanochemical preparation  

Various Al composites with different compositions were prepared.  Different amounts of Bi, In 

and Sn were added to a constant amount of Al (86.91 wt%).  The amounts of the respective activation 

compounds varied between 0 and 10.55 wt%.  The total amount of the activation compound was kept 

at 13.09 wt%.  The compositions of ball-milled Al composites are given in Table 1. 

Ball milling of Al composite powders was performed in a Retsch PM100 planetary ball mill 

(Retsch, Germany) under a nitrogen atmosphere.  The as-received metals (Al, Bi, In and Sn) were 

weighed and placed in a 250 mL stainless steel grinding pot with 5 mm stainless steel grinding balls.  

The grinding ball to powder mass ratio was 30:1.  For all composite preparations, the as-received 

metals were milled for 3 h at 450 rpm.   
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Table 1. Al composite compositions (wt%). 

 

Composite 
Compound (wt%) 

Al Bi In Sn 

Al-InSn4 86.91 0 2.54 10.55 

Al-InBi 86.91 8.38 4.71 0 

Al-In3Sn 86.91 0 9.82 3.27 

A 86.91 3.93 3.93 5.24 

B 86.91 6.54 3.93 2.62 

C 86.91 3.93 6.54 2.62 

D 86.91 3.93 2.62 6.54 

 

After each milling procedure, the ball-milled samples (still in the sealed grinding pots) were 

allowed to cool to room temperature.  To avoid unwanted atmospheric oxidation, hydrolysis 

experiments with the cooled ball-milled samples were carried out as soon as possible.  Composites 

were stored in an airtight container until required for use.  Each composite was ball milled in duplicate.  

Only composites that displayed a repeatable trend in terms of physical change and size reduction after 

3 h of ball milling were investigated, in triplicate.  The particles of some Al composites agglomerated 

to form large particles with low reactivity.  These were excluded from this study. 

 

2.3. Hydrolysis set-up and hydrogen measurements 

Hydrolysis reactions were carried out at standard temperature and pressure in a 100 mL flask 

reactor with two openings, one for hydrolysis solution addition (by means of a pressure equalizing 

addition funnel) and the other for hydrogen to escape.  The generated hydrogen passed through a gas 

drier containing a combination of Drierite (CaSO4) and SiO2 to remove water vapor prior to 

hydrogen measurements.  The hydrogen volume was measured using the water trap method, as 

described by Zhao et al. [46].  Hydrogen measurements were performed using 0.2 g composite and 

10 mL of reaction solution, unless specified otherwise.  The reaction mixtures were left unagitated 

during all hydrolysis reactions. 

 

2.4. Expression of hydrogen generation 

Hydrogen production is expressed as conversion yield (%), defined as the volume of hydrogen 

produced over the theoretical value of hydrogen that should be released assuming that the entire Al 

content is hydrolyzed.  Applying the ideal gas law, approximately 1360 mL per gram of Al can be 

achieved under standard atmosphere and temperature conditions.  The hydrogen generation rate is 

defined as the amount of hydrogen produced per minute and is expressed as mL min
–1

, with mL 

referring to the volume of hydrogen generated from 0.2 g Al composite.  All hydrolysis reactions had 

repeatable hydrogen generation values. The data are presented in triplicate.  Error bars are not included 

for ternary composites as the error spread for all hydrolysis reactions was < 3%. 
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2.5. Sample characterization by XRD and SEM 

XRD was performed using a Röntgen diffraction system (PW3040/60 X’Pert Pro). A back-

loading preparation method was used to determine the crystalline phases present in the Al composites 

and hydrolysis residues.  The samples were scanned using X-rays generated by a copper (Cu) K X-

ray tube. Measurements were carried out between variable divergence slits and fixed receiving slits.  

The phases were identified using X’Pert HighScore Plus software (PANalytical). 

Surface analysis of the as-received Al powder and ball-milled Al powders was performed using 

scanning electron microscopy (SEM).  A FEI Quanta 200 scanning electron microscope with an 

integrated Oxford Instruments INCA 200 energy dispersive X-ray spectroscopy (EDS) microanalysis 

system was used.  SEM micrographs were obtained (at various magnifications) to characterize the 

physical attributes of the investigated materials.  Magnification (m scale) is indicated on all 

micrographs presented (Figs 1–3).  SEM-EDS were used to confirm the distribution of activation 

compounds on the surface of Al particles. 

 

 

 

3. RESULTS AND DISCUSSION 

3.1. Effects of ball milling on characteristics of Al composite particles  

Repetitive plastic deformation of metals generally changes their microstructure, affects the 

magnitude of residual stresses and redistributes the constituents [47].  Initially, the Al composites 

described in this paper were milled for various periods of time and then contacted with water to 

determine an optimal milling time.  Al composites milled for < 3 h (0.5, 1 and 2 h) had hydrogen 

yields of 5–35%.  Visually, it was clear that the fine powders of the as-received Al powder and the 

activation compounds coagulated during the first 2 h of ball milling to form large flake-like particles.  

It was accepted that initial ball milling of fine Al powder with In, Bi and/or Sn caused particles to 

undergo cold welding, which increased the particle size of the powders dramatically.  Some reactivity 

was observed, which is indicative of initial Al composite activation, but it was considered to be 

insignificant. 

After 3 h of milling, particles changed from a flake-like morphology to a fine powder, coupled 

with a large increase in reactivity.  Although it is unclear what causes this key change in morphology, 

this phenomenon can be explained on the basis of two mechanisms. (1) Ductile and malleable particles 

will agglomerate due to cold welding as a result of Al composite particles caught between milling ball 

impacts, i.e., ball–ball and ball–milling chamber, and undergo elastic deformation, until a certain 

stress-to-strain point is reached. (2) The Al particles then become deformed during the milling process, 

consequently increasing the hardness of these particles due to work hardening.  The work hardened 

particles will then plastically deform and fracture, resulting in a decrease in particle size [48,49].  A 

similar trend was observed by Razavi-Tousi and Szpunar [50]; high energy ball-milled Al powder 

particles cold welded together, followed by a sudden decrease in particle size after a certain period of 
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ball milling.  The fine Al composite powders produced by ball milling indicated that the as-received 

materials were milled into a homogenous powder with regard to particle size and distribution. 

Fig. 1a shows a SEM image of the as-received Al powder and Fig. 1b an image of a 3 h ball-

milled Al-9.82 wt% In-3.27 wt% Sn mixture before hydrolysis.  The shape of the as-received Al 

powder changed from the initial 100–300 m strand-like morphology to platelet morphology 7–70 m 

in size.  Fig. 1b shows that small fractured particles of the composite are embedded onto larger 

particles, leading to an increase in the deformities and defects of both types of particles, i.e., the 

smaller fractured and larger welded particles. 

 

(a) (b) 

 

Figure 1. SEM micrographs of (a) as-received Al powder and (b) 3 h milled Al-9.82 wt% In-3.27 wt% 

Sn mixture. 

 

After a certain period of ball milling, steady state equilibrium was reached between the rate of 

cold welding and the rate of fracturing; cold welding increases the average particle size and fracturing 

decreases it.  Smaller particles are able to resist deformation without fracturing and they tend to weld 

onto larger particles, with an overall tendency to drive both very fine and very large particles towards 

an intermediate size [49,51].  A relatively large change in particle size, accompanied by the presence 

of both small and large particles, is shown in Fig. 1b.  It indicates the presence of steady state 

equilibrium between the rate of welding and fracturing. 

Fig. 2 shows various SEM micrographs illustrating ball-milled Al-In-Sn/Bi composite particles 

and quaternary Al Composite A (Al-3.93 wt% Bi-3.93 wt% In- 5.24 wt% Sn).  The clustered particle 

encircled in Fig. 2a clearly indicates cold welding of smaller Al particles onto each other, forming a 

larger clustered particle.  These clustered particles contain numerous deformities and irregularities, 

enabling water to freely penetrate deep within the particle.  The majority of particles consist of larger 

solid particles, with smaller particles embedded on their surfaces.  The reaction surface of clustered 

particles presented in Fig. 2 facilitates a larger surface area than single, smoother particles.  This is due 

to the presence of previously mentioned deformities and irregularities.  A larger reaction surface 
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implies a greater particle surface:water contact boundary, which will expedite the Al hydrolysis 

reaction.  All of the reported composites prepared in this study had similar morphologies to the 

composites presented in Fig. 2 (confirmed by SEM), but these micrographs were not included in this 

paper. 

It is evident from Figs 1 and 2 that the particle size of the as-received Al powder was 

successfully reduced.  However, for the Al particles to act as hydrolyzing materials under ambient 

conditions, the reduction of particle size alone will not suffice.  As previously mentioned, the 

formation of a thin coherent oxide layer on the surface of the Al particles has to be disrupted, exposing 

the underlying fresh Al to water.  Thus, successful activation of Al particles depends on the 

distribution of the activation compounds (Bi, In and Sn) over the entire surface of the Al particles. 

Fig. 3a shows a SEM image of the mechanochemically prepared composite A (Al-3.93wt% Bi-

3.93wt% In-5.24wt% Sn).  Fig. 3b, c, d and e depicts the corresponding EDS elemental map for Al, Bi, 

In and Sn, respectively.  Red represents Al atoms; purple, orange and green represent Bi, In and 

Sn, respectively. 

 

 

 

 

 
 

  
 

 

Figure 2. SEM micrographs of composites (a) Al-InBi, (b) Al-InSn4, (c) Al-In3Sn and (d) quaternary 

Composite A (Al-3.93 wt% Bi-3.93 wt% In- 5.24 wt% Sn), showing cold welding of smaller 

Al particles onto each other and onto larger particles. 

 

(a) (b) 

(c) (d) 
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Fig. 3 clearly shows that the activation compounds (Bi, In and Sn) were equally distributed on 

the Al surface and did not aggregate at certain points.  Furthermore, the complete distribution of Sn 

and Bi on the Al surface is important for the composite combinations of Al-Sn and Al-Bi.  Both these 

combinations offer easy electron transfer from Al (anode) to Sn and Bi (cathodes) in the micro-

galvanic cell when the hydrolysis reaction of Al and water occurs [13,52,53].  Bi and Sn has a positive 

effect on Al hydrolysis, as an Al-Bi/Sn composites has an open circuit potential of -1.85 V, which is 

lower than the -1.77 V of pure Al [36].  Though, Sn does not form intermetallic phases with Al [54], 

the presence of Sn in Al-Sn composites has indicated an increase in the thermodynamic activity of Al 

[55].  Al-In composites displayed limited reactivity during hydrolysis with pure water at room 

temperature [56].  Additionally, it is highly likely that intermetallic phases (InBi, In3Sn, and InSn4) 

would occur on the surface of Al particles. 

 

  
 

   
 

Figure 3. (a) SEM micrographs of quaternary composite A (Al-3.93 wt% Bi-3.93 wt% In-5.24 wt% 

Sn), and the corresponding EDS mapping for (b) Al, (c) Bi, (d) In and (e) Sn. 

 

3.3. Characterization and hydrolysis kinetics of ternary Al-In-Bi and Al-In-Sn composites 

XRD analysis of Al-In-Bi and Al-In-Sn was performed to investigate the intermetallic phases 

present in the ternary composites.  Three prominent intermetallic phases formed during the 

mechanochemical preparation of Al composites: InBi, In3Sn and InSn4.  They are believed to be 

(a) (b) 

(d) (c) (e) 
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responsible for the activation of Al and/or partake in the work hardening of Al particles, which induces 

structural failure of Al particles. 

Fig. 4 shows XRD patterns of the Al composites Al-InSn4, Al-InBi and Al-In3Sn.  The wt% 

values of these composites are presented in Table 1.  The wt% value of each of the composites 

coincided with the mole ratio of their corresponding intermetallic phases.  Composites Al-InSn4 and 

Al-In3Sn had In:Sn mole ratios of 1:4 and 3:1, respectively, while composite Al-InBi had a In:Bi mole 

ratio of 1:1.  In each case, intermetallic phases formed according to the predesignated mole ratios.  

Composites Al-InSn4 and Al-In3Sn only formed InSn4 and In3Sn, respectively.  It was expected that 

some competition should exist between the formation of the two intermetallic phases; however, no 

competition was observed, and InSn4 and In3Sn were selectively synthesized.  In the case of composite 

Al-InBi, InBi formed exclusively.  No intermetallic Al-In and Al-Bi phases were detected.  This may 

be ascribed to the low solubility of In and Bi in the Al matrix [57,58]. 

A study by Wang et al. (2012) indicated the presence of In3Sn and InSn4 (determined by XRD) 

in Al-Ga-In-Sn-Fe composites prepared by an arc melting method.  Some composites had close to 

100% yields, when hydrolyzed in hot (50 °C) water [59].  However, an objective of this study included 

to selectively synthesize In-Bi and In-Sn intermetallic phases on the surface of Al particles, using a 

mechanochemical preparation method.  Additionally, the study by Wang et al. (2012) included Ga, 

which could be completely excluded from composites prepared in this study. 

 

 
 

Figure 4. XRD patterns of ternary composites Al-InSn4, Al-InBi and Al-In3Sn.  Experimental 

conditions used for ball milling of composites: 3 h, 450 rpm, nitrogen atmosphere.  Amounts 

(wt%) of activation compounds (Bi, In and Sn) varied, in the range 2.54–10.55 wt%.  Al was 

kept at 86.91 wt%. 

 

The selectively synthesized intermetallic phase containing composites were hydrolyzed to 

investigate the respective effects of InSn4, InBi and In3Sn during Al hydrolysis.  Fig. 5 shows the 
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hydrogen generation rates of the Al composites Al-InSn4, Al-InBi and Al-In3Sn under ambient 

conditions. 

 

 
 

Figure 5. Hydrogen generation rates of ternary composites Al-InSn4, Al-InBi and Al-In3Sn.  

Hydrolysis parameters were kept constant: 10 mL tap water as hydrolysis solution, standard 

temperature and pressure. 

 

Fig. 5 shows that Al-InBi reached its peak hydrogen generation rate of approximately 76 mL 

min
–1

 after 3 min of coming into contact with water.  The average hydrogen generation rate (for 0.2 g 

Al composite) was 24 mL min
–1

.  Al-InSn4 peaked at 120 mL min
–1

 after 8 min and rapidly decreased 

thereafter.  Al-In3Sn had a generation rate of 56 mL min
–1

 after 10 min.  Al-InSn4 and Al-In3Sn had 

average hydrogen generation rates of 22 and 15 mL min
–1

, respectively.  It is evident that each 

intermetallic phase present in the composites (InBi, InSn4 and In3Sn) had unique hydrolysis kinetics. 

The different induction times, i.e., delay before the initiation of hydrolysis, of each Al 

composite, due to the presence of different intermetallic phases, can be utilized to control the rate of 

hydrogen release.  Al-InBi had the fastest hydrogen generation rate and an approximate hydrogen yield 

of 95%, whereas Al-In3Sn and Al-InSn4 had slower hydrogen generation rates and approximate 

hydrogen yields of 93%.  Al-InBi had an induction time of 20 s before hydrolysis was initiated, 

whereas the induction times of Al-InSn4 and Al-In3Sn were 60 and 150 s, respectively.  The 

composites thus had different induction times and different reaction kinetics.  Al-InSn4 had a peak 

hydrogen generation rate of 108 mL min
–1

 after 8 min of coming into contact with water, but reactivity 

rapidly decreased after reaching this peak.  Al-InBi reached a peak hydrogen generation rate 72 mL 

min
–1

 after 3 min, whereafter the reactivity steadily decreased.  Al-In3Sn had a peak generation rate of 

56 mL min
–1

 after 10 min.  It had the slowest reaction kinetics and it displayed similar reaction kinetics 

to Al-InSn4. 

It was observed that the composite Al-InBi generated particles with high reactivity surfaces, 

whereas composites Al-InSn4 and Al-In3Sn generated particles with a protective layer on the surface of 
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the particles.  It is possible that during hydrolysis, water had to diffuse through the coinciding 

intermetallic phases, i.e., InSn4 and In3Sn, before hydrolysis of the underlying Al could commence.  

Water diffused through InSn4 faster than through In3Sn, as indicated by the different induction times of 

the two composites Al-InSn4 and Al-In3Sn.  Another possible reaction mechanism may be ascribed to 

micro-galvanic activity between Al-Sn, and that Al-InSn4 had a shorter induction period due to an 

increased Sn content compared to the slower reacting Al-In3Sn composite.  Al-InBi reacted with water 

upon contact, which is indicative of a chemically reactive surface.  It is likely that the short induction 

time may be ascribed to the high micro-galvanic activity of Al-Bi, resulting in the almost instantaneous 

hydrolysis of Al. 

 

3.4. Formation kinetics of intermetallic phases during quaternary composite preparation 

During ternary Al composite hydrolysis, the hydrogen yield (%) of the investigated composites 

was relatively constant, but the quaternary composites displayed some differences in terms of 

hydrolysis kinetics.  Hydrolysis parameters were kept constant throughout, meaning that the only 

possible reason for variations in hydrolysis kinetics was the presence of different intermetallic phases 

and/or the amounts thereof. 

Fig. 6 shows the XRD patterns of composites A, B, C and D.  Ball milling parameters were 

kept constant.  Composites B, C and D had different amounts of the activation compounds Bi, In and 

Sn: 2.62, 3.93 and 6.54 wt%. 

 

 
 

Figure 6.  XRD patterns of quaternary Al composites A (Al-3.93 wt% Bi-3.93 wt% In-5.24 wt% Sn), 

B (Al-6.54 wt% Bi-3.93 wt% In-2.62 wt% Sn), C (Al-3.93 wt% Bi-6.54 wt% In-2.62 wt% Sn) 

and D (Al-3.93 wt% Bi-2.62 wt% In-6.54 wt% Sn).  Experimental conditions used for ball 

milling of composites: 3 h, 450 rpm, nitrogen atmosphere.  Amounts (wt%) of activation 

compounds (Bi, In and Sn) varied, in the range 2.62–6.54 wt%.  Al was kept at 86.91 wt%. 
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It is evident from Fig. 6 that InBi, In3Sn and InSn4 formed during ball milling of the quaternary 

composites.  Composite B had the largest fraction of Bi present (6.54 wt%).  Only InBi and In3Sn were 

observed.  It was accepted that, on an atomic scale, the formation of InBi consumed the majority of the 

In and Bi atoms, followed by In3Sn consuming the remainder of the In atoms. 

InBi, In3Sn and InSn4 intermetallic phases were present in composite C.  Bi atoms were 

consumed to form InBi, whereas the remainder of the In and Sn atoms competed to form In3Sn and 

InSn4.  In the case of composite D, prominent peaks of all three intermetallic phases were observed.  A 

possible reason for the three prominent peaks is that an increase in the number of Sn atoms could 

easily consume the In atoms to form In3Sn and InSn4.  Composites A and D had similar XRD patterns.  

The small wt% increase in In and decrease in wt% Sn resulted in the peak drift observed at the 2 

position 44.  This is due to the more complete formation of In3Sn, which can be explained by an 

increase in In atoms that are readily available to composite with Sn atoms. 

It also emerged from Fig. 6 that InBi had slightly faster formation kinetics than In3Sn and 

InSn4.  The formation kinetics of In3Sn and InSn4 depended on the availability of both In and Sn atoms 

and the absence of Bi atoms.  In Fig. 4, where Bi atoms were not present during ball milling, no 

competition was observed between In3Sn and InSn4 due to the atomic ratios of In:Sn; a 3:1 In:Sn ratio 

led to the formation of In3Sn while a 1:4: In:Sn ratio led to the formation of InSn4.  Fig. 6 displays 

clear evidence of competitive formation between In3Sn and InSn4, which, to a certain extent, can be 

controlled by manipulating the mole ratios of In:Sn. 

 

 
 

Figure 7. Average hydrogen yield (%) of quaternary Al composites A (Al-3.93 wt% Bi-3.93 wt% In-

5.24 wt% Sn), B (Al-6.54 wt% Bi-3.93 wt% In-2.62 wt% Sn), C (Al-3.93 wt% Bi-6.54 wt% In-

2.62 wt% Sn) and D (Al-3.93 wt% Bi-2.62 wt% In-6.54 wt% Sn).  Experimental conditions 

used for ball milling of composites: 3 h, 450 rpm, nitrogen atmosphere.  Amounts (wt%) of 

activation compounds (Bi, In and Sn) varied, in the range 2.62–6.54 wt%.  Al was kept at 86.91 

wt%. 
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Fig. 7 presents the average hydrogen yield (%) of quaternary Al composites A, B, C and D, 

respectively.  In most cases, reactivity of quaternary Al composites did not differ substantially.  

Reported reactivities had approximate hydrogen yields of 91.2–98%.  Induction times were relatively 

short and ranged from 20 to 30 s.  The hydrolysis reactions were completed within 90 s (fastest) and 

170 s (slowest) after coming into contact with water. 

Results of the hydrolysis of quaternary Al composites were compared with results of the 

hydrolysis of the ternary Al composites.  It is clearly evident that combinations of intermetallic phases 

displayed a synergetic effect with regard to reaction kinetics.  The ternary composite Al-InBi had the 

shortest induction time (Fig. 5).  This resulted in InBi containing quaternary composites displaying 

reduced induction periods, due to the in situ generated heat being released by the fast reacting InBi 

containing Al particles.  The released heat catalyzed the slower reacting InSn4 and In3Sn containing Al 

particles.  As far as the authors could assess, no literature is available in the peer-reviewed public 

domain on hydrogen generation of Al-In-Bi-Sn composites (excluding Ga) prepared through a 

mechanochemical activation method.  Though, a study by Huang et al. (2015) prepared high hydrogen 

yielding Al-Ga-In3Sn and Al-Ga-InBi composites, as well as a relatively low hydrogen yielding Al-

Ga-InSn4 composites, prepared through a melting method [60]. 

 

3.5. Proposed formation mechanism with regards to intermetallic phase formation 

The authors propose the following two mechanisms that could play a role in intermetallic 

formation of InBi, In3Sn and InSn4.  (1) During ball milling of ternary composites containing Al-Bi-In 

or Al-In-Sn, the atomic ratio will determine which intermetallic phases will form.  For instance, if a 

1:4 In:Sn atomic ratio is present, InSn4 will form exclusively.  A possible explanation for this is that, 

during ball milling, there will be a greater chance that a predetermined ratio of atoms will be caught 

between composite-forming milling-ball collisions.  The same can be accepted for a 3:1 In:Sn atomic 

ratio.  In the case of Al-Bi-In, InBi will form until either In and/or Bi is consumed.  (2) During 

quaternary composite Al-In-Bi-Sn preparation, the formation of all three intermetallic phases (InBi, 

In3Sn and InSn4) may be present.  In this study, small InBi peaks were observed in all Al composites 

containing Bi as a starting material.  The presence of Bi induces a degree of competitive formation 

between In and Sn containing intermetallic phases, i.e., In3Sn and InSn4.  Thus, the second mechanism 

for quaternary composite ball milling can be summarized as the formation of either InBi, In3Sn and/or 

InSn4, which is tantamount to the coincidental presence of atoms during collisions of milling balls and 

can be controlled by manipulating the quantity (wt%) of each of the activation compounds added. 

 

3.6. Effects of mass ratio (mAl powder/mwater) and temperature on the hydrolysis reaction 

Al-InSn4 was chosen to depict the effects of mass ratio and temperature as it represents a 

ternary composite with a reactivity between the fast reacting Al-InBi and slower reacting Al-In3Sn.  

Here, a mass ratio of 1:20 is defined as 1 g of Al powder reacting with 20 mL of water.  All mass ratios 
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were derived similarly.  Fig. 8 depicts the effect of different mass ratios on (a) hydrogen yield and (b) 

reaction temperature.  The mass ratio ranged from 1:20 to 1:500. 

 

 
(a) 

 
(b) 

 

Figure 8.  Effect of different mass ratios (mAl-InSn4/mwater) on (a) hydrolysis kinetics of Al-InSn4 and (b) 

change in reaction temperature during the hydrolysis reaction. 

 

Results presented in Fig. 8a indicate an increase in the hydrolysis reaction rate and hydrogen 

yield as the mass ratio mAl-InSn4/mwater decreased from 1:500 to 1:20.  The hydrogen yield for the 1:20 

mass ratio hydrolysis reaction was 100% and it decreased to 76.2% as the mass ratio was increased to 

1:500.  The Al hydrolysis reaction is dependent on reaction temperature [13,61].  Thus, the decrease in 

hydrogen yield was caused by the decrease in reaction temperature.  Fig. 8b depicts the effect that 

water volume has on the change in reaction temperature during hydrolysis reactions of ternary Al 

composite Al-InSn4.  The reaction temperature of the 1:20 mass ratio hydrolysis reactions increased by 
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48.0 ± 2.8 °C, whereas a 5.6 ± 0.8 °C increase was observed during the 1:500 hydrolysis reactions.  

During the hydrolysis reaction, heat (∆H = –444.4 kJ mol
–1

) [42] is released and, in turn, catalyzes the 

hydrolysis reaction.  An increase in water volume decreased the reaction temperature during hydrolysis 

as the in situ generated heat mitigates away from the immediate reaction sites (Al particles undergoing 

hydrolysis).  This resulted in a slower hydrogen generation rate and a decrease in hydrogen yield.  As 

expected, a similar trend was observed for all Al composites investigated in this study. 

If the Al composites prepared in this study were to be considered for PEMFC applications, 

hydrogen has to be generated at a relatively steady rate, due to the fact that PEMFCs require a steady 

supply of hydrogen gas to operate optimally.  Thus, the Al hydrolysis reaction has to be manipulated in 

such a way to ensure a controllable rate of hydrogen generation.  It is clear from Figure 8 that larger 

hydrolysis mass ratios resulted in a decrease in reaction temperature, which in turn reduces the 

hydrogen generation rate (and hydrogen yields).  For example, Al-InSn4 hydrolysis performed at a 

1:20 mass ratio had a 100% hydrogen yield, a reaction temperature increase of 48 °C, and a peak 

hydrogen generation rate of approximately 280 mL min
-1

.  Such reaction temperatures and hydrogen 

flow rates may cause complications during PEMFC applications.  However, the same hydrolysis 

reaction performed at a 1:500 mass ratio will result in a reaction temperature increase of 5.6 °C, and a 

peak hydrogen generation rate of 18 mL min
-1

.  Thus, it is indicative that a certain amount of the Al-

InSn4 composite may be hydrolyzed to provide a PEMFC with a steady hydrogen stream.  Though, 

hydrolysis at such a large mass ratio, i.e. 1:500, did result in a decrease in hydrogen yield, the 

hydrogen generation rate would be sufficient for PEMFC application. 

Energy applications (PEMFC application) using this method of hydrogen generation is still 

under development and requires further improvements and developments, it may be utilized by several 

sectors.  An advantage of this method is the ability to generate hydrogen on-demand and on-site, 

removing the need for hydrogen storage and transport.  According to the Russian Skolkovo Foundation 

(web reference: https://sk.ru/news/m/wiki/14838/download.aspx) the portable charging devices market 

is an estimated $34bn market.  Additionally, markets for unmanned aerial vehicles (UAVs), various 

military and emergency energy applications, portable low power electronic devices, and underground 

mining equipment are large, and the value yet to be determined.  Al hydrolysis (Reactions 1 and 2) has 

a theoretical hydrogen mass yield of 11% based on the mass of Al.  Considering the high hydrogen 

yields obtained from composites prepared in this study, an approximate 2.2 kWh kg
-1

 specific electric 

energy may be generated through a PEMFC [62].  It is worth mentioning that electrochemical energy 

systems, such as hydrogen fuel cells, require hydrogen of a high purity.  “Al-to-hydrogen” system 

descried in this paper generates PEM-grade purity hydrogen. At this stage we envisage that the 

described technology could be used for power tools at construction sites, cell phones, laptops, 

professional digital video cameras, etc., in other words, niche, small-scale applications. For military 

applications, typical requirements would include, but not limited to, low noise level, low heat 

signature, lower weight, etc. and power rating not exceeding 1 kW. “Al-to-hydrogen” system could 

address all these requirements. 

Fig. 8a and b reflects the major influence of reaction temperature on hydrogen generation.  The 

following Arrhenius equation was used to determine this effect: 

k = A exp 
(–Ea/RT) 

(1) 
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It gives the dependence of a rate constant (k) on temperature (T) and activation energy (Ea).  By 

determining k from the maximum flow rates obtained at different temperatures (23–50 °C) and using 

eqn. (1), the activation energies of the ternary Al composites were calculated to be 47.2 kJ mol
–1

 for 

Al-InBi, 57.5 kJ mol
–1

 for Al-InSn4 and 62.1 kJ mol
–1

 for Al-In3Sn from the plot of reaction rate k 

against the reciprocal temperature, as presented in Fig. 9.  The coefficient of determination (R
2
) ranged 

between 0.9674 and 0.9927. 

 
 

Figure 9.  The Arrhenius plot for the maximum hydrolysis reaction rates of the reaction between 

ternary Al composites (Al-InBi, Al-In3Sn and Al-InSn4) and water. 

 

The ternary Al composite activation energies coincide with the activation energies of Al 

activated by mechanochemical preparation methods using NaCl (63.1 ± 3.1 kJ mol
–1

) [63] and graphite 

(61 ± 10 kJ mol
–1

) [64].  The lower activation energy of Al-InBi, compared with Al-InSn4 and Al-

In3Sn, corresponds with the induction times of all three ternary composites, e.g., Al-InBi had the 

lowest activation energy and the shortest induction time, whereas Al-InSn4 had the highest activation 

energy and the longest induction time. 

 

3.7. Analysis of hydrolysis residues 

The hydrolysis residues of ternary Al composites and of Composite A, hydrolyzed at different 

water volumes, were characterized by XRD.  Results are presented in Fig. 10a and b, respectively.  

XRD spectra of hydrolyzed residues were more detailed than spectra of unhydrolyzed Al composites 

(Figs 4 and 6) due to the absence of large, overshadowing Al peaks. 
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(a) 

 
(b) 

 

Figure 10. Hydrolysis residues of (a) ternary Al composites and (b) quaternary Composite A at 

various mAl powder/mwater ratios. 

 

It is evident from Fig. 10a and b that the residues mainly consisted of two Al hydroxide phases 

(bayerite and boehmite), each of the composites coinciding intermetallic phases (InBi, In3Sn and/or 

InSn4), and some unreacted Al peaks.  Fig. 10a shows many small bayerite peaks (some too small to 

indicate) and the intermetallic phases present.  Small Al peaks indicate that some of the Al did not 

undergo hydrolysis.  The presence of the intermetallic phases indicates that they did not react with 

water; hence, the total volume of hydrogen originated from the hydrolysis of Al. 

It is evident from Fig. 10b that a decrease in water volume led to a decrease in bayerite peak 

intensity and an increase in boehmite peak intensity.  This is due to the large increase in temperature as 
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the mAl power/mwater increased.  At low temperatures, Al hydrolyzes to form bayerite.  At higher 

temperatures, the bayerite decomposes to form boehmite.  Both of these Al hydroxide phases are 

considered to be environmentally benign.  This observation is in agreement with observations made by 

Huang et al. [60] and du Preez and Bessarabov (2017) [45]. 

 

 

 

4. CONCLUSIONS 

A mechanochemical activation method was used to prepare various Al composites containing 

Bi, In and Sn as activation compounds.  The hydrogen generation of activated Al upon reacting with 

tap water was investigated under standard temperature and pressure conditions.  It was concluded that 

the hydrogen generation of ball-milled Al depended on the activation compounds, in situ generated 

intermetallic phases of the activation compounds and the amounts of in situ generated intermetallic 

phases. 

Experimental results of this study can be summarized as follows: 

(1) High yield ternary composites were successfully prepared, without the use of Ga.  The 

intermetallic phases responsible for the activation of Al were successfully synthesized, identified and 

characterized.  InBi containing composites had the shortest induction time and slightly higher 

hydrogen yields than the InSn4 and In3Sn containing composites.  InBi containing composites had the 

fastest reaction time, followed by the InSn4 and In3Sn containing composites. 

(2) Highly reactive quaternary composites were successfully prepared.  Characterization 

revealed that all prepared quaternary composites contained InBi, and InSn4 and/or In3Sn, depending on 

the amount of activation compounds added.  Hydrolysis reactions were relatively fast due to the 

presence of InBi.  The heat released from InBi containing Al particles catalyzed the slower reacting 

InSn4 and In3Sn containing Al particles. 

(3) The activation energies of ternary composites were determined to be between 47.2 and 62.1 

kJ mol
–1

.  Al-InBi had the lowest activation energy, which suggests it follows a different reaction path 

to Al-InSn4 and Al-In3Sn. 

(4) The hydrolysis reactions had a relatively large dependence on reaction temperature.  

Increased reaction temperatures expedited reaction rates and hydrogen yields.  Thus, the hydrogen 

generation rate could be altered by controlling the reaction temperature, possibly at the expense of the 

hydrogen yield. 

(5) XRD analysis of hydrolysis residues indicated that the intermetallic phases present in each 

of the composites did not hydrolyze, hence the total hydrogen content originated from the hydrolysis 

of Al.  Low temperature hydrolysis produced boehmite whereas higher temperatures induced 

decomposition of boehmite to bayerite.  Boehmite and bayerite are considered to be environmentally 

benign. 

 

 

ACKNOWLEDGMENTS 

Department of Science and Technology (DST) HySA Infrastructure Center of Competence at the 

North West University, South Africa, is acknowledged for financial support. 

ARTICLE 1 42



Int. J. Electrochem. Sci., Vol. 12, 2017 

  

8681 

References 

 

1. C. C. Elam, C. E. G. Padró, G. Sandrock, A. Luzzi, P. Lindblad and E. F. Hagen, Int. J. 

Hydrogen Energ., 28 (2003) 601. 

2. Y. Liu, X. Wang, Z. Dong, H. Liu, S. Li, H. Ge and M. Yan, Energy, 53 (2013) 147. 

3. J. Macanás, L. Soler, A. M. Candela, M. Muñoz and J. Casado, Energy, 36 (2011) 2493. 

4. H. Z. Wang, D. Y. C. Leung, M. K. H. Leung and M. Ni, Renew. Sust. Energ. Rev., 13 (2009) 

845. 

5. Y. J. Chai, Y. M. Dong, H. X. Meng, Y. Y. Jia, J. Shen, Y. M. Huang and N. Wang, Energy, 68 

(2014) 204. 

6. M. Balat, Int. J. Hydrogen Energ., 33 (2008) 4013. 

7. M. Ball and M. Wietschel, Int. J. Hydrogen Energ., 34 (2009) 615. 

8. P. V. Gosavi and R. B. Biniwale, J. Power Sources, 222 (2013) 1. 

9. J. A. Turner, Science, 305 (2004) 972. 

10. X. Chen, Z. Zhao, M. Hao and D. Wang, J. Power Sources, 222 (2013) 188. 

11. D. Bessarabov, G. Human, A. J. Kruger, S. Chiuta, P. M. Modisha, S. P. du Preez, S. P. Oelofse, 

I. Vincent, J. Van Der Merwe, H. W. Langmi, J. Ren and N. M. Musyoka, Int. J. Hydrogen 

Energ., 42 (2017) 13568. 

12. A. J. Esswein and D. G. Nocera, Chem. Rev., 107 (2007) 4022. 

13. A. V. Ilyukhina, A. S. Ilyukhin and E. I. Shkolnikov, Int. J. Hydrogen Energ., 37 (2012) 16382. 

14. B. Sakintuna, F. Lamari-Darkrim and M. Hirscher, Int. J. Hydrogen Energ., 32 (2007) 1121. 

15. B. C. Steele and A. Heinzel, Nature, 414 (2001) 345. 

16. S. Elitzur, V. Rosenband and A. Gany, Int. J. Hydrogen Energ., 42 (2017) 14003. 

17. K. Wegner, H. C. Ly, R. J. Weiss, S. E. Pratsinis and A. Steinfeld, Int. J. Hydrogen Energ., 31 

(2006) 55. 

18. M.-H. Grosjean, M. Zidoune, L. Roué and J.-Y. Huot, Int. J. Hydrogen Energ., 31 (2006) 109. 

19. M.-H. Grosjean and L. Roué, J. Alloy Compd., 416 (2006) 296. 

20. K. Mahmoodi and B. Alinejad, Int. J. Hydrogen Energ., 35 (2010) 5227. 

21. E. Tzimas, C. Filiou, S. D. Peteves and J. Veyret, Hydrogen storage: state-of-the-art and future 

perspective, Institute of Energy, Petten, The Netherlands, 2003. 

22. O. V. Kravchenko, K. N. Semenenko, B. M. Bulychev and K. B. Kalmykov, J. Alloy Compd., 

397 (2005) 58. 

23. A. V. Parmuzina and O. V. Kravchenko, Int. J. Hydrogen Energ., 33 (2008) 3073. 

24. E. David and J. Kopac, J. Hazard. Mater., 209–210 (2012) 501. 

25. B. Alinejad and K. Mahmoodi, Int. J. Hydrogen Energ., 34 (2009) 7934. 

26. H. Zou, S. Chen, Z. Zhao and W. Lin, J. Alloy Compd., 578 (2013) 380. 

27. X. Huang, T. Gao, X. Pan, D. Wei, C. Lv, L. Qin and Y. Huang, J. Power Sources, 229 (2013) 

133. 

28. H. Teng, T. Lee, Y. Chen, H. Wang and G. Cao, J. Power Sources, 219 (2012) 16. 

29. M. Baniamerian and S. Moradi, J. Alloy Compd., 509 (2011) 6307. 

30. D. Belitskus, J. Electrochem. Soc., 117 (1970) 1097. 

31. L. Soler, J. Macanás, M. Muñoz and J. Casado, Int. J. Hydrogen Energ., 32 (2007) 4702. 

32. S. S. Martinez, L. Albañil Sánchez, A. A. Álvarez Gallegos and P. Sebastian, Int. J. Hydrogen 

Energ., 32 (2007) 3159. 

33. E.-D. Wang, P.-F. Shi, C.-Y. Du and X.-R. Wang, J. Power Sources, 181 (2008) 144. 

34. X. Huang, C. Lv, Y. Huang, S. Liu, C. Wang and D. Chen, Int. J. Hydrogen Energ., 36 (2011) 

15119. 

35. J. T. Ziebarth, J. M. Woodall, R. A. Kramer and G. Choi, Int. J. Hydrogen Energ., 36 (2011) 

5271. 

36. M. Q. Fan, F. Xu and L. X. Sun, Int. J. Hydrogen Energ., 32 (2007) 2809. 

ARTICLE 1 43



Int. J. Electrochem. Sci., Vol. 12, 2017 

  

8682 

37. S. Liu, M.-Q. Fan, C. Wang, Y.-X. Huang, D. Chen, L.-Q. Bai and K.-Y. Shu, Int. J. Hydrogen 

Energ., 37 (2012) 1014. 

38. A. N. Streletskii, I. V. Kolbanev, A. B. Borunova and P. Y. Butyagin, J. Mater. Sci., 39 (2004) 

5175. 

39. H.-W. Wang, H.-W. Chung, H.-T. Teng and G. Cao, Int. J. Hydrogen Energ., 36 (2011) 15136. 

40. P. Dupiano, D. Stamatis and E. L. Dreizin, Int. J. Hydrogen Energ., 36 (2011) 4781. 

41. J. L. López-Miranda and G. Rosas, Int. J. Hydrogen Energ., 41 (2016) 4054. 

42. M. Q. Fan, L. X. Sun, F. Xu, D. Mei, D. Chen, W. X. Chai, F. L. Huang and Q. M. Zhang, Int. 

J. Hydrogen Energ., 36 (2011) 9791. 

43. A. Ilyukhina, O. Kravchenko, B. Bulychev and E. Shkolnikov, Int. J. Hydrogen Energ., 35 

(2010) 1905. 

44. H. Wang, Y. Chang, S. Dong, Z. Lei, Q. Zhu, P. Luo and Z. Xie, Int. J. Hydrogen Energ., 38 

(2013) 1236. 

45. S. P. du Preez and D. G. Bessarabov, Int. J. Hydrogen Energ., (2017) 

http://dx.doi.org/10.1016/j.ijhydene.2017.05.211 

46. Z. Zhao, X. Chen and M. Hao, Energy, 36 (2011) 2782. 

47. E. Czech and T. Troczynski, Int. J. Hydrogen Energ., 35 (2010) 1029. 

48. S. S. Razavi-Tousi and J. A. Szpunar, Metall. Mater. Trans. E., 1 (2014) 247. 

49. C. Suryanarayana, Prog. Mater. Sci., 46 (2001) 1. 

50. S. S. Razavi-Tousi and J. A. Szpunar, Int. J. Hydrogen Energ., 38 (2013) 795. 

51. J. Benjamin, Sci. Am., 234 (1976) 40. 

52. M. Q. Fan, L. X. Sun and F. Xu, Renew. Energy, 36 (2011) 519. 

53. M. Q. Fan, F. Xu, L.-X. Sun, J.-N. Zhao, T. Jiang and W.-X. Li, J. Alloy Compd., 460 (2008) 

125. 

54. R. Parsons, Handbook of electrochemical constants, Butterworths Scientific Publications, 

(1959) Preston, London. 

55. N. Y. Taranets, V. Nizhenko, V. Poluyanskaya and Y. V. Naidich, Acta Mater., 50 (2002) 5147. 

56. M.-Q. Fan, L.-X. Sun and F. Xu, Energy Convers. and Manage., 51 (2010) 594. 

57. F.-Q. Wang, H.-H. Wang, J. Wang, J. Lu, P. Luo, Y. Chang, X.-G. Ma and S.-J. Dong, Trans. 

Nonferrous Met. Soc. China, 26 (2016) 152. 

58. V. Bhattacharya and K. Chattopadhyay, Mater. Sci. Eng. A, 375 (2004) 932. 

59. W. Wang, W. Chen, X. M. Zhao, D. M. Chen and K. Yang, Int. J. Hydrogen Energ., 37 (2012) 

18672. 

60. T. Huang, Q. Gao, D. Liu, S. Xu, C. Guo, J. Zou and C. Wei, Int. J. Hydrogen Energ., 40 

(2015) 2354. 

61. J. Skrovan, A. Alfantazi and T. Troczynski, J. Appl. Electrochem., 39 (2009) 1695. 

62. S. Elitzur, V. Rosenband and A. Gany, Int. J. Appl. Sci. Technol., 5 (2015) 112. 

63. A. K. Narayana Swamy and E. Shafirovich, Combus. Flame, 161 (2014) 322. 

64. A. Streletskii, I. Kolbanev, A. Borunova and P. Y. Butyagin, Colloid J., 67 (2005) 631. 

 

 

© 2017 The Authors. Published by ESG (www.electrochemsci.org). This article is an open access 

article distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/4.0/).   

 

ARTICLE 1 44

http://www.electrochemsci.org/


 ARTICLE 2 45 

CHAPTER 4: ARTICLE 2 

 

Hydrogen generation of mechanochemically activated Al-Bi-In composites 

4.1 Author list and contributions 

Authors list 

S.P. du Preeza and D.G. Bessarabova,* 

a HySA Centre of Competence, North-West University (NWU), Potchefstroom Campus, 

Private Bag X6001, Potchefstroom, 2520, South Africa 

Contributions 

Contributions of the various co-authors were as follows: 

Experimental work, data processing and interpretation, research, and writing of the scientific 

paper, was performed mainly by the candidate, SP du Preez.  DG Bessarabov (supervisor) 

made conceptual contributions and assisted with article preparation. 

4.2 Formatting and current status of the article 

The article presented in Chapter 3 was published in International Journal of Hydrogen 

Energy in 2017, Vol. 42, pages 16589-16602 (DOI: 

http://dx.doi.org/10.1016/j.ijhydene.2017.05.211).  The journal details can be found at 

https://www.journals.elsevier.com/international-journal-of-hydrogen-energy/ (Date of access: 

13 September 2018). 

http://dx.doi.org/10.1016/j.ijhydene.2017.05.211
https://www.journals.elsevier.com/international-journal-of-hydrogen-energy/


ww.sciencedirect.com

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 2 ( 2 0 1 7 ) 1 6 5 8 9e1 6 6 0 2
Available online at w
ScienceDirect

journal homepage: www.elsevier .com/locate/he
Hydrogen generation of mechanochemically
activated AleBieIn composites
S.P. du Preez, D.G. Bessarabov*

HySA Centre of Competence, North-West University (NWU), Potchefstroom Campus, Private Bag X6001,

Potchefstroom, 2520, South Africa
a r t i c l e i n f o

Article history:

Received 31 January 2017

Received in revised form

18 May 2017

Accepted 30 May 2017

Available online 19 June 2017

Keywords:

Activated aluminum

Hydrogen generation

Mechanochemical activation

Bismuth

Indium
* Corresponding author.
E-mail address: dmitri.Bessarabov@nwu.

http://dx.doi.org/10.1016/j.ijhydene.2017.05.2
0360-3199/© 2017 Hydrogen Energy Publicati
a b s t r a c t

The individual and combined effects of Bi and In on the morphology change and reactivity

towards hydrogen release of Al during mechanochemical preparation of binary and ternary

Al composites were determined. Subsequently, successfully prepared reactive composites

were hydrolyzed with neutral pH waters under ambient conditions with the purpose of

hydrogen generation. Reactive ternary composites were analyzed by scanning electron

microscopy and X-ray diffraction. Results showed that phases found in the AleBieIn

composites were Al, BiIn, BiIn3, and Bi3In5. In some cases Bi and In that did not partake in

intermetallic BieIn phase formation were also found. The intermetallic phases between Bi

and In were identified and characterized. It was concluded that the reactivity of ternary

composites towards hydrogen yield were governed by the in situ formed intermetallic

phases, and the remaining Bi and In that did not undergo intermetallic phase formation.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

The need for sustainable energy has been a critical topic for

researcher during the last decade. Hydrogen has been identi-

fied as the best suitable candidate to replace traditional fossil

fuels [1,2]. The reason being is that hydrogen is an abundant

[3], renewable [3], clean, and non-polluting energy carrier with

a high calorific and specific energy density [4e7]. A large

fraction of hydrogen is produced from hydrocarbon sources

[8], releasing large quantities of the greenhouse gas CO2 into

the atmosphere [9,10]. Additionally, the presence of CO in

hydrogen obtained from hydrocarbons may seriously deteri-

orate fuel cells used to convert the chemical energy of

hydrogen to electrical energy [11,12]. Thus, hydrogen obtained

in such a manner cannot be considered as truly renewable if
ac.za (D.G. Bessarabov).
11
ons LLC. Published by Els
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obtained from non-renewable sources. Ideally, hydrogen has

to be obtained by clean processes from renewable sources,

totally avoiding any CO2 emissions [6]. Water is considered an

alternative to hydrocarbons as a source of hydrogen due to its

high hydrogen content of approximately 111 kg m�3, whereas

liquid hydrogen and gasoline have hydrogen contents of 71

and 84 kg m�3, respectively [7,13,14]. Hydrogen can be pro-

duced from water by several different processes, e.g. water

electrolysis [15], water photo catalysis [16], metal hydrolysis

[17], and metal hydride hydrolysis [18]. Additionally, feasible

storage of hydrogen gas is a critical issue limiting the use of

hydrogen as an energy carrier due to its very low gaseous

density (0.089 kgm�3) [7,19]. Threemainmethods of hydrogen

storage are currently applied, i.e. pressurized gas, liquid

hydrogen, and metal hydrides [19]. Of these three methods,

pressurized gas is the simplest and least expensive method
evier Ltd. All rights reserved.
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[20]. Ideally, hydrogen should be generated on demand and

consumed as it is generated, removing the need for storage.

Thus, the only the compounds partaking in hydrogen gener-

ation are stored.

Considering the abovementioned issues, the production of

hydrogen by reacting water and metals (Mg, Li, Al, etc.) under

mild or ambient conditions have received a lot of attention in

recent years. Al is considered to be the best suited metal for

such applications as is it an abundant [7], lightweight metal

with a density of approximately 2700 kg m�3 [21], and a high

hydrogen generation potential [22]. In addition, storage of

solid Al is safer than metal hydrides and other hydrogen

generators [23]. Al hydrolysis produces Al hydroxides and (to a

lesser extent) oxides according to the following reactions

[3,21e25]:

2Al þ 6H2O / 2Al(OH)3 þ 3H2 (1)

2Al þ 4H2O / 2AlOOH þ 3H2 (2)

2Al þ 3H2O / Al2O3 þ 3H2 (3)

The produced by-products in reactions (1)e(3) are consid-

ered to be environmentally benign, fully recyclable through

the Hall-H�eroult process [26], and may be used in several in-

dustrial applications [21]. The Al hydrolysis reaction is ther-

modynamically favorable, but the formation of a passive

oxide layer on the surface of Al prevents it from continuously

producing hydrogen since it prevents AleH2O contact [27].

Considerable efforts have been made to solve this problem,

i.e., removal/disruption of the oxide layer. One such a method

includes the immersion of Al in alkaline or acidic solutions,

removing the protective oxide layer [28e36]. However, high

reaction rates are only reached at extreme pH values and at

elevated temperatures (approximately 100 �C). Hydrothermal

Al oxidation is a high hydrogen yield (100%) method, but re-

quires very high reaction temperatures of 400 �C, pressures of
>200 atm, and expensive equipment [37e39]. To mitigate the

use of harsh experimental conditions, other methods were

developed to increase the reactivity of Al. Hg and Hg-based

compounds may be used to amalgamate Al surfaces to

enable Al hydrolysis undermild conditions, but its application

is restricted due to the toxicity of Hg [40e43]. Ga may be used

to replace Hg as it has a similar effect on Al particles, i.e.

enabling Al reactivity under ambient conditions. Ga in com-

bination with metals such as In, Sn, Zn, and/or Bi produces

compounds with the potential to activate Al particles.

Considerable efforts have gone into the use of Ga and Ga-

based activation compounds to produce reactive Al by ther-

mal or mechanochemical activation methods, e.g. Ga [44], Ga-

In Refs. [22,45,46], Ga-In-Sn [47e49], Ga-In-Sn-Zn [50e52], and

GaeIneSneBi [53]. Though Ga removes the toxicity aspect of

Al activation, it does however significantly increase the cost

thereof. Additionally, thermal methods require more energy

than mechanochemical methods, increasing the production

cost of activated Al. Several studies have indicated that Al

could be successfully activated by means of
ARTIC
mechanochemical using activation compounds other than

lowmelting pointmetals, e.g. carbon [54], metal oxides [55,56],

water soluble salts [57,58], lithium [59], metal hydrides [60,61],

and iron/magnesium [27,62]. However, some of thesemethods

are restricted to laboratory scale due to limitations such as

cost and instability of activation compounds, corrosiveness of

chemicals used for Al activation, time consuming Al activa-

tion processes, and hydrogen flow rates being too low or too

high for certain applications.

To the best of our knowledge, the successful mechano-

chemical activation of Al by means of low melting point

metals, without the use of Ga, has yet to be realized. Wang

et al. (2013) achieved a close to 100% hydrogen conversion

yield using a mechanochemically prepared Al activated by

3 wt% Ga-3 wt% In-5 wt% Sn [47]. Whereas, Wang et al. (2016)

achieved high hydrogen yields with mechanochemically

activated Al by 1 wt% Ga-3 wt% In-6 wt% Sn [48]. Both studies

included relatively minute quantities of Ga, though, even

small additions of Ga will increase the production cost of Al

composites. Additionally, the use of relatively cheap Bi has

been proven to increase the reactivity of mechanochemically

activated Al [14,57,58,63,64]. Moreover, the use of Bi in com-

bination with other low melting point metals to activate Al by

a mechanochemical method for hydrogen generation pur-

poses is also relatively unexplored. Huang et al. (2015) ach-

ieved high hydrogen yields using an AleGaeIneSneBi

composited prepared by a melting method [53].

In spite of relatively large amount of publications on

hydrogen generation from mechanochemically activated Al,

there is a very limited number of papers that excluded Ga as

an activation compound when considering low melting point

metals. In this study, the individual roles of Bi and In (of which

both are low melting point metals) during ball milling of Al

were determined. Subsequently, ternary Al composites (con-

taining Bi and In) were prepared and hydrolyzed. Several

ternary Al composites were successfully prepared, in yields of

>93%. X-ray diffraction (XRD) was used to determine the

intermetallic phases present, as well as the presence of In and

Bi. Scanning electron microscopy (SEM) was used to investi-

gatemorphology changes of un-milled andmilled Al particles.
Materials and methods

Materials

The following starting materials were supplied by Sigma-

Aldrich (South Africa): Al powder (<200 mm, 99% purity), In

shots (þ5-2 mm, >99.9% purity), and Bi granules (>99.99%
purity). Ultrapure deionized water (resistivity, 18.2 MU cm�1),

produced by a Milli-Q water purification system, was used for

all hydrolysis reactions. Pure Ar (99.99%) (Afrox, South Africa)

was used during all purging procedures.

Aluminum composite compositions and their
mechanochemical preparation

Binary and ternary composites were prepared. Binary com-

posites (AleBi and AleIn) consisted of 10e30% of the activa-

tion compounds (Bi or In), with the balance being Al. Ternary
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composites (AleBieIn) contained various amount of the acti-

vation compounds, in the range 0.62e9.38%, with Al kept at

90%. The compositions of ternary composites are indicated in

Table 1.

Ball milling of Al composites powders was performed in a

Retsch Emax high-energy ball mill (Retsch, Germany) under

an Ar atmosphere. The as-receivedmetals (Al, Bi, and In) were

weighed and placed in a 125 mL stainless steel grinding pot

with 5 mm stainless steel grinding balls. The grinding ball to

powder mass ratio was 30:1. For all composite preparations,

the as-received metals were milled for 30 min at 1500 rpm.

The fine Al powders obtained after ball milling indicated that

the as-received materials were milled into a homogenous

powder, and represented a powder consisting of an equal

distribution of constituents. Each composite was ball milled in

triplicate. In order to avoid unwanted atmospheric oxidation,

hydrolysis experiments with the ball-milled powders were

carried out as soon as milling was completed. Composites

were stored in an airtight container until required for use.

Hydrolysis setup and hydrogen measurements

Hydrolysis reactionswere carried out at standard temperature

and pressure in a 100 mL flask reactor with two openings, one

for hydrolysis solution addition (by means of a pressure

equalizing addition funnel) and the other for hydrogen escape.

The generated hydrogen passed through two Drierite™

(CaSO4) gas driers to remove water vapor prior to hydrogen

measurements. Generated hydrogen was measured using a

digital thermal gasmass flowmeter to measure gas mass flow

(Model GH-32654-12; Cole-Parmer, South Africa). Hydrogen

measurements were performed using 0.5 g composite and

25 mL of pure water, unless specified otherwise. The reaction

mixtures were left unagitated during all hydrolysis reactions.

Each prepared sample was hydrolyzed in triplicate.

Expression for hydrogen generation

Hydrogen generation is expressed as a conversion yield (%),

which is defined as the volume of hydrogen produced over the

theoretical value of hydrogen that should be released

assuming the entire Al content is hydrolyzed. Applying the

ideal gas law, approximately 1360 NmL per gram Al is

achievable under standard atmospheric conditions. Thus, the

hydrogen yield (%) reflects the generated hydrogen volume

measured as a fraction of the obtainable 1360 NmL. The
Table 1 e Composition of ternary Al composites.

Composite Compound (wt%)

Bi In

Al-9.38% Bi-0.62% In 9.38 0.62

Al-8.76% Bi-1.26% In 8.76 1.26

Al-7.5% Bi-2.5% In 7.5 2.5

Al-5% Bi-5% In 5 5

Al-3.74% Bi-6.26% In 3.74 6.26

Al-2.5% Bi-7.5% In 2.5 7.5

Al-1.26% Bi-8.76% In 1.26 8.76

Al-0.62% Bi-9.38% In 0.62 9.38
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hydrogen generation rate (mLmin�1) is defined as the volume

of hydrogen (NmL) produced per minute from the hydrolysis

of 0.5 g Al composite.

Sample characterization by XRD and SEM

XRD was performed using a R€ontgen diffraction system

(PW3040/60 X'Pert Pro). A back-loading preparation method

was used to determine the crystalline phases present in the Al

composites and hydrolysis residues. The samples were scan-

ned using X-rays generated by a copper (Cu) Ka X-ray tube.

Measurements were carried out between variable divergence

slits and fixed receiving slits. The phases were identified using

X'Pert HighScore Plus software (PANalytical). Structural

refinement was performed using the Rietveld method (Auto-

quan programme) to confirm the abundance of phases pre-

sent in ball-milled Al composites.

Scanning electron microscopy (SEM) with energy disper-

sive x-ray spectroscopy (EDS) detectors was used to perform

morphological and chemical characterization of as-received

Al powder and ball-milled Al composites. A FEI Quanta 200

scanning electron microscope with an integrated Oxford In-

struments INCA 200 energy dispersive X-ray spectroscopy

microanalysis system was used. SEM micrographs were ob-

tained (at various magnifications) to characterize the physical

attributes of the investigated materials. Magnification is

indicated on each micrograph (mm scale). SEM-EDS was used

to confirm the distribution of activation compounds on the

surface of Al particles.
Results and discussion

Effects of Bi and In additions on ball-milled Al composite
particles

Metals that undergo repetitive plastic deformation are sub-

jected to radical changes in particle shape, residual stress, and

the redistribution of constituents. During ball milling of

ductile and malleable particles, several mechanisms are at

play. These may be described as follows. As soon as ball

milling commences, particles will undergo cold welding as

they are caught between the impacts of milling equipment

(balleball and ballemilling chamber), which leads to the for-

mation of larger coagulated particles consisting of an unequal

distribution of the initial constituents (Al, Bi, and/or In). After

a certain period of milling, the coagulated particles will reach

a stress-to-strain peak due to work hardening, followed by

plastic deformation of coagulated particles. The result is a

decrease in particle size as a result of particle fracturing

[65,66].

During ball milling of Al, differentmetals will have varying

effects on the behavior of Al particles. To determine the in-

dividual roles of Bi and In in Al particle morphology changes

during ball milling, the binary Al composites containing

10e20% of Bi or In were investigated. Backscatter SEM mi-

crographs in Fig. 1 present unmilled Al powder morphology

(a) and the ball-milled morphology of binary composites

containing 10% Bi (b), 20% Bi (c), 10% In (d), and 20% In (e).

Milling parameters were kept constant, i.e., 30 min milling
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Fig. 1 e Backscatter SEM micrographs of (a) unmilled Al, (b) Al-10% Bi, (c) Al-20% Bi, (d) Al-10% In, and (e) Al-20% In

composites.
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time, 30:1 milling ballepowder ratio, 1500 rpm, and an Ar

atmosphere.

It is evident from Fig. 1 that the milled AleBi and AleIn

composites (bee) underwent significant particle size reduc-

tion compared to the unmilled Al powder (a). The differences

in Al morphology changes caused by Bi and In during indi-

vidual ball milling are clearly visible. As received Al particles

had a strand-like morphology and a particle size of between

100 and 300 mm. The Al-10% Bi alloy consisted of small frac-

tured particles of 40e120 mm, whereas Al-10% In composite

contained a large fraction of 10e40 mm particles and some

larger 80 mm particles. All milled samples contained a fraction
ARTIC
of relatively large particles, but to a much lesser extent than

the finer particle fraction. Increasing the activation compound

addition (%) to 20% resulted in a decrease in composite par-

ticle size. The presence of both small and large particles can be

ascribed to a drive towards steady state equilibrium between

cold welding (increasing average particle size) and fracturing

(decreasing average particle size) of Al particles. Smaller par-

ticles are able to resist further deformation and fracturing,

whereas larger particles are more susceptible to deformation

and fracturing. Subsequently, smaller particles tend to weld

onto each other (see encircled particle in Fig. 1b) and onto

larger particles, driving the overall particle size distribution
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towards an intermediate size [67,68]. Large particles, consist-

ing of agglomerated finer particles, contain numerous

morphological irregularities and deformities, enabling water

to freely penetrate deep within these particles. The presence

of small and large particles in Fig. 1, accompanied by the

relatively large decrease in particle size, is indicative of a

steady state equilibrium between the cold welding of particles

and the fracturing thereof.

Fig. 1 confirms the successful size reduction of unmilled as-

received Al particles. However, size reduction alone does not

guarantee that Al will undergo hydrolysis under ambient

conditions. It is well know that the protective oxide layer has

to be disrupted to expose the underlying fresh Al to water.

Thus, for good Al activation, the activation compounds (Bi and

In) have to be dispersed equally over the entire surface of the

Al particles. The distribution of activation compounds on the

surface of Al particles was determined by SEM-EDS mapping

of the Al, as presented in Fig. 2. (Red represents Al atoms; blue

and green represent Bi and In, respectively.)

It is evident from Fig. 2 that Bi and In were equally

distributed on the surface of Al particles and that no activa-

tion compound aggregation took place. Al corrosion in neutral

or near-neutral pH waters increases when alloyed with

certain metals. Localized micro-galvanic corrosion is gov-

erned by the potential difference between Al and the alloying

metals [69,70]. The distribution of Bi on the surface of Al in-

creases the micro-galvanic activity of AleBi composite as it
Fig. 2 e A backscatter SEM micrograph of (a) Al-10% Bi and the

micrograph of (d) Al-10% In, and the corresponding EDS mappi
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offers the potential for electron transfer from the anodic Al to

cathodic Bi during Al hydrolysis reactions [17,71,72]. AleBi

composite have an open circuit potential of �1.85 V, which is

0.08 lower than that of pure Al [57]. In addition to the lower

current potential of AleBi, the Bi disrupts the protective oxide

layer on the surface of the Al particles. AleIn composites

exhibited limited to no reactivity in pure water at room tem-

perature. However, AleIn composites showed high reactivity

in hot electrolyte solutions [42], which was not investigated in

this study. The objectives of this study were not limited to the

reactivity of the various ternary composites (AleIn and AleBi).

Morphology changes of Al ball milled with the In and Bi was

also considered as an objective. According to Fig. 2, it is highly

likely that any phase formations between Bi and In would

occur on the surface of Al particles.

Hydrolysis of ternary AleBi and AleIn composites

Once the roles of Bi and In on Al particle morphology changes

during ball millingwere determined, the effects of Bi and In on

Al hydrolysis activity could be determined. As mentioned in

Section Effects of Bi and In additions on ball-milled Al com-

posite particles, AleIn hydrolysis experiments displayed

limited reactivity in purewater at room temperature. Thiswas

in accordance with observations made by Fan et al. (2010) [63].

AleIn alloy has a potential of �1.1 V higher than the �1.29 V

potential of water decomposition [73]. AleBi composites, on
corresponding EDS mapping for (b) Al and (c) Bi; a SEM

ng for (e) Al and (f) In.
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the other hand, can be hydrolyzed in pure water at room

temperature. The deceasing Al content present in binary

composites containing 15, 20, and 30% Bi (compared to Al-10%

Bi) will result in milder water temperatures increases during

hydrolysis, which may reduce the reactivity of AleBi com-

posites. Thus, hydrolysis reactions were performed in 25 and

10 mL of pure water to determine the effect of reaction tem-

perature on hydrogen yield. Fig. 3 presents AleBi hydrolysis

reactions performed in 25 mL (a) and 10 mL (b) of pure water.

Fig. 3a shows the hydrogen yields of AleBi composites

containing 10e30% Bi hydrolyzed in 25 mL pure water. The

hydrogen yield increased from 82 to 86% as the Bi content

increased from 10 to 15%, followed by a slight decrease to 85%

as the Bi content was further increased to 20%. Increasing the

Bi content to 30% resulted in a hydrogen yield of 66%. Hy-

drolysis reactions were completed after 32e42 min of coming

into contact withwater. Increasing the Bi contentwill increase

the amount of AleBi contact point, which subsequently in-

creases the micro-galvanic potential between anodic Al and
Fig. 3 e Hydrogen yields of binary AleBi composites, containin
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cathodic Bi [72]. In addition, Al hydrolysis is dependent on

reaction temperature [17,74]. Due to the decrease in Al content

(as the Bi content was increased), the heat released during Al

hydrolysis (�444.4 kJ mol�1) [59] may result in an decrease in

hydrogen yield.

Fig. 3b shows the hydrogen yields of AleBi composites

hydrolyzed in 10 mL pure water. Al-10, 15, and 20% Bi dis-

played hydrogen yield increases of 4e9%, whereas Al-30% Bi

had an increase of approximately 15%. Increases in hydrogen

yields were not as substantial as decreases in hydrolysis re-

action completion times. Decreasing the water volume from

25 mL to 10 mL resulted in reactions being completed 3.8e4.8

times faster. The shorter reaction times may be ascribed to

increases in reaction temperature, which accelerated the hy-

drolysis reaction. On average, the reaction temperature

increased by a factor of 2.70 ± 0.16 when the water volume

decreased from 25 to 10 mL. The small increases in hydrogen

yields of AleBi 10, 15, and 20% indicated that the reactivities of

these alloy were not as dependent on reaction temperature as
g 10e30% Bi, hydrolyzed in (a) 25 mL and (b) 10 mL water.
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Al-30% Bi. Based on results presented in Fig. 3, the activation

compound addition and water volume for hydrolysis, for use

in ternary composite investigations, were selected as 10% and

25 mL, respectively.

Hydrolysis of ternary AleBieIn composites

To investigate the synergetic effects of Bi and In on Al during

composite preparation, composites containing various

amounts of Bi and In (see Table 1) were prepared and hydro-

lyzed. Fig. 4 presents the hydrogen yields of ternary AleBieIn

composites. Ternary composites were divided into two sets

and are referred to as AleBi> In andAleBi< In, with AleBi> In

being defined as the addition of Bi being greater than that of

In. AleBi < In may be defined similarly. Al-5% Bi-5% In was

included in both Fig. 4a and b, and served as reference in

Fig. 4b. To avoid overcrowding the graphs presented in Fig. 4,
Fig. 4 e Hydrogen yields of composites Bi > In (a) and Bi < In (b

water, room temperature. Milling parameters were kept consta

1500 rpm.
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no standard deviations for experimental results are included.

The maximum hydrogen yield standard deviations did not

exceed 2.9%.

Fig. 4a presents the hydrogen yields (%) of ternary Ale

Bi > In composites. Al-7.5% Bi-2.5% In and Al-5% Bi-5% In had

the highest hydrogen yields of approximately 95.5% and

93.1%, respectively, and the reaction was completed within

7.5 min. A reduction in hydrogen yield was observed when

increasing the Bi content to >7.5%, and subsequently reducing

the In content to <2.5%. Al-8.76% Bi-1.26% In and Al-9.38% Bi-

0.62% In had yields of 82.5 and 81.5%, respectively, which is

similar to that of Al-10% Bi (82%). SEM micrographs (not pre-

sented) of Al-8.76% Bi-1.26% In and Al-9.38% Bi-0.62% In

showed similar morphology to that of Al-10% Bi, but with a

particle size distribution comparable to that of Al-10% In.

Fig. 4b shows the hydrogen yields (%) of ternary AleBi < In

composites. All ternary composites here had reduced
). Hydrolysis parameters were kept constant: 25 mL pure

nt: 30 min milling time, 30:1 milling ball:powder ratio,
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hydrogen yields compared to the composites presented in

Fig. 4a. Except for Al-2.5% Bi-7.5% In, which achieved a

hydrogen yield of 93% within 10 min. A slight increase in Bi

and a decrease in In content resulted in a large reduction in

hydrogen yield. This is evident from the hydrolysis of Al-3.74%

Bi-6.26% In, which achieved a hydrogen yield of 77% within

6.3 min. Furthermore, increasing the In content from 8.76 to

9.38%, and subsequently decreasing Bi content from 1.26 to

0.62%, resulted in an a nonreactive alloy; no hydrogen was

produced after 10min of the powder coming into contact with

water.

It is clear from Fig. 4 that, during ball milling, certain

combinations of Bi and In have a synergetic effect on Al

reactivity. Combining the effects that Bi and In has on Al

particles resulted in a high reaction surface composites with

an abundance of galvanic-corrosion prompting AleBi contact

points. These effects were best exploited in the Al-7.5% Bi-

2.5% In composite. Additionally, surface defects and irregular

morphologies associated with fine particles agglomerated

onto other fine and large particles allowed a large water-

composite contact boundary.

EDS mapping was used to determine whether both the

activation compounds (Bi and In) were simultaneously

distributed onto the surface of Al particles during ball milling

procedures. Fig. 5 presents a backscatter SEMmicrograph and

the EDS mapping of Al-7.5% Bi-2.5% In. (Red represents Al

atoms; blue and green represent Bi and In, respectively.)

The activation compound (Bi and In) distribution presented

in Fig. 5 coincides with EDS mapping presented in Fig. 2. All
Fig. 5 e Abackscatter SEMmicrographofAl-7.5%Bi-2.5% In (a), an

ARTIC
ternary Al composites had similar EDS mappings, i.e., the

complete distribution of activation compounds. This indi-

cated that activation compound distribution onto the surface

of Al particles was not the only factor that had an impact on

the reactivity of composites presented in Fig. 4, suggesting

that intermetallic phases of BieInmay be a contributing factor

to the reactivity of ball-milled Al composites.

XRD analysis of ternary Al composites

XRD was performed on ternary Al composites to determine

the presence of intermetallic phases between Al, Bi, and In.

Intermetallic phases between Bi and In will influence the hy-

drolysis kinetics of Al composites. Either in terms of particle

size reduction, via the induction of work hardening, or Al

particle surface reactivity. In addition to the formation of

micro-galvanic cells between Al and Bi (as discussed in Sec-

tion Effects of Bi and In additions on ball-milled Al composite

particles), intermetallic phasesmay form on the surface of the

Al particles, resulting in a layer of water permeable material.

However, judging from the short induction periods (time

before hydrolysis initiates), diffusion of water through a water

permeable layer on the surface of Al particles may not be the

case. Hydrolysis reactions are initiated within 20e40 s of Al

coming into contact with water. Fig. 6 presents the Rietveld

refined XRD patterns of (a) AleBi > In and (b) AleBi < In

composites. Qualitative phase analysis using the Rietveld

method was performed to confirm the presence of detected

phases. Ternary Al composites are presented as AeH to avoid
d the correspondingEDSmappings forAl (b), Bi (c), and In (d).
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Fig. 6 e The Rietveld refinement of the XRD patterns of ternary (a) AleBi > In and (b) AleBi < In composites. Al composites

presented are indicated as A (Al-7.5% Bi 2.5% In), B (Al-5% Bi-5% In), C (Al-9.38% Bi-0.62% In), D (Al-8.76% Bi-1.26% In), E (Al-

3.74% Bi-6.26% In), F (Al-2.5% Bi-7.5% In), G (Al-1.26% Bi-8.76% In), and H (Al-0.62% Bi-9.38% In).

Table 2 e Parameter values of Rietveld structural
refinement analysis of prepared Al composites.

Sample Parameter (%)

Rexp Rp Rwp GoF

A 3.94 8.34 13.27 3.37

B 4.08 8.44 12.96 3.16

C 3.92 7.73 11.28 2.88

D 3.87 7.42 10.62 2.74

E 4.10 7.89 12.55 3.06

F 4.29 8.38 12.86 2.99

G 4.26 8.32 13.09 3.07

H 4.25 8.11 12.60 2.96
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cluttering of presented data and are defined in the figure

caption of Fig. 6. Observed values were indicated with black

circles, whereas the calculated values were indicated by the

solid red line. The entire Al peaks at 2q positions 44 and 53 are

not presented, in an effort to rather increase the detail of

surrounding peaks. The R-factors (Rexp, Rp, Rwp) and GoF

(Goodness-of-fit) values obtained fromRietveld analysis of the

prepared composites (AeH) are summarized in Table 2.

It is evident from Fig. 6 that Bi and In formed several BieIn

intermetallic phases during high-energy ball milling of

ternary composites. Observed Bi and In peaks were indicative

that either one of the activation compounds was consumed
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during intermetallic phase formation and that the remaining

activation compound could no longer partake in any inter-

metallic phase formation process. Fig. 6 also indicates that no

other intermetallic phases with Al (AleBi and AleIn) could be

formed under the experimental conditions used in this study.

This may be ascribed to the low solid solubility of Bi and In in

the Al matrix [48,75]. As far as the authors could assess, no

other literature currently exists in the public, peer-reviewed

domain on the in-situ formation of BieIn intermetallic pha-

ses on the surface of Al during mechanochemical procedures.

However, the BieIn intermetallic phases BiIn, BiIn2, and

Bi3In5 could be formed. Bi3In5 peaks were present in all of the

ternary composites, except for Al-0.62% Bi-9.38% In. To date,

the Bi3In5 formation kinetics are unclear. Considering the

presence of Bi3In5 in each of the ternary composites, some

intermetallic phases were likely to form at certain Bi:In atom

ratios. Al-7.5% Bi-2.5% In had a Bi:In atomic ratio of 1.648 and

contained several prominent BiIn peaks, whereas Al-5% Bi-5%

In had a Bi:In atomic ratio of 0.549 and contained several BiIn2

and some BiIn peaks. As expected, large fractions of Bi or In

resulted in less reactive composites, as the composites revert

to AleBi or AleIn reactivities, discussed in Section Hydrolysis

of ternary AleBi and AleIn composites.

As indicated in Fig. 4, Al-7.5% Bi-2.5% In, Al-5% Bi-5% In,

andAl-2.5% Bi-7.5% Inwere themost reactive composites. The

reactivity of composites Al-7.5% Bi-2.5% In, and Al-5% Bi-5% In

may be ascribed to the prominent presence of the interme-

tallic phases BiIn and BiIn2, respectively. The reactivity of Al-

2.5% Bi-7.5% In facilitated a fine particle size distribution

(caused by In) and particles with reactive surfaces (caused by

Bi). Composites Al-3.74% Bi-6.26% In and Al-1.26% Bi-8.76% In

exhibited approximately the same peaks (and abundances) as

alloy Al-2.5% Bi-7.5% In, but did not have equally high

hydrogen yields. It is unclear what hydrolysis mechanism

applies here. It is however accepted that a certain In content

will result in very fine particles, whichmay simultaneously be

activated by Bi during ball milling. Alloy 0.62% Bi-9.38% In did

not exhibit any prominent peaks, which explains the alloy's
inability to undergo hydrolysis under ambient conditions.

Effects of mass ratio (mAl powder/mwater) and temperature on
the hydrolysis reaction

Al-7.5% Bi-2.5% In was selected to investigate the effects of

mass ratio (mass of Al powder to mass of water) and tem-

perature on hydrolysis kinetics. Besides it being the best per-

forming alloy, it contained a relatively low In content, making

it inexpensive to produce. Here, a mass ratio of 1:50 is defined

as 1 g of Al powder reactingwith 50mL of pure water. All mass

ratios were derived similarly. Fig. 7 shows the effect of varying

mass ratios on (a) hydrogen yield and (b) reaction tempera-

ture. The mass ratios investigated ranged from 1:20 to 1:200.

The maximum hydrogen yield standard deviations did not

exceed 3.4%.

Fig. 7a shows a steady decrease in reactivitywhen themass

ratio was increased from 1:20 to 1:200. The hydrogen yield for

the 1:20 mass ratio hydrolysis was 100% and decreased to

approximately 87.6% when the mass ratio was increased to

1:200. The decreased hydrogen yield was caused by the

decrease in water temperature associated with larger mass
ARTIC
ratios. A larger mass ratio will result in a greater volume of

water, into which the in situ heat generated

(DH ¼ �444.4 kJ mol�1) during hydrolysis may disperse.

Fig. 7b shows an increase in reaction temperature as a

function of increasing mass ratio. In situ released heat cata-

lyzed the Al hydrolysis reaction and if the heat is allowed to

mitigate away from the immediate reaction sites (i.e., Al par-

ticles undergoing hydrolysis) then a milder reaction will take

place. The reaction temperature of the 1:20 mass ratio hy-

drolysis reaction increased by approximately 75 ± 2.3 �C,
whereas the temperature of the 1:200 mass ratio reaction

increased by 9 ± 0.2 �C. The large increase in reaction tem-

perature did result in an increase in hydrogen yield. However,

it may not be considered practical to achieve a 100% yield

under such extreme conditions. A large temperature increase

will cause several complications if this Al alloy (Al-7.5% Bi-

2.5% In) is considered for proton exchange membrane fuel

cell (PEMFC) applications.

Ideally, a PEMFC will require a steady flow of hydrogen.

Hence, the controlled release of hydrogen (accompanied by

lower reaction temperatures) may be considered more valu-

able than a close to 100% hydrogen yield. For example, hy-

drolysis of 1 g Al-7.5% Bi-2.5% In alloy at a 1:100 mass ratio

resulted in a 89%hydrogen yield, approximately 18 �C increase

in reaction temperature, and a maximum hydrogen genera-

tion rate of 97 mL min�1. This is indicative that a certain

amount of this alloy may be hydrolyzed at a 1:100 mass ratio

to provide a PEMFC with a steady hydrogen stream. The

PEMFC size will subsequently determine the amount of alloy

required to be hydrolyzed. Whereas hydrolysis of the same

alloy hydrolyzed at a 1:20 mass ratio resulted in a 100%

hydrogen yield, a temperature increase of approximately

75 �C, and a maximum hydrogen generation rate of

>1200 mL min�1, which will result in some operational com-

plications during PEMFC applications. Though this method of

hydrogen generation for energy applications, such as in

hydrogen fuel cells, is still in its early stages and requires

further development and improvements, it may already be

applied to address needs in several sectors. Some of the ad-

vantages of this method to produce hydrogen include, but not

limited to, production of hydrogen on-demand and on-site,

ability to reach hydrogen pressure that meets requirements

of customers. These markets include portable low power de-

vices for consumer electronics for to be used for charging

electronic gadgets, UAV (unmanned aerial vehicles) market,

military applications, emergency energy market, and even as

hydrogen source for underground mining equipment. For

example, according to the Russian Skolkovo Foundation (web

reference: https://sk.ru/news/m/wiki/14838/download.aspx),

the market of all portable charging devices is estimated to be

$34bn. Considering the high hydrogen yield of the best per-

forming composite presented in this study (Al-7.5%-2.5% In),

up to 11 wt% of hydrogen may be produced compared to the

aluminum weight. Thus, approximately 2200 Wh kg�1 Al of

specific electric energy can be generated via a PEMFC [76].

Effects of water quality on hydrolysis

Al-7.5% Bi-2.5% In was selected to investigate the effects of

water quality on hydrolysis kinetics. The water qualities
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Fig. 7 e Hydrogen yields of Al-7.5% Bi-2.5% In hydrolyzed at various mass ratios of Al powder to mass water (a) and the

change in reaction temperature during hydrolysis (b).
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investigated were deionized, filtered and tap. Fig. 8 shows the

effects that water quality has on hydrogen yields. The

maximum hydrogen yield standard deviations were did not

exceed 3.2%.

It is evident from Fig. 8 that the water quality used during

hydrolysis did not appreciably affect the hydrogen yield of Al-

7.5% Bi-2.5% In. All three water qualities (deionized, filtered,

and tap) achieved hydrogen yields of approximately 95%. Al-

7.5% Bi-2.5% In hydrolysis kinetics did show some differ-

ences when hydrolyzed in the various water qualities. Hy-

drolysis performed in filtered water displayed the fastest

hydrolysis kinetics, followed by tap and deionized water.

Considering the differences in hydrolysis kinetics, deionized

water would be the preferred water quality during PEMFC

applications due to its milder reactivity, when compared to

that of filtered water, ensuring a steady release of hydrogen

gas. Though, tap water may also be considered for PEMFC

application as it does not require treatment prior to hydrolysis
ARTICL
reactions and possesses a relatively similar reactivity when

compared to that of deionized water hydrolysis.

Analysis of hydrolysis residues

The residue of Al-7.5% Bi-2.5% In hydrolyzed at different mass

ratios (1:20, 1:50, and 1:200) were characterized using XRD and

Rietveld structural refinement. Fig. 9 presents the Rietveld

refined patters. The R-factors (Rexp, Rp, Rwp) and GoF values

obtained from Rietveld analysis of Al-7.5% Bi-2.5% In hydro-

lyzed at different mass ratios are summarized in Table 3. All

the investigated residues consisted mainly of two Al hydrox-

ide phases, i.e., bayerite (Al(OH)3) and boehmite (AlOOH), the

intermetallic phases (BiIn, BiIn2, and Bi3In5), Bi2O3, and some

non-prominent Al peaks. These Al peaks indicated that a

small quantity of Al did not undergo hydrolysis (except for the

1:20mL hydrolysis residue). The intermetallic phases detected

coincide with the phases detected in Fig. 6a, indicating that
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Fig. 8 e Effects of water quality on hydrolysis kinetics. Hydrolysis parameters were kept constant: 25 mL water, room

temperature.

Fig. 9 e The Rietveld refinement of the XRD patterns of Al-7.5% Bi-2.5% In hydrolyzed at various mass ratios.
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none of the intermetallic phaseswere hydrolyzed and that the

total generated hydrogen content originated from the hydro-

lysis of Al. Bi that did not partake in intermetallic phase for-

mation was oxidized to Bi2O3.
Table 3 e Parameter values of Rietveld structural
refinement analysis of prepared Al-7.5% Bi-2.5% In
hydrolyzed at various mass ratios.

Sample Parameter (%)

Rexp Rp Rwp GoF

1:20 3.24 5.02 6.74 2.08

1:50 3.24 6.62 10.06 3.10

1:200 3.29 4.09 5.70 1.73

ARTIC
Conclusions

Various Al composites were fabricated using Bi and In as

activation compounds by a ball millingmethod. The reactivity

of activated Al composites was investigated at room temper-

ature with various water types (deionized, filtered, and tap). It

was determined that In embrittled Al particles, and Bi formed

AleBi micro-galvanic contact point. XRD analysis of milled

composites indicated the presence of Al, BiIn, BiIn2, and Bi3In5

phases. Phase formation between Bi and In depended on the

Bi:In mol ratio. No phase formation between Al and Bi/In was

observed. SEM-EDS analysis indicated complete dispersion of

Bi and In onto the surface of Al, disrupting the protective layer

present on the surface of Al.
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Of all the investigated ternary Al composites, only Al-7.5%

Bi-2.5% In, Al-5% Bi%-5% In, and Al-2.5% Bi-7.5% In had

appreciable hydrogen yields of 93e96%. Other ternary com-

posites had yields of 64e78%. The hydrogen yield of Al-7.5%

Bi-2.5% In did not show a large dependence of reaction tem-

perature. Rather, hydrolysis reaction rate was increased by an

increase in reaction temperature. Thus, the mass ratio used

during hydrolysis reactions should be used as a reaction

controlling agent.
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This paper presents results of our continuing project on the mechanochemical activation

of Al-based composites for hydrogen generation [1,2]. A series of bi- and ternary Al, Sn,

and/or In composites were mechanochemically prepared and their reactivities towards

neutral pH water at ambient conditions determined. Hydrogen generation was compared

to previously reported data from related studies in Refs. [1] and [2]. Scanning electron

microscopy (SEM) energy dispersive x-ray spectrometer (EDS) analysis suggests that Sn and

In could be distributed relatively homogeneously onto and into Al particles exteriors and

interiors, respectively. Such distribution allowed continuous micro-galvanic activity be-

tween anodic Al and cathodic Sn and In during hydrolysis reactions. X-ray diffraction

indicated that in-situ SneIn intermetallic phase formation was determined by the Sn:In mol

ratio of each composite. The formed SneIn phases included Sn4In and SnIn3. Some AlSn

phases were detected in ternary composites. Reactive composites (>95% yield) exhibited

relatively similar reactivities and it was found that composites containing various inter-

metallic phases had shorter induction periods than composites containing a single inter-

metallic phase.

© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

The adverse environmental impact of current world-wide

fossil fuels combustion calls for the development and

employment of alternative and efficient carbon-free energy

systems [3]. Fuel cells (FCs) can serve as an alternative form of

clean energy generation [4,5]. Several FC types exist, e.g.

proton-exchange membrane (PEM), alkaline, phosphoric,

molten carbonate, and solid oxide [6]. PEMFCs are considered

advantageous over other FC types for mobile power
c.za (D.G. Bessarabov).

ons LLC. Published by Els
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applications (such as vehicles), stationary power units, and

portable electrical devices [6e9]. PEMFCs convert the chemical

energy associated with hydrogen gas into electrical energy,

without combustion [10,11]. Hydrogen is an ideal near-zero

emissions energy carrier and holds various attractive prop-

erties, e.g. abundant, environmentally friendly, and high

calorific value [12]. Hydrogen generation processes include

steam reformation, partial oxidation, water electrolysis,

gasification of woody biomass conversion, biological pro-

cesses, photo dissociation, and direct thermal or catalytically

water splitting [13]. Currently, hydrogen is mainly produced
evier Ltd. All rights reserved.
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from hydrocarbons. Balat et al. (2008) stated that approxi-

mately 96% of hydrogen is produced from hydrocarbons (e.g.

natural gas, oil, coal), and 4% from electrolysis [14]. However,

hydrogen produced from hydrocarbons yields carbon dioxide

and minute quantities of carbon monoxide as by-products

[15,16]. Carbon monoxide can deteriorate PEMFCs [17,18],

and poison platinum fuel cell catalysts [6]. Thus, it is neces-

sary to decrease the carbon monoxide content to <50 ppm

prior to fuel cell applications [4e6].

If the use of hydrogen as a future non-polluting energy

carrier were to be realized, it has to be produced with relative

ease from renewable sources using clean processes that limits

or excludes carbon mon- and dioxide formation [19]. Water is

an abundant source of hydrogen. The hydrogen content of

water (111 kg m�3) exceeds that of gasoline (84 kg m�3) and

liquid hydrogen (71 kg m�3), making it a potential hydrogen

source [20,21]. Several water-based hydrogen production

methods exist, e.g.metal andmetal hydride hydrolysis [22,23],

water photo-catalysis [24,25], and water electrolysis [26,27].

Hydrogen has a very low gaseous density of 0.089 kg m�3 [28],

complicating its storage. In fact, the major challenge in using

hydrogen as an energy carrier is its storage. It is unlikely that

any energy carrier can be handled and produced as easily as

gasoline and diesel, which is especially true for gaseous en-

ergy carriers [15]. Currently, hydrogen is primarily stored as a

pressurized gas, in its liquid state, or as a metal hydride [28].

Of these methods, pressurized gas is the most commonly

applied storage method due to its simplicity and inexpen-

siveness [29]. To alleviate some of the technical complications

associated with transport, handling and storing hydrogen gas,

a route has to be developed in which hydrogen is generated

on-demand and consumed on-site.

Hydrogen generation by reacting certainmetals with water

has received significant attention in recent years. Among the

various metals studied, such as Al [22,30e33], Mg [34e39], Zn

[40,41], to generate hydrogen fromwater, Al has been found to

be themost promising candidate [42]. Al is the most abundant

crustal metal on earth with a density and an energetic ca-

pacity of approximately 2700 kg m�3 and 2980 Ah kg�3,

respectively [43,44]. Al has a standard electrode potential of

�1.66 V vs normal hydrogen electrode [45], potentiallymaking

Al an attractive anode metal in Al batteries [44]. Furthermore,

Al possesses high hydrogen generation potential and is safer

to store if compared to metal hydrides and other hydrogen

generating materials [46]. Al hydrolysis primarily yields Al-

hydroxides and hydrogen gas, according to the following re-

actions [1,2,46e51]:

2Al þ 6H2O / 2Al(OH)3 þ 3H2 (1)

2Al þ 4H2O / 2AlOOH þ 3H2 (2)

The Al by-products of Reactions (1) to (2) are non-toxic and

useable in various industrial applications [43], and can be can

be fully re-metallized to Al0 through the Hall-H�eroult process

[31,43]. Al hydrolysis is thermodynamically favorable [52];

however, a protective oxide layer (Al2O3) on Al's surface pre-

vents hydrolysis from occurring spontaneously with neutral

pH waters under ambient conditions. The corrosion potential

of an Al electrode is shifted in the positive direction by
ARTICL
approximately 1.0 V due to the presence of this oxide layer,

significantly slowing Al's active dissolution [44].

In recent years, numerousmethods have been investigated

in an effort to produce hydrogen from water using Al as the

hydrolyzing material, e.g. immersing Al in acidic or alkaline

solutions [53e67], and hydrothermal processes to react Al

with neutral pH waters at elevated temperatures and pres-

sures [68e74]. However, such harsh experimental conditions

limit their applications. Al amalgamation with mercury (Hg)

and Hg-based composites is another approach to enable Al

hydrolysis [75e77]. However, in its elemental and methylated

form, Hg is toxic to humans and animals [78], which prevents

the application of this method. Gallium (Ga) and Ga-based

composites have a relatively similar effect as Hg on Al parti-

cles [22,42,79,80]. Numerous studies using Ga and combina-

tions thereof with In, Sn, Zn, Bi, and/or Mg to thermally or

mechanochemically activated Al have been performed

[42,47,79e92]. However, Ga is expensive and the use thereof to

activate Al greatly increases the cost of such composites.

Furthermore, mechanochemical activation is less energy

intensive and a simpler process if compared to thermal acti-

vation. If Al is to be considered as a hydrolyzing material to

generate hydrogen, its activation has to be economically

feasible, i.e. activated by inexpensive compounds using a

mechanochemical route. Numerous studies have been per-

formed to mechanochemically activate Al-based composites

using compounds such as metal oxides, graphite, water-

soluble salts, metal hydrides [93e103], and metals such as Li,

Fe, Ca, and Mg [52,104e106].

Relatively few studies have been conducted on the mech-

anochemical activation of Al using metals (more specifically,

low melting point metals) that excludes Ga. Xiao et al. (2018)

mechanochemically prepared AleBieSn composites,

achieving 84e86% hydrogen yields [107]. Du Preez and Bes-

sarabov (2017a and b) produced several high hydrogen

yielding (>90%)mechanochemical activated AleIneBieSn and

AleBieIn composites [1,2]. However, relatively limited infor-

mation is available in the public peer-reviewed domain on the

mechanochemical activation of Al using only Sn and In.

Several studies indicated the potential of using Sn and In to

activate Al by a mechanochemical route [80,86]; however,

reactive composites presented in these studies included be-

tween 1 and 3 wt% Ga. In this study, a series of AleSn/In

composites where mechanochemically prepared to be hy-

drolyzed in neutral pH waters under ambient reaction condi-

tions. The effects of these activation compounds on Al

morphological changes and reactivity towards pure water

were determined. Furthermore, the formation of intermetallic

phases of binary AleSn/In, and ternary AleSneIn composites

were determined.
Materials and methods

Materials

The following starting materials were supplied by Sigma-

Aldrich (South Africa): Al powder (<200 mm, 99% purity), Sn

powder (<150 mm, 99.99% purity), and In shots (between 5 and

2 mm, >99.9% purity). Pure deionized water (resistivity,
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18.2 MU cm�1), produced by a Milli-Q water purification sys-

tem, was used for all hydrolysis reactions. Pure nitrogen gas

(99.99%) (Afrox, South Africa) was used during all purging

procedures.

Aluminum composite compositions and their
mechanochemical activation

Binary AleSn and AleIn composites, and several ternary

AleSneIn composites were prepared. The binary composite

consisted of 10 wt% Sn/In with Al the balance. Ternary com-

posites contained various amounts of Sn and In in the range of

0.5e9.5 wt% with Al the balance, and were divided into two

groups, i.e. composites activated by 10 and 5 wt% activation

compounds (henceforth referred to as 10 and 5% ternary

composites). These ternary composites are indicated in Table

1. The total activation compound addition did not exceed

10 wt%, in an effort to maximize the Al content.

All ball milling procedures were performed in a high-

energy Retsch Emax ball mill (Retsch, Germany). The as-

received Al, Sn, and/or In were weight proportioned accord-

ing to Table 1 and placed in a 125mL stainless steelmilling jar.

Thereafter, 5 mm stainless steel milling balls were added to

the milling jar at a ball to composite ratio of 30:1, i.e. 30 g

milling balls per 1 g composite. The milling jars, with the as-

received metals and milling balls loaded, where sealed using

an airtight aeration lid and purged with a steady flow of N2 for

2 min prior to commencing the milling procedure. For all

composites, the as-received metals were milled at 1500 rpm

for 30 min. After each milling procedure, the milling jar was

allowed to cool down to room temperature before the com-

posites were collected and stored in an air-tight container

until further use. The composites reported in this study were

obtained as visually very fine powders after milling proced-

ures, void of any agglomerates and large particles, suggesting

relatively homogeneous distribution of composite constitu-

ents. Prepared composites were experiment on as soon as

possible to avoid any unwanted oxidation. Each composite

was prepared in triplicate.

Hydrolysis reaction setup and hydrogen measurements

Hydrolysis reactions were performed at standard ambient

temperature and pressure (i.e. 25 �C, 1 bar) in a 100 mL flask
Table 1 e Composition of ternary Al composites.

Composites Sn In

Activation compounds (10 wt% total)

Al-9.5% Sn-0.5% In 9.5 0.5

Al-8% Sn-2% In 8 2

Al-6.5% Sn-3.5% In 6.5 3.5

Al-5% Sn-5% In 5 5

Al-3.5% Sn-6.5% In 3.5 6.5

Al-2% Sn-8% In 2 8

Al-0.5% Sn-9.5% In 0.5 9.5

Activation compounds (5 wt% total)

Al-4% Sn-1% In 4 1

Al-3.25% Sn-1.75% In 3.25 1.75

Al-2.5% Sn-2.5% In 2.5 2.5

Al-1.75% Sn-3.25% In 1.75 3.25

ARTIC
with three openings, one for water addition using a pressure

equalizing addition funnel, one for a thermocouple for

continuous temperature measurements, and one for the

generated hydrogen to escape. The hydrogen then passed

through a DrietiteTM (CaSO4) gas drier to remove water

vapor prior to hydrogen measurements. Thereafter, the

dried hydrogen was measured using a digital thermal gas

mass flow meter to measure gas mass flow (Model GH-

32654-12; Cole-Parmer, South Africa). Hydrogen measure-

ments were performed by hydrolyzing 0.5 g composite using

25 mL deionized water, unless specified otherwise. The re-

action solutions were left unagitated during hydrolysis re-

actions. Each composite was hydrolyzed in duplicate to

determine the standard deviation. Thus, standard de-

viations were based on at least six hydrogen measurements,

i.e. each composite prepared in triplicate and hydrolyzed in

duplicate.

Expression for hydrogen generation

The hydrogen generated is expressed as a conversion yield %,

which is defined as the total volume hydrogen produced over

the theoretical hydrogen value that can be generated

assuming the entire Al content is hydrolyzed. By applying the

ideal gas law, approximately 1360 NmL hydrogen is theoreti-

cally achievable per gram Al (assuming complete Al hydroly-

sis) at standard ambient pressure and temperature. Thus, the

hydrogen yield % reflects the volume hydrogen generated as a

fraction of the obtainable 1360 NmL.

Sample characterization methods

X-ray diffraction (XRD) measurements were performed using

a R€ontgen diffraction system (PW3040/60 X’Pert Pro). Crystal-

line phases present in the Al composite were determined

using a back-loading preparation method. Composites were

scanned by X-rays generated by a copper (Cu) Ka X-ray tube

and measurements were performed between variable diver-

gence- and fixed-receiving slits. Detected phases were iden-

tified using X’Pert HighScore Plus software (PANalytical). The

Rietveld method (Autoquan programme) was applied to refine

the relative abundances of phases present in analyzed com-

posites [108].

The morphological and chemical characterization of as-

received Al and ball-milled Al composites were determined

using scanning electron microscopy (SEM) equipped with an

energy dispersive X-ray spectrometer (EDS). A FEI Quanta 250

FEG SEM incorporated with an Oxford X-map EDS system

operation at 15 kV and a working distance of 10mmwas used.

As-received Al and ball-milled composites were mounted on

an Al stub using carbon-based adhesive tape. Thereafter, the

samples were coated with an ultra-thin (approximately 3 nm)

layer of gold-palladium. To evaluate the sub-surface chemical

characteristics of ball-milled composites, a small amount of a

composite was embedded in a carbon-based resin. Thereafter,

the embedded particles were cross-sectioned by a series of

grinding plates, and polished using cloth polishing sheets and

ethanol as lubricant. Once a mirror-like surface was obtained,

the samples were stored in an air-tight container until

characterization.
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Results and discussion

Effects of Sn and In additions on binary Al composite
particles

The effects of Sn and In on Al particles during ball milling

procedures were considered in this paper. Du Preez and Bes-

sarabov (2017a and b) reported the effect of In on Al particles

during ball milling procedures [1,2]. Is was determined that In

can be distributed onto the surface of Al particles during ball

milling procedures, and that In accelerated the strain-

hardening process of Al particles, which promoted particle

size reduction. Therefore, morphological investigations of Al-

10% In composites were not repeated here. In this paper, Al

particle morphological changes induced by Sn during ball

milling were determined. Fig. 1 presents SEM micrographs

depicting the morphology of as-received Al particles (a), and

Al-10% Sn composite particles (b).
Fig. 1 e Backscatter SEM micrographs of as-received Al (a),

and Al-10% Sn composite ball milled for 3 h at 1500 rpm (b).

ARTICL
It is evident that the binary Al-10% Sn composite particles

(Fig. 1b) underwent appreciable particle size reduction if

compared to the as-received Al particles (Fig. 1a). The as-

received Al particles had a strand-like morphology and a

particle size of approximately 100e300 mm. The Al-10% Sn

composite particles consisted of small fractured particles with

particle sizes of <80 mm and a significant fraction of particles

<40 mm. The absence of unisize particles may be ascribed to a

steady-state between particle cold-welding and particle frac-

turing. Large and ductile as-received particles tend to deform

and/or under-go cold-welding, whereas smaller particle resist

deformation and are more susceptible to fracturing due to

strain-hardening. Fig. 1b suggests that the majority of parti-

cles have been strain-hardened to the point where the cold-

welding/deformation mechanism has been substituted by

the fracturingmechanism. Considering themorphology of the

particle encircled in Fig. 1b, it is evident that fractured parti-

cles tend to agglomerate without undergoing cold-welding,

driving the average particle size towards an intermediate

size [109,110]. Cold-welding produces particles with a rela-

tively smooth surface, whereas the encircled particle's surface
contains many morphological deformities and irregularities.

Such agglomerated particles allow water to freely penetrate

particles, increasing the water:surface ratio.

It is evident from Fig. 1 that the particle size of as-received

Al could be reduced by Sn during ball milling procedures.With

regard to Al activation, size reduction alone does not guar-

antee that Al particles will undergo hydrolysis with neutral pH

water under ambient conditions. To effectively disrupt Al's
protective oxide layer, the activation compounds have to be

distributed equally over the entire surface of Al particles. Fig. 2

shows the distribution of Sn on Al particle surfaces as deter-

mined by EDS-mapping. Al and Sn are presented in red and

green, respectively. As stated earlier, In can be distributed

onto the surface of Al particles [2]. Thus, EDS-mapping of Al-

10% In was not repeated here.

It is evident from Fig. 2 that Snwas equally distributed onto

the surface of Al particles. To determine the surface chemical

composition of Al-10% Sn, SEM-EDS analysis was performed

by scanning three wide rectangular areas of the sample in a

raster-like pattern for 60 s. An average chemical composition

of 91.17wt%Al and 8.93wt% Snwas revealed,which coincides

well with the predetermined Al and Sn wt.% values. The

treatment of Al with certain metals promotes the anodic

dissolution of Al in ionic solutions [111,112]. Sn dispersion

onto the surface of Al particles potentially increases the

localized micro-galvanic activity of such composites, offering

electron transfer from cathodic Sn (�0.136 V) to anodic Al

(�1.663 V) during hydrolysis reactions. Furthermore, Sn has

been proven the increase the thermodynamic activity of Al

[113], and to enable Al to react with water under certain

ambient conditions [96]. Additionally, AleSn has a more

negative open circuit potential (OCP) than pure Al [111,114].

Kli�ski�c et al. (1998) determined that the addition of 0.4 wt% Sn

shifted the OCP by �0.35 V relative to pure Al. The Al-0.4 wt%

Sn composite's lower OCP value may be ascribed to the more

active anodic component of the corrosion process [111]. Po-

larization curves presented by Gudi�c et al. (2010) indicated

that pure Al dissolution initiates at �0.74 V, whereas Al pre-

sent in AleIn and AleSn composites initiates at
E 3 64
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Fig. 2 e A backscatter SEM micrograph of a ball milled Al-10% Sn composite at 1200 times magnification (a) and the

corresponding EDS mappings for Al (b) and Sn (c).
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approximately �1.15 and �1.43 V, respectively [44]. The

standard electrode potential of In is �0.34 V, meaning that

micro-galvanic activity exist between Al and In. In addition to

this, Eom et al. (2011) found that Sn addition to a AleFe alloy

improved the breakdown of Al's protective oxide layer in a

weak alkaline solution [115].

It is important to note that the solubilities of Sn and In in Al

are considered negligible [44]. The solubility of Sn in Al at

232.2 �C is <0.01%, whereas the solubility of In in Al is 0.017%

at 156 �C. The solubility of alloying elements can be improved

by increasing the temperature, e.g. Sn in Al solubility in-

creases to 0.1% at 600 �C [44,116]. Consequently, the low sol-

ubility of Sn and In suggests that a large majority of Sn and In

is segregated on the surface of Al particles, and only minor

quantities thereof are present within the Al particle interiors

[44,116e118]. However, the latter-mentioned Sn and In solu-

bilities refers to thermal alloying. Repetitive plastic deforma-

tion (e.g. ball milling) of metals is known to induce changes in

residual stress, particle microstructure, and (of importance in

this case) constituent redistribution [51]. Considering the

ductile nature of the investigated elements (Al, Sn and In), it is

expected that ball milled composite particle will consist of a

relatively homogeneous solid-state distribution of composite
ARTIC
constituents. Fig. 3 suggests a simplified schematic of how Al,

Sn and In particles interact during ball-milling procedures, as

well as SEM micrographs of Al-5% Sn-5% In particles recov-

ered during different milling, i.e. particles presented in Fig. 3c

and f were recovered after 10 and 30 min of ball milling,

respectively.

Fig. 3a illustrates random starting positions of Al, Sn,

and In particles. As ball milling initiates, Al, Sn, and In will

cold-weld to one-another as they are caught between ball-

ball and ball-jar interior collisions, forming larger coagu-

lated particles consisting of a random, unequal distribution

of initial constituents as shown in Fig. 3b and c. Fig. 3d and

e illustrates how larger coagulated particles are further

divided into smaller particles as a result of being forced

apart by ball-ball and ball-jar interior collisions. These

particles are further subjected to the cold-welding/dividing

mechanism as ball milling continues, which further ho-

mogenizing the constituents. After a certain period of

reparative plastic deformation, ductile particles start to

harden (due to strain hardening) and fracture into smaller

particles (as indicated in Fig. 3f) [1,2,119,120]. Thus, it is

likely that the surface of ball milled particles will be

representative of the particle interiors due to the afore-
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Fig. 3 e Simplified graphic illustration and SEM micrographs of Al, Sn, and In particles behaviors during ball milling

procedures. Fig. 3c and f were prepared at 80 and 1200 times magnification, respectively. Fig. 3c and f presents Al-5% Sn-5%

In composite particles after 10 and 30 min of milling, respectively.
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mentioned constituent homogenization. To evaluate this,

particles originating from the Al-5% Sn-5% In composite

were cross-sectioned and investigated by SEM-EDS, as

presented in Fig. 4.

It is evident from Fig. 4 that Sn and In could be distributed

throughout the Al-5% Sn-5% Sn composite particles. SEM-EDS

analyses were performed on at least two areas within eigh-

teen cross-sectioned composite particle interiors similar to

the particle presented in Fig. 4a, revealing an average chemi-

cal composition of 4.81 ± 0.11% Sn and 4.37 ± 0.19% In, coin-

ciding well with the pre-determined 5% Sn and In contents.

Thus, the presence of significant Sn and In fractions within Al

particles is confirmed. Sn and In detected outside the Al par-

ticle interior (i.e. area labeled “Resin” in Fig. 4a) may be

ascribed to the polishing process, resulting in some Sn and In

particles being displaced from Al particles.

Considering the above discussed dispersion of Sn and In in

Al particles, binary AleSn/In composites were investigated by

XRD to determine if intermetallic phases between Al and Sn/

In formed during ball milling procedures. Fig. 5 presents the

Rietveld refined XRD patterns of binary Al-10% Sn and Al-10%

In composites. Al peaks at 2q position 44, 53 and 95 were

partially excluded from Fig. 5 in an effort to increase the

detail of surrounding peaks. The corresponding R-factors

(Rexp, Rp, Rwp) and goodness-of-fit (GoF) values are summa-

rized in Table 2. It may be concluded from Fig. 5 that Al did

not form intermetallic phases with Sn or In when ball milled

individually.
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Activity of binary AleSn and AleIn composites

Reboul et al. (1984) proposed a mechanism explaining Al's
activation by alloying elements, such as Sn and In Ref. [121].

Initially, anode dissolution caused by galvanic coupling oxi-

dizes Al and the allowing element, according to Reaction (3):

Al(M) / Al3þ þ Mnþ, M ¼ alloying element (3)

Mnþ cations produced by Reaction (3) re-deposits onto Al's
surface due to the cathodic nature of alloying elements rela-

tive to Al, according to the electrochemical exchange reaction:

Al þ Mnþ / Al3þ þ M (4)

During Reaction (4), simultaneous local separation of the Al

oxide layer occurs, which shift the anodic potential closer to

that of Al metal. Several studies have been performed on the

electrochemical corrosion of Al by Sn/In. Equey et al. (1992)

reported that the anodic current-potential curves of Al shifted

by between 0.5 and 0.6 V towards more negative potentials

when InCl3 was introduced to a 2MNaCl solution [122]. Breslin

and Carroll (1993) stated that the breakdown potential of

AleIn becamemore active in certain electrolytic solutions due

to the effects of localized galvanic cells formation between

AleIn solid solution [123]. Saidman et al. (1995) stated that Al

activation by In is only possible when In comes into true

metallic contact with Al within an active pit in the presence of
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Fig. 4 e Backscatter SEMmicrograph of a cross-sectioned Al-5% Sn-5% In particle (a) and the corresponding EDSmapping for

Al (b), Sn (c) and In (d).

Fig. 5 e The Rietveld refinement of the XRD patterns of

binary Al-10% In and Al-10% Sn composites. Observed and

calculated values were indicated with black circles and a

solid red line, respectively. (For interpretation of the

references to color in this figure legend, the reader is

referred to the Web version of this article.)
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chloride ions [124]. Kli�ski�c et al. (1998) stated that a low Sn

content did not appreciably affect the open circuit potential of

high purity Al in a 2 M NaCl solution and by increasing the Sn

content, the anodic component activity increased substan-

tially [111].

However, in this study mechanochemically activated bi-

nary Al-10% Sn and Al-10% In composites displayed very

limited to no reactivity under the investigated conditions.

Similarly, Wang et al. (2013) reported no hydrogen generation

for mechanochemically activated Al-x wt.% Sn/In (x ¼ 3, 5, 7,

10 wt%) composites exposed to tapwater at room temperature

[80]. Du Preez and Bessarabov (2017b) reported that Al-x wt.%

In (x ¼ 10, 20, 30 wt%) were non-reactive in deionized water at

room temperature [2]. Fan et al. (2010) found that Al present in

mechanochemically activated AleIn composites can be
Table 2 e Parameter values of Rietveld structural
refinement analysis of binary Al composites.

Sample Parameter (%)

Rexp Rp Rwp GoF

AleIn 4.93 8.72 13.73 2.79

AleSn 5.01 7.46 10.03 2.00
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Fig. 6 e Hydrogen yields of 10% ternary AleSneIn composites hydrolyzed in pure water at ambient temperature and

pressure.
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hydrolyzed at elevated temperatures if free ion-transfers are

possible [76]. Zhang et al. (2016) observed a near-theoretical

hydrogen yield of a mechanochemically activated Al-80% Sn

composite hydrolyzed in deionized water at 60 �C [125]. Thus,

Al's mechanochemical activation by Sn and In is only

achievable if: (i) a sufficient Sn/In content is present, (ii)

AleSn/In is exposed to an ionic solution, and/or (iii) the re-

action is performed at elevated temperatures. Only if such

reaction conditions are present can the galvanic activity be-

tween Al and Sn/In be utilized to increase Al's anodic disso-

lution. However, such reaction conditions were not

considered in this study. In summary, the prepared binary

AleSn and AleIn composites were considered non-reactive

under the conditions considered in this study.

Hydrolysis of ternary AleSneIn composites

Section Activity of binary AleSn and AleIn composites indi-

cated that the Al contents of AleSn and AleIn composites
Fig. 7 e Hydrogen yields of 5% ternary AleSneIn composites hy

pressure.
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could not be successfully hydrolyzed. Consequently, 10%

ternary (AleSneIn) composites were prepared (as indicated in

Table 1) in an effort to enable Al hydrolysis under ambient

conditions. Fig. 6 presents these results. Standard deviations

were excluded from Fig. 6 to prevent congestion of presented

results. The maximum hydrogen yield standard deviation did

not exceed 4.7%.

Fig. 6 presents the hydrogen yields of 10% ternary com-

posites. The presented composites had hydrogen yields of

between 96.5 and 99.5%, induction periods (time before reac-

tion initiated) of 70e150 s, and total reaction times of

336e420 s. Al-2% Sn-8% In (included as an insert in Fig. 6) had a

hydrogen yield of 90.5%, an induction period of 280 s, and a

total reaction time of 1050 s. Al-9.5% Sn-0.5% In had a

hydrogen yield of 25% after approximately 36min. Al-0.5% Sn-

9.5% In did not indicate any reactivity after 30 min of coming

into contact with deionized water. Consequently, the two

latter mention composites were excluded from Fig. 6. The

reactivities of Al-9.5% Sn-0.5% In and Al-0.5% Sn-9.5% In
drolyzed in pure water at ambient temperature and
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Fig. 8 e The Rietveld refinement of XRD patterns of 10% (indicated in black) and 5% (indicated in red) ternary composites. (For

interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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reverted to their binary counterparts, i.e. Al-10% Sn and Al-

10% In; thus explaining their low/no reactivity. It is evident

from Fig. 6 that the effect of the SneIn contents on Al's reac-

tivity was non-linear. The composite reactivities, in order of

fastest to slowest reaction kinetics, were as follows: Al-5% Sn-

5% In, Al-6.5% Sn-3.5% In, Al-3.5% Sn-6.5% In, Al-8% Sn-2% In.

This clearly indicated that a certain synergetic effect between

Sn and In exists in their ability to enable Al to react with pure

water. This SneIn synergy is further contextualized in the

following texts.

The composites presented in Fig. 6 (excluding Al-2% Sn-8%

In) indicated relatively similar reaction kinetics and hydrogen

yields, only slightly varying in induction period and total re-

action time. In an effort to determine the effects of Sn and In

on Al's reactivity towards water, the activation compound

addition of the four most reactive composites was reduced

from 10 to 5 wt%, and hydrolyzed in an exact similar way as

the 10% ternary composites. These results are presented in

Fig. 7 and the hydrogen yield standard deviations were

included.
Table 3 e Parameter values of Rietveld structural
refinement analysis of ternary composites.

Sample Parameter (%)

Rexp Rp Rwp GoF

Al-9.5% Sn-0.5% In 4.95 9.15 13.43 2.71

Al-8% Sn-2% In 4.83 6.98 9.62 1.99

Al-6.5% Sn-3.5% In 4.85 8.71 12.23 2.52

Al-5% Sn-5% In 4.86 9.41 13.67 2.81

Al-3.5% Sn-6.5% In 4.76 8.81 12.19 2.56

Al-2% Sn-8% In 4.82 8.87 14.16 2.94

Al-0.5% Sn-9.5% In 4.84 8.49 12.88 2.66

Al-4% Sn-1% In 4.78 8.09 11.14 2.33

Al-3.25% Sn-1.75% In 4.98 8.40 11.17 2.24

Al-2.5% Sn-2.5% In 4.75 7.89 11.18 2.35

Al-1.75% Sn-3.25% In 4.80 7.82 10.94 2.28

ARTIC
It is evident From Fig. 7 that a decrease in total activation

compound addition had an adverse effect on the hydrogen

yield and induction period. The Al-2.5% Sn-2.5% In composite

had the highest hydrogen yield of 82.9 ± 1.2%. The Al-3.25%

Sn-1.75% In and Al-1.75% Sn-3.25% In composites had yields

of 75.0 ± 0.5 and 70.7 ± 1.4%, respectively. Al-4% Sn-1% In had

the lowest yield of 63.2 ± 1.3%. In each case, the reaction

completed within 1200 s (20 min). The 5% ternary composites

exhibited similar reaction kinetics than the 10% ternary

composites (Fig. 6). By increasing the Al content (reducing the

total activation compound addition from 10 to 5 wt%), a larger

fraction of composite is available to undergo the exothermic

Al-hydrolysis reaction (DH ¼ approximately �444 kJ mol�1

[104]), which is expected to promote the Al-hydrolysis reaction

[2,20]. By considering the results presented in Figs. 6 and 7, this

was clearly not the case. The observed decrease in composite

reactivity may rather be ascribed to the inability of 5 wt%

activation compound addition to sufficiently activate Al par-

ticles. Visually, the 5% ternary composites contained some

large particles, suggesting incomplete distribution of com-

posite constituents. Further decreasing the total activation

compound addition to 2.5 wt% yielded non-reactive

composites.

Of particular interest in Figs. 6 and 7 was the disagreement

between composite Sn content and reactivity, i.e. high Sn/low

In content composites were expected to bemore reactive than

low Sn/high In content composites. Gudi�c et al. (2010) ther-

mally prepared AleSn and AleIn composites. They found that

when such composites were exposed to a chlorine solution, In

inhibited the cathodic reaction of hydrogen evolution,

whereas Sn catalyzed it [44]. This is further indicative that a

certain degree of synergy exists between Sn and In present in

mechanochemically activated Al composites, either in terms

of micro-galvanic cell formation, and/or Al particle size

reduction and morphological changes induced during ball-

milling. However, it is difficult to make feasible mechanistic

deductions based solely on the hydrolysis kinetics, due to the
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relatively similar hydrolysis kinetics of the presented com-

posites (as shown in Figs. 6 and 7).

XRD analysis of ternary composites

XRD was performed on all of the ternary Al composites (as

presented in Table 1) to determine if intermetallic phases

formed between Al, Sn, and In. The presences of such inter-

metallic phases are likely to affect the hydrolysis kinetics of

ternary Al composites, and may be applied (in conjuration

with results shows in Figs. 6 and 7) to perform mechanistic

deductions. Fig. 8 presents the Rietveld refined XRD patterns

of ternary AleSneIn composites. In an effort to decrease
Fig. 9 e Hydrogen yields of Al-8% Sn-2% In hydrolyzed at variou

observed changes in reaction temperature during hydrolysis (b

ARTICL
cluttering, observed XRD values were excluded from Fig. 8 and

only values calculated by the Rietveldmethodwere presented.

The corresponding R-factors and GoF values are summarized

in Table 3. The Al peaks at 2q positions 44 and 53were partially

excluded to improve surrounding peak detail.

It is evident from Fig. 8 that the detected phases (in no

specific order) were residual Al, Sn, and In, intermetallic

SneIn phases (Sn4In and SnIn3), and minor AlSn peaks.

Detected Sn and In phases indicates that some of the activa-

tion compounds did not partake in intermetallic phase for-

mation, which is expected seeing as one of the activation

compounds will likely be consumed in the intermetallic phase

formation process and that the remaining activation
s mass ratios of Al powder to mass pure water (a) and the

).
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compound could understandably no longer partake in this

process. Both 10 and 5% ternary composites had similar peaks,

only differing in peak intensity. This explains the observed

similarities in reactivity (Section Hydrolysis of ternary

AleSneIn composites, Figs. 6 and 7). Of particular interest in

Fig. 8 is the presence of AlSn phases (with varying peak in-

tensities), considering the absence of AlSn phases in binary

Al-10% Sn composites (Fig. 5). This phenomenon may be due

to the presence of In during the ball-milling process e

currently it is impossible to say with certainty what promotes

the AlSn phase formation process in ternary AleSneIn

composites.

It is further evident from Fig. 8 that the Sn:In ratio deter-

mined the SneIn phase formation. Sn4In was the predomi-

nant SneIn phase in composites with Sn:In ratios between

0.97 (Al-5% Sn-5% In) and 18.38 (Al-9.5% Sn-0.5% In). SnIn3 was

the dominant SneIn phase in composites with a Sn:In ratio of

<0.97.
Du Preez and Bessarabov (2017a) found that mecha-

nochemically activated Al composites containing only Sn4In

had faster reaction kinetics if compared to composites
Table 4 e Ternary AleBi/Sn/In composites.

Comp. Activation compound (wt.%)

Bi Sn In

1 0 9.5 0.5

2 0 8 2

3 0 6.5 3.5

4 0 5 5

5 0 3.5 6.5

6 0 2 8

7 0 0.5 9.5

8 0 4 1

9 0 3.25 1.75

10 0 2.5 2.5

11 0 1.75 3.25

1 0 8 2

2 0 6.7 3.3

3 0 5 5

4 0 3.3 6.7

5 0 2 8

1 0 10.55 2.54

2 8.38 0 4.71

3 0 3.27 9.82

4 3.93 5.24 3.93

5 6.54 2.62 3.93

6 3.93 2.62 6.54

7 3.93 6.54 2.62

1 9.38 0 0.62

2 8.76 0 1.26

3 7.5 0 2.5

4 5 0 5

5 3.74 0 6.26

6 2.5 0 7.5

7 1.26 0 8.76

8 0.62 0 9.38

1 7.5 2.5 0

2 5 5 0

a Hydrolysis reaction performed at 35 �C.
b Values estimated from figure.
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containing only SnIn3. When collectively considering the

hydrogen yields presented in Fig. 6 and the XRD patters pre-

sented in Fig. 8, the following mechanistic deductions may be

made: (i) composites containing Sn4In as the major SneIn

phase were more reactive than composites containing SnIn3

as the major SneIn phase, (ii) composites containing only

Sn4In had the mildest reaction kinetics; however, this com-

posite's milder reaction kinetics is likely due to it having a

larger average particle size (if compared to composites con-

taining multiple phases), rather than the absence of other

intermetallic phases, and (iii) composites with Sn and/or In as

the major phases exhibited low/no reactivity.

Considering the micrographs presented in Fig. 4, it is likely

that the detected intermetallic SneIn (i.e. Sn4In and SnIn3), Sn

and In phases presented in Fig. 8 are distributed throughout Al

particles, considering that such phases can only occur where

Sn and In where detected by EDS. Thus, as the hydrolysis re-

action initiates and the spend Al, i.e. Al(OH)3 and/or AlOOH,

separates from Al particles, fresh AleSneIn is exposed. Thus,

micro-galvanic activity between Al and Sn/In will remain

elevated throughout the hydrolysis reaction.
Yield (%) Reaction time (sec) Reference

25 2160 This work

97 380

96 370

99 280

97 300

91 1050

0 n.a

63 1150

75 1050

83 1200

71 1100

~35b 7300b [86]

~33b 550b

~28b 3100b

~29b 400b

~31b 750b

93 570 [1]

95 540

93 810

92 160

96 100

98 90

93 130

82 510 [2]

83 420

95 450

93 450

77 378

93 600

66 720

0 n.a

86a,b 280b [107]

84a,b 350b
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Effects of mass ratio (mAl powder/mwater) and temperature on
the hydrolysis reaction

To determine the effect of reaction temperature on the hy-

drolysis reaction of AleSneIn composites, the Al-8% Sn-2% In

composite was hydrolyzed at various mass ratios, e.g. a 1:50

mass ratio is defined as 1 g Al composite hydrolyzed in 50 mL

of deionizedwater. All mass ratioswere derived similarly. The

mass ratios investigated ranged from 1:50 to 1:1600. The Al-8%

Sn-2% In was selected for this investigation due to its high

hydrogen yield and low In content, decreasing the cost per

unit volume hydrogen. A fit-for-purpose reaction vessel was

used to perform largemass ratio experiments. Fig. 9 shows the

effect of varying mass ratios on hydrogen yield (a) and reac-

tion temperature (b). Maximum hydrogen yield standard de-

viation were <4.0%
Fig. 9a shows a steady decrease in hydrogen yield as the

mass ratio was increased from 1:50 to 1:1600. Increasing the

mass ratio from 1:50 to 1:100 decreased the hydrogen yield

from 97.0% to 95.3%. A similar yield decrease, i.e. 95.3 to 93.8%,

was observed when the mass ratio was increased from 1:100

to 1:200. Increasing the mass ratio to 1:400 and 1:800 further

decreased the hydrogen yields to 90.0 and 86.1%, respectively.

Finally, the hydrolysis reaction performed at a mass ratio of

1:1600 had a hydrogen yield of 83.0%.

Fig. 9b shows the hydrolysis reaction temperature of the

various investigated mass ratios. It is evident from Fig. 9b that

as the mass ratio was increased, the observed increases in

reaction temperature decreased appreciably. The reaction

temperature of the 1:50 mass ratio hydrolysis reaction

increased by approximately 40 �C, whereas the 1:100 mass

ratio reaction had a 20 �C increase. Further increasing the

mass ratio resulted in smaller reaction temperature increases,

i.e. 1:200 and 1:400 had temperature increases of 10 and 4 �C,
respectively. The 1:800 and 1:1600 mass ratio reactions had

temperature increases of approximately 2 and 1 �C, respec-
tively. As stated earlier, Al hydrolysis is an exothermic reac-

tion that releases in-situ generated heat, which subsequently

promotes the hydrolysis reaction. By increasing the mass

ratio, a larger volume of reaction solution is present to allow

the generated heat to disperse into, mitigating away from

immediate reaction sites (Al undergoing hydrolysis) [1,2,20].

Typically, a relatively large hydrogen yield decrease is ex-

pected when the reaction temperature is decreased, depend-

ing on the Al composite's temperature dependence. In this

case the Al composite did not display a major dependence on

temperature as only a 14% hydrogen yield decrease was

observed as the mass ratio was increased from 1:50 to 1:1600,

which corresponds to 3200% increase in water volume.

Recent work and future prospective

The results obtained in this study were compared to previous

related studies, as well as some recent non-related studies. A

listing of ternary Al-based composites is presented in Table 4.

The Al-based composites presented here were activated by Bi,

Sn, In and combinations, and were prepared by a mechano-

chemical route. Hydrolysis reactions were performed using

neutral pHwaters, which includes tap, distilled, and deionized

water, and under ambient conditions, unless specified
ARTICL
otherwise. Table 4 suggests good progress has been made to-

wards determining the effects of Bi, Sn, In and combinations

thereof on Al's reactivity with neutral pH waters. Future pro-

spective should include identifying and developing methods

to recover activation compounds from spent Al, and a fit-for-

purpose hydrogen generation reactor designed to operate

using neutral pH waters and activated Al-based composites.
Conclusions

A series of reactive ternary 10 wt% activation compound

containing AleSneIn composites were prepared by high en-

ergy ball milling and hydrolyzed in deionized water under

ambient conditions. SEM-EDS analysis indicated that Sn and

In could be distributed onto and within Al particles. The

presence of Sn and In on the surface disrupted Al's protective

oxide layer, whereas Sn and In located on the surface and in

the interior of Al particles promoted galvanic activity between

Al and Sn/In. No intermetallic phases between Al and Sn/In

were detected for binary AleSn/In composites, whereas

ternary composites contained AlSn, Sn4In and/or SnIn3. SneIn

phase formation could partially be controlled by the Sn:Inmol

ratio.

Distinctive reactivity differences of ternary AleSneIn were

not obvious, indicating some independence with regard to Sn

and In contents. The 10% ternary composites had hydrogen

yields of between 96.5 and 99.5%. Decreasing the composites’

activation compound addition to 5 wt% decreased its reac-

tivity. The 5% ternary composites had hydrogen yields of be-

tween 63.2 and 82.9%. Hydrogen generation rate during

composite hydrolysis may be partially controlled by manipu-

lating the mass ratio.
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ABSTRACT 

The work described in this paper forms part of a study on the mechanochemical processing of 

Al with dissimilar metals for hydrogen generation purposes [1-3].  Specifically, we describe 

here the microstructural properties and hydrolysis reactivities of activated Al composites.  

Binary and ternary Al, Bi, and/or Sn composites were fabricated by a high-energy 

mechanochemical processing route and their reactivities towards pure water under standard 

ambient conditions were determined.  The microstructures of the composites were 

characterized by scanning electron microscopy with energy dispersive X-ray spectroscopy 

and X-ray diffraction (XRD).  It was found that Bi and Sn intruded Al particles via Al’s 

repetitive plastic deformation that occurred during mechanochemical processing.  Bi and Sn 

intrusion resulted in continuous galvanic activity between anodic Al and cathodic Bi/Sn 

during hydrolysis reactions.  XRD revealed some minor intermetallic phases between Al and 

Sn, and between Bi and Sn.  However, the major phases detected were Al, Bi, and Sn, which 

suggested that intermetallic phases do not govern morphology changes (occurring during 

mechanochemical processing) and hydrolysis reactivity. 
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1. Introduction 

Hydrogen is the ideal candidate to replace traditional fossil fuels as an energy carrier 

due to its high energy density and environmental friendliness.  A number of processes are 

used to produce hydrogen, e.g., thermochemical [4, 5], electrochemical [6, 7], photochemical 

[8], photocatalytic [9], and photo-electrochemical [10], and also numerous nanoparticle-

assisted bio-hydrogen production processes [11].  Hydrogen is mainly produced from 

methane steam reformation and hydrocarbon partial oxidation, both of which yield carbon 

dioxide (CO2) and minute quantities of carbon monoxide (CO) as by-products [12, 13].  This 

hydrogen can subsequently be fed to proton exchange membrane fuel cells (PEMFCs), which 

consume hydrogen and oxygen to produce an electrical circuit without the need for 

combustion [14, 15].  PEMFCs offer a technology for clean energy production [16, 17].  

However, if PEMFCs are supplied with CO-containing hydrogen streams, the CO can lead to 

the deterioration in performance of PEMFCs [18, 19], and poison platinum fuel cell catalysts 

[20]. 

In recent years, the hydrolysis of metals such as Al, Mg, and Zn for pure hydrogen 

generation purposes has attracted much interest [21-28].  Al has shown potential as a 

hydrolyzing metal due to its abundance, low cost, and light weight.  An example of the 

application of Al in the energy field is its use in batteries.  The discharge potential of pure Al 

can be as low as –2.33V with respect to a standard hydrogen electrode if a strong alkaline 

electrolyte (pH 14) is present [29].  According to Li and Bjerrum, Al–air batteries consisting 

of an Al-based anode, gas diffusion cathode, and aqueous alkaline electrolyte comprise 

possibly the only battery system with a range and refueling time comparable to that of 
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internal combustion engines [30].  Of importance here is the potential of Al and Al-based 

composites to be used as hydrolyzing material.  It has been reported that Al hydrolysis can be 

performed using water of varying qualities, e.g., pure, filtered, tap, sea, and urine [31-33].  

Utilization of the generated hydrogen yields pure water, in certain cases, e.g., in combustion 

and fuel cell (FC) applications.   

Al hydrolysis is a spontaneous reaction; it yields Al hydroxides (and to a lesser extent 

Al2O3), hydrogen, and heat.  Reactions 1–3 show these reactions [34]: 

2Al + 6H2O → 2Al(OH)3 + 3H2 + 16.3 MJ/kg Al (1) 

2Al + 4H2O → 2AlOOH + 3H2 + 15.5 MJ/kg Al (2) 

2Al + 3H2O → Al2O3 + 3H2 + 15.1 MJ/kg Al (3) 

Al can essentially be rehydrolyzed indefinitely because the Al hydroxides can be converted to 

Al2O3, which can then be fully metallized to the metallic state (Al
0
) by the Hall–Héroult 

process [23, 35, 36].  It is well known that a thin oxide layer on the Al surface prevents 

Reactions 1–3 from taking place under mild conditions (e.g., neutral pH water and standard 

ambient temperature/pressure) [1, 37].   

Numerous studies have been performed on the removal/disruption of Al’s oxide layer, 

by various means, e.g., submersing Al in acidic or alkaline solutions [38-41], amalgamation 

with Hg [42-44], and hydrothermal processes [45-51].  An attractive approach to removing 

this oxide layer is the mechanochemical or thermal processing of Al with various metals, 

metal oxides, salts, and combinations thereof, e.g., Al-x (x = combinations of Ga, Bi, In, Sn, 

Zn, Mg, Cu) [33, 34, 37, 52-65], Al-BaCl2 [66], Al-KCl [67], Al-Ni-NaCl [68], and Al-Bi-

hydride/salt [69].  However, the utilization of some Al composites is restricted to laboratory 

scale, for several reasons, e.g., corrosive reaction conditions when acidic/alkaline solutions 

are used, toxicity (e.g., Hg activated Al composites) and high cost (e.g., Ga activated Al 

composites) of activation compounds, requirement for expensive equipment for hydrothermal 
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reactions, Al composites exhibit too slow/fast hydrogen generation rates, and 

prolonged/energy intensive Al activation procedures. 

Some research has been carried out on mechanochemically activating Al with metals 

such as Bi, Sn, In, Bi-In, Sn-In and Bi-Sn-In [1-3].  As far as the authors could assess, limited 

literature is available on Al’s activation by Bi-Sn.  A recent study by Xiao et al. presented the 

physical and chemical properties of ternary composites Al-7.5% Bi-2.5% Sn and Al-5% Bi-

5% Sn, achieving hydrogen yields of 84–86% [70].  From literature, Bi is known to enable 

Al’s reactivity towards pure water under ambient conditions [2], whereas Al-Sn composites 

show non-appreciable reactivity under the same conditions [71]. 

In an effort to better understand the effects of Bi and Sn on Al during 

mechanochemical processing, a series of Al-Bi-Sn composites was mechanochemically 

processed, their microstructures characterized, and the hydrolysis properties determined.  A 

specific goal was to minimize the activation compound addition.  Furthermore, a preliminary 

method for recovering Bi and Sn from hydrolyzed Al is discussed. 

2. Material and methods 

2.1. Materials  

The following commercially available starting materials were obtained from Sigma-

Aldrich (South Africa): Al powder (<200 m, 99% purity), Bi granules (>99.99% purity), 

and Sn powder (<150 m, 99.99% purity).  Hydrochloric acid (HCl, 37%), nitric acid (HNO3, 

55%), and sulfuric acid (H2SO4, 98%) acid were obtained from Sigma-Aldrich (South 

Africa).  Pure deionized water (18.2 M.cm
–1

 resistivity) produced by a Milli-Q water 

purification system was used for all hydrolysis reactions.  Pure nitrogen gas (99.99%) (Afrox, 

South Africa) was used during all purging procedures. 
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2.2. Composite preparation 

Binary Al-Bi/Sn composites, containing 10 wt % Bi/Sn and with Al the balance, were 

prepared.  A series of ternary Al-Bi-Sn composites was prepared; the composites contained 

various amounts of Sn and In in the range 0.8–9 wt %, with Al comprising the balance.  

These composites were divided into three groups: composites activated by a total of 10, 5, 

and 2.5 wt % activation compounds, and henceforth referred to as 10, 5, and 2.5% ternary 

composites, respectively.  Table 1 summarizes the compositions of these composites.  In an 

effort to maximize the Al content, activation compound addition did not exceed 10 wt %. 

Table 1: Compositions of ternary Al composites 

Composites 

Activation compounds 

(10 wt % total) 

Bi Sn 

Al-9% Bi-1% Sn 9 1 

Al-7.5% Bi-2.5% Sn 7.5 2.5 

Al-5% Bi-5% Sn 5 5 

Al-2.5% Bi-7.5% Sn 2.5 7.5 

Al-1% Bi-9% Sn 1 9 

 Activation compounds 

(5 wt % total) 

Al-4.5% Bi-0.5% Sn 4.5 0.5 

Al-3.75% Bi-1.25% Sn 3.75 1.25 

Al-2.5% Bi-2.5% Sn 2.5 2.5 

 Activation compounds 

(2.5 wt % total) 

Al-2.25% Bi-0.25% Sn 2.25 0.25 

Al-1.7% Bi-0.8% Sn 1.7 0.8 

Al-1.25% Bi-1.25% Sn 1.25 1.25 

 

All composites were prepared by high-energy mechanochemical processing using a 

Retsch Emax ball mill (Retsch, Germany).  Each composite was weight proportioned 

according to Table 1, and placed in a 125 mL stainless steel milling jar.  Stainless steel 

milling balls (5 mm diameter) were added to the milling jar at a ball-to-composite ratio of 

30:1 (30 g milling balls per 1 g composite).  Thereafter, the milling jar was sealed with a 
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stainless steel aerated lid and purged with nitrogen.  Each composite was milled for 30 min at 

1500 rpm.  After each milling procedure, the jar was allowed to cool to room temperature 

before the composites were recovered.  Samples were stored in an airtight container until 

required for use in hydrolysis experiments.  Each composite was prepared in duplicate. 

2.3. Experimental setup and hydrogen measurements 

All hydrolysis experiments were performed at standard ambient temperature and 

pressure in a 100 mL three-neck round-bottom flask.  The three openings served the 

following purposes: i) one for water addition, using a pressure equalizing addition funnel, ii) 

one for insertion of a thermocouple for continuous temperature measurements, and iii) one 

for allowing the generated hydrogen to escape.  Prior to hydrogen measurements, the 

generated hydrogen was dried using a Drietite
TM

 (CaSO4) gas drier.  The dried hydrogen gas 

flow was then measured with a digital thermal gas mass flow meter (Model GH-32654-12; 

Cole-Parmer, South Africa).  Each hydrogen measurement was performed by hydrolyzing 0.5 

g composite in 25 mL deionized water.  During the hydrolysis reactions, the reaction solution 

was left unagitated.  Each hydrolysis reaction was performed in duplicate to determine the 

standard deviation (SD).  Thus, SD values are based on four hydrogen measurements, i.e., 

each composite prepared and hydrolyzed in duplicate. 

The generated hydrogen was expressed as a conversion yield %, defined as the total 

volume hydrogen generated over the total theoretical hydrogen volume obtainable.  By 

applying the ideal gas law, approximately 1360 NmL hydrogen is theoretically achievable per 

gram Al (assuming 100% Al hydrolysis) at standard ambient pressure and temperature.  

Thus, the hydrogen yield % presented in this study reflects the hydrogen obtained as a 

fraction of the obtainable 1360 NmL. 
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2.4. Characterization of samples 

X-ray diffraction (XRD) measurements were performed using a Röntgen diffraction 

system (PW3040/60 X’Pert Pro).  A back-loading preparation method was applied to 

determine the crystalline phases present in Al composites.  X-rays generated by a Cu K X-

ray tube were used to scan composites, and measurements were performed between variable 

divergence- and fixed-receiving slits.  Identification of detected phases was performed using 

X’Pert HighScore Plus software (PANalytical).  Relative abundances of composite phases 

were refined by the Rietveld method (Autoquan programme) [72]. 

The morphological and/or chemical characterization of prepared composites and as-

received Al was carried out using a scanning electron microscope equipped with an energy 

dispersive X-ray spectrometer.  A FEI Quanta 250 FEG scanning electron microscope 

incorporated with an Oxford X-map energy dispersive X-ray spectrometer system, operating 

at 15 kV and at a working distance of approximately 10 mm, was used.  Samples considered 

for investigation were mounted on a sample stub using a carbon-based adhesive tape, and 

coated with a thin layer of gold–palladium (approximately 3 nm).  For subsurface chemical 

characterization, composites were embedded in a carbon-based resin and cross-sectioned.  

Cross-sectioning was performed using a series of grinding plates and polishing cloths with 

ethanol as lubricant.  Cross-sectioned samples were stored in an airtight container until 

required for characterization. 

2.4. Leaching procedure 

Acid leaching was applied in an effort to determine whether the activation compounds 

could be separated from hydrolyzed mechanochemically processed Al.  For each leaching 

procedure, 0.5 g hydrolysis product was contacted with 100 mL of 25% H2SO4, 25% HCl, or 

25% HNO3 solution for 6 h.  After contact, the solid residue was separated from the acid 

solutions by means of vacuum filtration.  The leachate and residues were collected and 
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analyzed by inductive coupled plasma optical emission spectroscopy (ICP-OES) and 

scanning electron microscopy/energy dispersive X-ray spectroscopy (SEM-EDS), 

respectively.  The samples designated for ICP-OES analysis were prepared by diluting the 

leachate to 1 L using deionized water.  An Agilent 5110 ICP-OES instrument was used to 

determine the Al, Bi, and Sn contents in the leachates.  ICP-OES calibration was performed 

using Ultraspec aqueous single (Al) and multielement (Bi and Sn) certified reference 

standards (De Bruyn Spectroscopic Solutions, South Africa). 

 

3. Results and discussion 

3.1. Characterization of processed composites  

The general particle size and morphological changes of ductile, brittle, and ductile–

brittle metals occurring during mechanochemical processing are explained in Refs. [73] and 

[74].  The behavior of Al-based composite particles during mechanochemical processing is 

relatively well understood and may be summarized as follows: i)initially, Al particles cold-

weld to one another to form large particles and non-Al particles are distributed unevenly 

throughout these particles, ii) repetitive plastic deformation increases the degree of composite 

constituent distribution and induces work hardening of particles, which causes particles to 

fracture, and iii) fractured particles do not cold-weld, they rather agglomerate to other 

particles.  Earlier studies investigated the behavior of Al during mechanochemical processing 

with certain metals: Al-Sn, Al-In, Al-Sn-In, Al-Bi, Al-Bi-In, and Al-Bi-Sn-In [1-3]. 

Of particular importance in our study is the particle size reduction and morphological 

changes that occur during the mechanochemical processing of Al and Sn (ductile metals), and 

Bi (brittle metal).  Fig. 1 presents secondary electron SEM micrographs of the particle 

morphology of as-received Al (a) and the Al-2.5% Bi-2.5% Sn composite (b). 
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(a) 

 
(b) 

Fig. 1.  Secondary electron SEM micrographs of particles: as-received Al (a) and 

mechanochemically processed Al-2.5% Bi-2.5% Sn composite (b). 

Fig. 1 shows that Al underwent particle size reduction when mechanochemically 

processed with relatively small quantities of Bi and Sn (each 2.5 wt %).  The as-received Al 

particles had uneven, strand-like morphologies, and diameters of 100–300 m.  The Al-2.5% 

Bi-2.5% Sn composite consisted of particles <100 m, with a large fraction of particles 

<25 m.  However, particle size reduction alone does not necessarily mean that Al will react 
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with pure water under standard ambient conditions.  The uniform distribution of Bi and Sn is 

likely to promote the hydrolysis reactivity of Al by disrupting the coherent oxide layer of Al 

and by forming micro-galvanic couplings with Al.  The solubilities of Bi and Sn in Al are 

limited.  For instance, Sn has a 0.1% solubility in Al at 600 C [75, 76], whereas Bi has no 

appreciable solubility in Al and forms a segregated film on the surface of an Al melt [77].  

However, these solubilities are only true for thermally treated Al-Bi/Sn composites.  The 

distribution mechanism of Sn and In in Al particles during mechanochemical processing is 

presented and discussed by Ref. [3], and it is likely that Bi and Sn will behave in a similar 

manner. 

EDS mapping was performed on the surface of Al-2.5% Bi-2.5% Sn particles to 

determine the distribution of Bi and Sn.  Results are presented in Fig. 2.  EDS mapping 

suggests that Bi and Sn could be distributed relatively evenly onto the surface of Al particles 

by mechanochemical processing, disrupting the coherent oxide layer, and that Bi/Sn does not 

occur as large particles (agglomerates/chunks).  The potential difference between Al and a 

dissimilar metal controls Al’s localized micro-galvanic corrosion [78, 79].  The standard 

electrode potentials of Al (–1.662 V), Bi (0.308 V) and Sn (–0.136 V) suggests that galvanic 

couplings between Al and Bi/Sn are likely to occur, which promote Al’s dissolution in 

aqueous solutions.   
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(a) (b) 

  
(c) (d) 

Fig. 2.  Backscatter SEM micrograph of the surface of Al-2.5% Bi-2.5% Sn (a) and the 

corresponding EDS mappings for Al (b), Bi (c), and Sn (d). 

Reboul et al. proposed a mechanism to explain Al’s dissolution by activation 

compounds [80].  Initial galvanic coupling oxidizes Al and the activation compound, 

according to Reaction 4: 

Al(M) → Al
3+

 + M
n+

, M = activation compound (4) 

M
n+

 cations redeposit onto fresh Al surfaces due to the cathodic nature of the activation 

compounds relative to Al, according to the following electrochemical exchange reaction: 

Al + M
n+

 → Al
3+

 + M (5) 
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Thus, Al is oxidized to Al
3+

 and migrates from the solid matrix into solution where it is 

hydrolyzed. 

The mappings shown in Fig. 2 do not elucidate the subsurface Bi and Sn distribution.  

To determine whether the mechanism above only occurs on the surface of Al composite 

particles, Al-2.5% Bi-2.5% Sn particles were cross-sectioned and characterized in a similar 

manner to the particles presented in Fig. 2.  This characterization is presented in Fig. 3. 

 
 

(a) (b) 

  
(c) (d) 

Fig. 3.  Backscatter SEM micrograph of a cross-sectioned Al-2.5% Bi-2.5% Sn particle (a) 

and the corresponding EDS mapping for Al (b), Bi (c), and Sn (d). 

The areas with higher particle contents observed in Fig. 3c and d may be ascribed to 

surface irregularities (cavities and hills, as indicated in Fig. 3a) on the cross-sectioned Al 

particle’s surface.  These irregularities are formed during the cross-sectioning procedure.  
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Nevertheless, Fig. 3 shows that Bi and Sn may be distributed throughout Al particles.  EDS 

analysis of several areas within particles similar to the particle presented in Fig. 3b revealed 

Bi and Sn wt % contents of 2.26 and 1.99 wt %, respectively.  Although, EDS analysis is a 

semi-quantitative method, with the oxygen determined by difference, the detected Bi and Sn 

contents showed some similarity to the predetermined values (indicated in Table 1).  The Bi 

and Sn distributions presented in Fig. 3 were similar to Sn and In distributions [3].  Such a 

distribution may be ascribed to redistribution of composite constituents occurring during Al’s 

repetitive plastic deformation induced by mechanochemical processing [81], enabling Bi and 

Sn intrusion of Al particles.  During Al hydrolysis, it is likely that the presence of Al-Bi/Sn 

couplings will promote continuous galvanic activity throughout the reaction and related Al 

dissolution.  Figs 2 and 3 suggest that Bi and Sn could be distributed relatively uniformly 

throughout Al particles. 

Considering the observed Bi and Sn in Al distributions, binary Al-Bi/Sn composites 

were investigated by Rietveld refined XRD analysis to determine whether any intermetallic 

phases formed between Al and Bi/Sn.  Fig. 4 shows these XRD patterns.  Some Al peaks (2 

positions 44, 53, and 95) were partially excluded from Fig. 4 to increase detail of surrounding 

peaks.  The corresponding R-factors (Rexp, Rp, Rwp) and goodness-of-fit (GoF) values are 

summarized in Table 2.  It is evident from Fig. 4 that the only detected phases were Al, Bi, 

and Sn, which suggests that no reactions occurred between Al and Bi/Sn during 

mechanochemical processing. 
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Fig. 4.  Rietveld refinement of the XRD patterns of mechanochemically processed binary Al-

10% Bi and Al-10% Sn composites.  Observed and calculated values are indicated with black 

circles and a solid red line, respectively. 

Table 2: Parameter values of Rietveld structural refinement analysis of binary Al composites 

Sample 
Parameter (%) 

Rexp Rp Rwp GoF 

Al-Bi 4.20 7.96 12.08 2.88 

Al-Sn 5.04 7.24 9.92 1.97 

 

3.2. Hydrolysis of Al composites 

The reactivities of mechanochemically processed Al-Bi and/or Al-Sn composites in 

neutral pH water at room temperature have been reported in Refs [2], [3], [33], and [70].  

Binary composite reactivities are therefore not repeated in this study.  The hydrogen yield 

curves and change in reaction temperature curves of 10% ternary composites are shown in 

Fig. 5.  The SDs are excluded from Fig. 5 to prevent congestion of the results presented here.  

The SDs of maximum hydrogen yield and temperature did not exceed 3.9% and 2.1 °C, 

respectively. 
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(a) 

 
(b) 

Fig. 5.  The hydrogen yield (a) and changes in temperature curves (b) of 10% ternary Al-Bi-

Sn composites. 

It is evident from Fig. 5a that the Al-1% Bi-9% Sn composite was nonreactive in pure 

water at 25 C.  Al-2.5% Bi-7.25% Sn achieved a hydrogen yield of 38.5  2.5%, while the 

other ternary composites achieved >99% yields.  Al-5% Bi-5% Sn and Al-7.5% Bi-2.5% Sn 

had similar reaction kinetics and their hydrolysis reactions were completed after 430 and 480 

sec, respectively.  Al-9% Bi-1% Sn achieved a >99% hydrogen yield after approximately 640 
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sec.  Bi is known to be superior to Sn in promoting the hydrolysis reactivity of Al [2, 71].  

This was evident when comparing the reactivities of the Al-1% Bi-9% Sn and Al-9% Bi-1% 

Sn composites.  However, when considering that Al-5% Bi-5% Sn is more reactive than Al-

7.5% Bi-2.5% Sn, it is clear that a certain degree of synergy between Bi and Sn exists when 

enabling Al’s hydrolysis reactivity.  Bi-Sn synergy will be contextualized in the following 

texts. 

It is evident from Fig. 5b that the reactivity of a composite is reflected in its increase 

in reaction temperature curve.  For the two most reactive composites, Al-5% Bi-5% Sn and 

Al-7.5% Bi-2.5% Sn, reaction temperature increases of approximately 35 and 33 C, 

respectively, were observed.  Similarly, for Al-9% Bi-1% Sn, a reaction temperature increase 

of 32 C was observed; however, this increase was observed over a longer period, 

corresponding with this composite’s hydrolysis reaction time.  Al-2.5% Bi-7.5% Sn showed a 

relatively small temperature increase of 15 C, ascribed to its relatively low hydrolysis 

reactivity. 

An objective of this study was to maximize the hydrogen volume obtainable from a 

mass unit of composite by minimizing the composite non-Al constituency.  Therefore, the 

activation compound addition of the three most reactive Al composites presented in Fig. 5a 

was reduced to 5%.  These 5% ternary composites were hydrolyzed in the same manner as 

the 10% ternary composites.  Results of hydrogen yields of the 5% ternary Al-Bi-Sn 

composites are presented in Fig. 6.  The hydrogen yield curves of 10% ternary composites as 

presented in Fig. 5a are included here as dashed lines, for reference purposes.  The SD of the 

maximum hydrogen yield did not exceed 3.5%. 



 ARTICLE 4 94 

 

Fig. 6.  Hydrogen yields of 5% ternary Al-Bi-Sn composites.  The hydrogen yield curves of 

10% ternary composites are included (indicated by dashed lines) and serve as references. 

It is evident from Fig. 6 that the 5% ternary composites had >99% yields and that their 

hydrogen yield curves resembled that of their 10 wt % counterparts.  The only major 

difference observed was the slower hydrogen release rates, as is evident from the prolonged 

reaction times.  Decreasing the amount of activation compound addition to composites would 

reduce associated effects of such activation compounds; specifically, Al’s protective oxide 

layer disruption caused by Bi and Sn and the amount of micro-galvanic Al-Bi/Sn cell 

formation, which could decrease Al’s reactivity towards neutral pH water.  However, when 

considering the high hydrogen yields of the 5% ternary composites, this was not the case.  

Elevated reaction temperatures are known to promote Al hydrolysis [2, 82].  When taking this 

and the increase in Al content of the 5% ternary composites into consideration, it is likely that 

Al’s exothermic hydrolysis reaction was adequately self-catalyzing to achieve >99% 

hydrogen yields.  Al-2.5% Bi-2.5% Sn and Al-3.75% Bi-1.25% Sn exhibited reaction 

temperature increases of 31 and 29 C, respectively, while Al-4.5% Bi-0.5% Sn exhibited a 

23 C increase.  These temperature increases were 4–9 C lower than with the 10% ternary 
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composites.  However, it is evident that such temperature increases still promoted the 

hydrolysis reaction sufficiently, as is evident from the >99% hydrogen yields.  

A further decrease in activation compound addition to 2.5 wt % yielded nonreactive 

composites.  The 2.5% ternary composites mainly consisted of large chunks of seemingly 

agglomerated material, indicating that the composite constituents did not undergo 

homogenization.  These composites were nonreactive or exhibited very limited reactivity in 

neutral pH waters, and were not considered further. 

3.4. Ternary composites: intermetallic phases 

The XRD patterns of binary Al and Bi/Sn presented in Fig. 4 (Section 3.1) showed 

that no intermetallic phases formed between Al and Bi/Sn during the mechanochemical 

processing of binary Al-Bi and Al-Sn.  To determine whether intermetallic phases formed 

between Al, Bi, and/or Sn, XRD analysis was performed on 10% ternary composites.  Fig. 7 

presents the Rietveld refined XRD patterns.  Only the Rietveld refined calculated values are 

presented here, to prevent cluttering.  The corresponding R-factors and GoF values are 

summarized in Table 3. 
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Fig. 7.  The Rietveld refinement of XRD patterns of 10% ternary composites. 

Table 3: Parameter values of Rietveld structural refinement analysis of 10% ternary composites 

Sample 
Parameter (%) 

Rexp Rp Rwp GoF 

Al-1% Bi-9% Sn 4.47 7.24 10.13 2.27 

Al-2.5% Bi-7.5% Sn 4.25 7.12 10.16 2.39 

Al-5% Bi-5% Sn 4.62 7.53 10.76 2.33 

Al-7.5% Bi-2.5% Sn 4.23 7.73 11.28 2.65 

Al-9% Bi-1% Sn 4.84 8.06 11.79 2.44 

 

Fig. 7 shows that the detected phases were (in no specific order) Al, Bi, and Sn, 

intermetallic Bi-Sn phases (BiSn and Sn0.95Bi0.05), and AlSn phases.  The following 

deductions are made from Fig. 8: i) when considering relative peak intensities, it is clear that 

Bi and Sn did not readily form intermetallic phases with each other or Al, ii) the dominant Bi 

and Sn phases of samples with Bi>Sn and Bi<Sn were Bi and Sn, respectively, and for 

Bi=Sn, large Bi and Sn peaks were present, iii) minor AlSn, BiSn, and Sn0.95Bi0.05 phases 

were detected in all cases, vi) AlSn and Sn0.95Bi0.05 peak intensity decreased with increasing 

Bi content, and v) the presence of BiSn phases were independent of Bi:Sn ratio, as in all 
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cases, minor BiSn phases were detected.  It is also noteworthy that the previously indicated 

Sn in Al and Bi in Al liquidus solubilities (Section 3.1) are reflected in Fig. 7, i.e., Sn has 

very limited solubility in Al and is reflected as minor AlSn peaks, and no AlBi phases are 

detected due to the insolubility of Bi in Al.  Furthermore, Fig. 4 shows that no AlSn phases 

were formed during the mechanochemical processing of Al-Sn binary composites; however, 

AlSn phases were observed in ternary Al-Bi-Sn composites.  This suggests that the presence 

of Bi may have had an influence on Al-Sn interparticle behavior during mechanochemical 

processing.  However, it is currently unclear how Bi promoted/enabled AlSn phase formation 

(this may be considered further in future studies). 

From Figs 5a and 7, it is evident that composites with Bi as the dominant phase were 

more reactive than phases with Sn as the dominant phase.  For instance, the reactivities of the 

composites (in decreasing order) were Al-5% Bi-5% Sn, Al-7.5% Bi-2.5% Sn, Al-9% Bi-1% 

Sn, Al-2.5% Bi-7.5% Sn, and Al-1% Bi-9% Sn.  It is also evident that certain Bi:Sn wt % 

ratios were more effective at activating Al.  For example, a Bi:Sn wt % ratio of 1 produced 

the most reactive composite, whereas composites with wt % ratios of 3 and 9 were less 

reactive.  In the cases were the Bi:Sn wt % ratios were <1, composites exhibited low/no 

reactivities, as is evident from the reactivities of Al-2.5% Bi-7.5% Sn and Al-1% Bi-9% Sn. 

3.5. Effects of initial water temperature 

To determine the effects of the initial reaction temperature on the hydrolysis reaction, Al-5% 

Bi-5% Sn was hydrolyzed at starting temperatures of 8, 14, 25, 45, and 55 C.  Fig. 8 shows 

the hydrogen yield (a) and reaction temperature changes (b).  The SDs of maximum hydrogen 

yield for initial temperature reactions of 25 C and >25 C were <3.0 and <6.3%, 

respectively.  Maximum standard temperature deviations were <4.2 C in all cases.  The 

inherent temperature increase of 8 C reaction solution is included as a dashed line in 

Fig. 8(b) to show heat transfer from the ambient environment to the reaction solution. 
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(a) 

 
(b) 

Fig. 8.  Hydrogen yields of Al-5% Bi-5% Sn hydrolyzed at starting temperatures of 8, 14, 25, 

45, and 55 C (a) and the observed changes in reaction temperature during hydrolysis (b).   

Fig. 8a suggests that the hydrogen release rate of Al-5% Bi-5% Sn may be partially 

reduced by decreasing the initial reaction temperature, without sacrificing hydrogen yield, i.e. 

the hydrogen yield is >99%, regardless of initial reaction temperature.  The induction period 

increased with a decrease in initial reaction temperature.  The 8, 14, and 25 C hydrolysis 
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reactions initiated after approximately 100, 60, and 20 sec, respectively, whilst the 45 and 

55 C reactions initiated almost instantly when the composite came into contact with water. 

Fig. 8b shows that the average temperature increase for the 8, 14, 25, 45, and 55 C 

hydrolysis reactions were 38, 35, 33, 34, and 28 C, respectively.  The dotted line in Fig. 8b 

illustrates the heat transfer from the reaction to the environment, which explains why the 8 C 

reaction had such a large increase in reaction temperature.  The opposite is evident for the 55 

C reaction, i.e., this reaction exhibits the smallest reaction temperature increase due to heat 

transfer from the reaction to the environment.  Considering these heat transfers mentioned, it 

can be said that the reaction temperature increases for each reaction were relatively similar.  

3.6. Recovery of activation compounds 

The recovery of activation compounds from spend mechanochemically activated Al is 

a topic that has been largely unexplored to date.  Three common acids (HCl, H2SO4, HNO3) 

were used in efforts to separate the activation compounds from the spent Al.  Al-5% Bi-5% 

Sn was selected for this investigation because it has equal Bi and Sn content.  Table 4 

presents the chemical analysis of the leachates (determined by ICP-OES) and the surface 

chemical composition of the residues (determined by SEM-EDS).  The leachate results are 

presented in units of wt % and solubilized % (amount determined by ICP-OES, expressed as 

a fraction of the total theoretical amount).  As stated earlier, SEM-EDS results should be 

considered as semi-quantitative. 
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Table 4: Chemical analysis of Al-5% Bi-5% Sn leachates and residues 

Acid solution 
ICP-OES (wt %, % solubilized) 

Al Bi Sn 

HCl 89.54 (91.04) 5.16 (94.52) 5.30 (97.00) 

HNO3 93.96 (96.29) 5.23 (96.52) 0.81 (14.88) 

H2SO4 92.96 (92.24) 1.41 (25.16) 5.63 (100.56) 

 
SEM-EDS (wt %) 

Al Bi Sn O 

HCl 4.190.72 4.391.22 2.721.26 88.702.98 

HNO3 0.520.10 0.290.15 55.570.64 43.620.85 

H2SO4 0.820.05 71.890.38 1.750.08 25.530.37 

 

It is evident for Table 4 that the acid solutions under consideration dissolved the 

majority of composite constituents; however, the HNO3 and H2SO4 solutions only partially 

solubilized Sn (14.88% solubilized) and Bi (25.16% solubilized).  SEM-EDS analysis of the 

HNO3 and H2SO4 residues suggests that these particles were rich in Sn and Bi, respectively.  

Selective Al dissolution or collective Bi and Sn dissolution were not achieved using the acids 

considered.  Ideally, a leaching procedure should selectively solubilize either Al or the 

activation compounds, with minimal dissolution of the nonselected compound(s).  

Furthermore, for a leaching procedure to be attractive, the leaching parameters and extraction 

chemical concentration should be as mild/low as possible.   

It is recommended that the use of other extraction chemicals (including alkaline 

chemicals), and the development and optimization of a selective leaching procedure should 

be addressed in future research. 

 

4. Conclusions 

A series of ternary Al-Bi-Sn composites was prepared by mechanochemical 

processing.  SEM micrographs suggest that Bi and Sn promoted the structural failure of Al 

during mechanochemical processing, which then readily decreased Al’s overall particle size.  
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Surface and subsurface SEM-EDS analysis suggest that Bi and Sn were distributed relatively 

evenly throughout the Al particles, hence promoting continuous micro-galvanic activity 

between anodic Al and cathodic Bi/Sn during hydrolysis reactions.  XRD analysis revealed 

minor intermetallic phases, i.e., AlSn, BiSn, and Sn0.95Bi0.05, with the major phases being Al, 

Bi, and Sn.  This indicated that formation of intermetallic phases between Al, Bi and Sn did 

not occur readily during mechanochemical processing.  High hydrogen yielding ternary 

composites (>99%) were prepared and the activation compound addition could be reduced 

from 10 to 5 wt % without affecting the hydrogen yield.  Decreasing the initial reaction 

temperature to 8 C did not affect the hydrogen yield of Al-5% Bi-5% Sn.  Preliminary 

results indicate that Bi and Sn could be partially recovered from hydrolyzed Al using H2SO4 

and HNO3, respectively. 
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CHAPTER 7:  PROJECT EVALUATION AND CONCLUSIONS 

 
The project evaluation is presented in Section 7.1.  Therein the project is evaluated against 

the general aims and specific objectives as presented in Chapter 1, Section 1.2.  Additionally, 

future prospective for continued research is presented in Section 7.2. 

 

7.1 Project evaluation and main conclusions 

In order to do a self-evaluation, the candidate evaluated the study against the objectives that 

were set in Chapter 1.  The points listed below correlate with the objectives set in Section 1.2. 

Objective 1:  Identify suitable activation compounds to activate Al using a 

mechanochemical approach. 

An in-depth literature survey indicated several low melting point metals that could be used to 

activate Al.  However, in many cases the activation process included gallium (Ga) as an 

activation compound and/or the use of a thermal activation route.  Ga is an expensive 

material, which greatly increases the cost of Al activation.  Furthermore, a thermal activation 

route is more energy intensive if compare to mechanochemical activation.  Regardless, the 

use of In and Sn in conjuration with Ga is widely reported in the peer-reviewed public 

domain.  Similarly, the use of Bi with various other materials has also been reported.  Thus, it 

was decided to investigate the use of Bi, In and Sn (and combinations thereof) as activation 

compounds. 

Objective 2:  Determine the efficiency of identified activation compounds in terms of 

enabling Al’s reactivity towards neutral pH waters under ambient conditions. 

In order to address this objective, the individual and combined effects of the identified 

activation compounds, i.e. Bi, In and Sn, were determined.  The combinations considered for 

investigation were Bi-In-Sn, Bi-In, Sn-In, and Bi-Sn.  For each investigation, a series of 
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binary and ternary composites were prepared and characterized by SEM-EDS and XRD, and 

their hydrolysis reactivities determined.  Table 7-1 presents a listing of ternary composites 

prepared in this dissertation, their respective yields and reaction times, and the relevant 

chapters they were presented in.  It is clear from Table 7-1 that numerous composites were 

fabricated and that the efficiencies of the considered compounds were investigated in depth. 



 PROJECT EVALUATION AND CONCLUSIONS 115 

Table 7-1: Ternary composites prepared in this dissertation  

Composition Activation compound (wt.%) Yield 
(%) 

Reaction 
time (sec) Reference 

Bi Sn In 
1 0 10.55 2.54 93 570 Chapter 3  
2 8.38 0 4.71 95 540  
3 0 3.27 9.82 93 810  
4 3.93 5.24 3.93 92 160  
5 6.54 2.62 3.93 96 100  
6 3.93 2.62 6.54 98 90  
7 3.93 6.54 2.62 93 130  
8 9.38 0 0.62 82 510 Chapter 4  
9 8.76 0 1.26 83 420  
10 7.5 0 2.5 95 450  
11 5 0 5 93 450  
12 3.74 0 6.26 77 378  
13 2.5 0 7.5 93 600  
14 1.26 0 8.76 66 720  
15 0.62 0 9.38 0 n.a  
16 0 9.5 0.5 25 2160 Chapter 5  
17 0 8 2 97 380  
18 0 6.5 3.5 96 370  
19 0 5 5 99 280  
20 0 3.5 6.5 97 300  
21 0 2 8 91 1050  
22 0 0.5 9.5 0 n.a  
23 0 4 1 63 1150  
24 0 3.25 1.75 75 1050  
25 0 2.5 2.5 83 1200  
26 0 1.75 3.25 71 1100  
27 9 1 0 99 640 Chapter 6  
28 7.5 2.5 0 99 480  
29 5 5 0 99 430  
30 2.5 7.5 0 38.5 220  
31 1 9 0 0 n.a  
32 4.5 0.5 0 99 740  
33 3.75 1.25 0 99 1100  
34 2.5 2.5 0 99 1550  

Objective 3:  Investigate the various reaction parameters that may affect the 

performance of prepared composites. 

The following reaction parameters were considered: 

i) Activation energy (Ea).  This energy was determined for several composites presented in 

Chapter 3 and ranged between 47.2 to 62.1 kJ/mol. 
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ii) Mass ratio, which is defined as the ratio of composite mass to volume water used during 

hydrolysis reactions (e.g. a mass ratio of 1:50 is defined as 1 g composite per 50 mL water).  

The effects of mass ratio were determined in Chapters 3, 4 and 5.  It was found that by 

increasing the mass ratio, the increase in reaction temperature was greatly decreased.  

However, in all cases, a higher mass ratio adversely affected hydrogen yield.  In addition to 

this, the hydrogen generation rate could be partially controlled by manipulating the mass 

ratio. 

iii) Water quality.  The effects of water quality on hydrogen yield were determined in 

Chapter 4.  The water qualities considered were deionized, filtered and tap.  It was found that 

water quality only marginally affected the hydrogen generation rate. 

iv) Initial reaction temperature.  Chapter 6 investigated the effect of initial reaction 

temperature on the hydrolysis reaction.  Though the idea was to perform all hydrolysis 

reactions under standard ambient conditions, the effects of initial reaction temperature was 

consider in cases where activated Al were to be used in cold (i.e. 8 and 14°C) or hot (i.e. 45 

and 55°C environments.  Results suggested that a lower initial reaction temperature could 

retard the hydrogen release rate, whilst not affecting the hydrogen yield.  A very exothermic 

reaction was observed when the initial reaction temperature was increase to >45°C, resulting 

in explosion-like reactivity. 

Objective 4: Develop a method to recover activation compounds from hydrolyzed Al 

composites. 

This objective was addressed in Chapter 7.  Three common acids, i.e. hydrochloric (HCl), 

nitric (HNO3) and sulphuric (H2SO4), were considered to recover activation compounds from 

hydrolysed Al.  Hydrolysed Al-5% Bi-5% Sn was considered for this investigation.  

Hydrolysis products were contacted with an individual acid for 6 hrs.  Thereafter, the leachate 

and residues were analysed by ICP-OES and SEM-EDS, respectively.  The results suggested 
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that the acids consider dissolved the majority of the hydrolysis product; however, HNO3 and 

H2SO4 solutions only solubilized 14.88% Sn and 25.16% Bi, respectively. 

7.2 Future prospects 

Relatively good progress has been made towards determining the effects of Bi, In, and Sn and 

combinations thereof on Al’s morphological characteristics and its reactivity towards neutral 

pH waters under standard ambient conditions caused by mechanochemical processing.  

However, several topics have yet to be addressed/explored.  Of major importance is the lack 

of a suitable reactor that operates on such Al composites.  Several reactors have been reported 

that operate on Al-alkaline solution, but as far as the candidate could assess, no reactor 

operating on activated Al has been reported in the peer-reviewed public domain.  An 

important factor to consider when designing such a reactor will be the uncontrollability of 

Al’s reactivity, i.e. as soon as the hydrolysis reaction is initiated, it cannot easily be stopped.  

Thus, such a reactor will be based upon a high pressure design, i.e. hydrogen is generated at a 

faster rate as what it can be consumed and unconsumed hydrogen is systematically released 

from the reactor to be utilized.  Finally, a preliminary approach towards the recovery of 

activation compounds from hydrolysed Al was proposed here; however, this process requires 

further development and optimization.  Activation compound recovery would greatly 

increase the attractiveness of this hydrogen generation method. 
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