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a b s t r a c t

Ferrosilicon 75, a 50:50 mixture of silicon and iron disilicide, has been activated toward

hydrogengenerationbyprocessingusingballmilling, allowingamuch lower concentrationof

sodiumhydroxide (2wt%) tobeused togeneratehydrogen fromthesilicon in ferrosiliconwith

a shorter induction time than has been reported previously. An activation energy of 62 kJ/mol

was determined for the reaction of ball-milled ferrosilicon powder with sodium hydroxide

solution, which is around 30 kJ/mol lower than that previously reported for unmilled ferro-

silicon. A series of composite powders were also prepared by ball milling ferrosilicon with

various additives in order to improve the hydrogen generation properties from ferrosilicon 75

andattempt to activate the silicon in thepassivating FeSi2 component. Threedifferent classes

of additives were employed: salts, polymers and sugars. The effects of these additives on

hydrogen generation from the reaction of ferrosiliconwith 2wt% aqueous sodium hydroxide

were investigated. It was found that composites formed of ferrosilicon and sodium chloride,

potassium chloride, sodium polyacrylate, sodium polystyrene sulfonate-co-maleic acid or

fructose showed reduced induction times forhydrogengeneration compared to that observed

for ferrosilicon alone, and all but fructose also led to an increase in the maximum hydrogen

generation rate. In light of its low cost and toxicity and beneficial effects, sodium chloride is

considered to be themost effective of these additives for activating the silicon in ferrosilicon

toward hydrogen generation. Materials characterisation showed that neither ball milling on

its own nor use of additives was successful in activating the FeSi2 component of ferrosilicon

for hydrogen generation and the improvement in rate and shortening of the induction period

wasattributed to thesiliconcomponent of themixture aloneThegravimetric storagecapacity

for hydrogen in ferrosilicon 75 is therefore maintained at only 3.5% rather than the 10.5%

ideally expected for amaterial containing 75% silicon. In light of these results, ferrosilicon 75

does not appear a good candidate for hydrogen production in portable applications.

© 2018 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
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Introduction

Hydrogen generation for portable fuel cell devices

In recent years, the explosion in the use of portable electronic

devices has driven an increase in demand for systems which

can produce electricity on the move [1e4]. One of the most

promising methods to generate electricity in a portable device

is to use proton exchange membrane (PEM) fuel cells [5e11].

These possess two major advantages over batteries: first, PEM

fuel cells have a greater power density than batteries, and

second, PEM fuel cells will continue to generate electricity as

long as they are fed with hydrogen, allowing them to operate

for a longer time than batteries [12,13]. However, these ad-

vantages are only realisable if appropriate portable sources of

hydrogen can be developed.

Portable devices need to be recharged regularly by their

users and as a result this limits the method of hydrogen

generation to materials which can store hydrogen and release

it predictably and on demand. Although hydrogen gas may

seem an attractive choice of fuel due to its high energy density

by weight and an environmentally friendly combustion

product; H2O. the low liquefaction temperature (20.3 K) and

the need for heavy walled pressurised storage tanks are

impractical for mobile application use [14,15]. Alternative

options are hydrogen storage materials that fall into two

categories which generate hydrogen by either thermolysis or

hydrolysis. For portable applications, thermolysis of metal

hydrides is not favoured as methods of heating/cooling safely

must be built into the device to make it operate; this acts to

increase the bulk of the device which is limited by the

requirement to be transportable. Light elements which

generate hydrogen by a hydrolysis reaction are thereforemore

favoured, since they can produce a high percentage of

hydrogen per unit mass. These materials are considered to

store the hydrogen in the water that they react with rather

than in the metal itself. In some cases this reaction is too vi-

olent to be viable for portable application e.g. in the case of

sodium, but in other examples, the formation of a passivating

oxide layer allows the high gravimetric storage capacity of

silicon (14%) and aluminium (11%) to be transported and uti-

lised when required [16e26].
Hydrogen generation from silicon

Silicon has a high natural abundance, making up ca. 27% of

the Earth's crust, largely in the form of silicates including

quartz and feldspars [27]. Silicon has attracted considerable

interest in recent years due to its theoretically simple reaction

with water (Equation (1)) which is accompanied by a high

standard enthalpy change for the reaction (�409 kJ mol-1)28 as

well as the production of hydrogen.

Si(s) þ 2H2O -> 2H2(g) þ SiO2(s) (1)

The rise in industrial demand for silicon has been more

recent [19] than for aluminium, with themajority of its uses in

high value applications. Silicon is used in vast quantities for

e.g producing semiconducting silicon wafers which typically
must be produced in high purity for optimal performance e.g

solar grade products. Although this could be considered a

concern and possibly a competing area of demand for silicon

against that for its utilisation in hydrogen production, it also

means there is growing interest in processing and recycling

silicon waste. Porous silicon has been generated from elec-

trochemical etching of p-typewafers for hydrogen storage [29]

and nanosilicon has been tested in nanoemulsions in internal

combustion engines to create hydrogen in-situ [30].

Under standard conditions, water on its own it not nor-

mally sufficient to release hydrogen from silicon due to the

previously discussed passivating oxide layer. While the oxide

layer is useful in generating a material which can be safely

transported, it does not contribute to the generation of

hydrogen itself and acts to retard its release from the under-

lying metal. This can be considered as a blocking effect where

the oxide prevents the reaction of the solution with the metal

that is covered by the protecting layer. As a result, an activa-

tion process is typically undertaken to remove the oxide and

access the metal and its associated stored hydrogen via re-

action with water. A variety of methods exist to accelerate the

penetration of the solution through the oxide layer and/or

limit its thickness. The first of those is to use a strong acid or

base as an etchant to chemically remove the oxide layer and

allow attack of the reaction solution on the light element. Hu

[31] released hydrogen fromwaste silicon wafers using strong

base while Zhan and coworkers [32] used base and a magne-

sium alloy to form silicon oxide hydride from porous silica.

Kao improved the release of hydrogen by base catalysis of kerf

loss silicon by using additives including sodium metasilicate

and silicic acid [33]. Erogbogbo, also used an ingenious laser

pyrolysis method to reduce the oxide layer in nanosilicon [34]

while Goller investigated the effect of pH on the nanosilicon/

water reaction [35]. High concentrations of acid/base are very

effective at removing the oxide but are less desirable from a

portable application point of view, both from a safety of the

user perspective and possible damage to the container in

which the device is housed. The literature has thus shown a

particular focus on reducing the acid/base concentration and/

or developingmaterials which can react withwater alone. The

second method for removal of the oxide layer involves thin-

ning/damaging of the oxide layer by abrasion. This can be

achieved in many different ways from simple hand grinding

in a pestle andmortar to ball milling. An additional advantage

of using the ball milling methodology is that the particle size

also tends to be reduced, leading to increased defects/grain

boundaries and hence enhanced reaction rates. Grain

boundaries are thought to retard oxide layer build up and

allow the oxide layer to be more easily breached.

Ferrosilicon; a cheap hydrogen generating silicon/iron
disilicide composite

Ferrosilicon is a low cost material prepared by reducing the

waste from the processing of iron oxide ore with coke leading

to a mixture of iron, silicon and/or iron silicide phases

depending on the iron:silicon ratio [36]. The most widely

produced of these is ferrosilicon 75, where the 75 refers to a

silicon content of ca. 75%, which is a 50:50 mixture of Si to

FeSi2 that has been used to produce hydrogen for over a
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century. Unlike pure silicon, which has not been used in large

scale applications to produce hydrogen, ferrosilicon was used

on a massive scale to create hydrogen and power Zeppelins

during World War I [37]. It is easy to transport and safe to

handle by untrained personnel, only releasing hydrogenwhen

treated with strong base. It therefore has the potential to be

used in mobile applications due to a good safety record in the

field, but only if the full potential of the silicon within it can be

unlocked and the concentration of the base needed to release

hydrogen (40% wt. NaOH) can be reduced. The theoretical

gravimetric storage density of ferrosilicon 75 is 10.5% or ca.

75% of that of pure silicon on its own (14%), based on the ratio

of silicon to iron in ferrosilicon 75 of 3:1; although this is

similar to aluminium (11%), ferrosilicon 75 is a much cheaper

commodity as it is prepared from mining waste [36]. However

the full hydrogen generation capability of the mixture cannot

be accessed, as two thirds of the silicon within the ferrosilicon

is present in FeSi2. FeSi2 is an inert component which protects

the active silicon from oxidation, acting as a passivating

species in the similar way that a surface layer of silicon oxide

passivates silicon metal. This composition means that the

hydrogen generation behaviour of ferrosilicon is markedly

different to silicon on its own. The role of spectator (FeSi2) and

active species (Si) in this material was confirmed in our labo-

ratories [38] by experiment and showed that the gravimetric

storage density for hydrogen of ferrosilicon 75 is only 3.5%;

roughly a third of that expected for ferrosilicon 75 (10.5%)

based on the silicon to iron ratio of 3:1 as most of the silicon is

contained within the FeSi2 and unavailable to produce

hydrogen. Ways to attain the theoretical gravimetric storage

density of 10.5% would be of great interest in mobile appli-

cations and/or back up power generation, as ferrosilicon 75

would be cheap to produce, easy to transport and safe to use.

While the very broad and complex area of metal corrosion

is not required for the understanding of the hydrogen gener-

ation process in ferrosilicon, pitting corrosion is of interest as

it describes how protecting layers such as oxide and/or in-

termetallics are disrupted by surface etchants. Pitting corro-

sion arises when a corrosive species penetrates through

irregularities in the passivating oxide layer or intermetallic

(such as FeSi2) until it reaches the reactive metal interface.

The presence of the anion at the surface leads to thinning and

rupture of the passivating layer and creates a pit. As pits grow

with further etchant anions attacking the same area, the

concomitant hydrogen generation reaction is accelerated.

Chloride is an anion which is well known for causing the

pitting corrosion mechanism in both steel and aluminium.

Alloying is an effective way of reducing the formation of oxide

and the high stability of ferrosilicon is due the presence of

FeSi2 which allows ferrosilicon to be stored under ambient

conditions without loss of reactivity. In the case of Al/Mg,

alloying with more electropositive metals acts to enhance

hydrogen production through galvanic corrosion, but for FeSi2
this is not the case and it remains inert throughout the reac-

tion of ferrosilicon with base. The resistance of FeSi2 to

corrosion also results in a significant induction time to pro-

duce the hydrogen which is not ideal from a portable appli-

cation perspective. Rate of hydrogen production is also very

slow unless high concentrations of base are used, typically

40% wt. Sodium hydroxide, and a much lower concentration
would be needed to utilise this reaction in a device due to

health and safety considerations. Both these issues need to be

addressed to use ferrosilicon practically.

Ball milling of hydrogen storage materials

Particle size reduction by ball milling is a process which is

being used increasingly often to enhance the activity of

chemical hydrogen storage materials, partly due to its po-

tential scalability [39]. This has included standard ball milling

of light metals pertinent to this study and more intricate

versions of the technique such as employing dielectric-barrier

discharge plasma [40] ball-milling onmetal hydrides [41] such

as MgH2. Alinejad and Mahmoodi used the standard ball-

milling method to obtain induction-period free hydrogen

generation by reaction of a NaCl:Al composite with pure water

[42]. Czech and Troczynski [43] and Swamy and Shafirovich

[44] have reported slightly contradictory results on the effects

of leaching out the sodium chloride by dissolution in cold

water before reaction to generate hydrogen. Czech and Troc-

zynski found that the leached-out powders reacted in the

same way as the composite powders (in terms of induction

periods and hydrogen yields), whereas Swamy and Shafir-

ovich found that leached out powders showed longer induc-

tion periods than composite powders; they ascribe this

change to surface passivation engendered by the formation of

an oxide layer during the drying stage after leaching (the

powders were dried in air overnight). The authors found that

the primary cause of the activation of the aluminium powders

is the production of grain boundaries, dislocations and in-

clusions in the oxide layer and the exposure of fresh

aluminium surface by the deformation of the aluminium.

Foord et al. demonstrated the use of several additives, notably

sodium polyacrylate, sucrose and sodium chloride, in the

activation of silicon to generate hydrogen with water [45,46].

Their explanation of the mechanism of action of the additives

was as follows. When the composite powder is exposed to

water, the highlywater soluble dispersants, termed dispersing

agents, such as sodium chloride and sucrose rapidly leach out

of the composite powder into solution, which in turn pro-

motes the dispersion of the silicon particles and increases

their exposed surface area and thus their availability for re-

action. These authors found that sodium chloride caused

agglomeration of silicon particles, while sucrose was found to

decrease agglomeration with respect to the powder milled

without additives. This led to rapid initial reactions with so-

dium chloride-silicon composites before a drop in rate and a

lengthier reaction time due to the aggregation of silicon onto

the surface of the silicon particles, blocking the reaction.

When sucrose was just added to solution, it was found to

cause a decrease in the reaction rate such that it was lower

thanwhen therewas no additive; this indicated that it was the

leaching out process that was critical to the activation.

Foord et al. also studied the use of polyelectrolytes as

colloidal stabilisers [45,46]. They found that the addition of

anionic polyelectrolytes, and in particular, sodium poly-

acrylate to an aqueous solution was sufficient to double the

rate of hydrogen generation with respect to the reaction in

cold water. The authors also found that the stability of the

colloid increased as more PAA was added to solution; this led

https://doi.org/10.1016/j.ijhydene.2018.12.008
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to a larger reactive surface area (of the silicon) and a faster

reaction.

Activation of ferrosilicon for mobile applications

In this work, we seek to activate ferrosilicon 75, a 50:50

mixture of silicon and FeSi2, which was used to generate

hydrogen for airships in the early 20th century [37], by ball

milling with various additives in a similar way to that

described for silicon and aluminium. Ferrosilicon is a cheap,

low-toxicity material which is readily available on the multi-

tonne scale. In previous work, we have demonstrated that

ferrosilicon 75 generates hydrogen by the reaction of its

metallic silicon component with sodium hydroxide solution

[38]. However, induction periods were lengthy and reaction

rates sluggish unless a high concentration (40 wt%) of sodium

hydroxide solution was deployed to etch the surface chemi-

cally [38,47]. As well as retarding the release of hydrogen from

silicon, the FeSi2 component in ferrosilicon was also shown to

be unchanged during the hydrogen generation process,

meaning there is potential to unlock further silicon for

hydrogen generation from the composite. Though the ball

milling of ferrosilicon to obtain silicon for lithium-ion battery

applications has recently been reported [48,49], to our

knowledge no studies exist on the application of ball-milling

ferrosilicon and ferrosilicon composite powders for

hydrogen generation. This paper examines the effects of

milling and additives on ferrosilicon 75 and their ability to

activate in the presence of base the two components in the

system, Si and FeSi2, for hydrogen release.
Material and methods

Synthesis and characterisation methods

Ferrosilicon 75 was purchased from Castree Kilns. LCMS-

grade acetonitrile, sodium hydroxide, sodium polyacrylate

(PAA, MW 5100), sucrose, fructose, lactose monohydrate,

glucose,mannose, poly (sodium 4-styrenesulfonate) (PSS, MW

~70000), polyethylene glycol (PEG, MW ~10000), poly-

vinylalcohol (PVA,MW~89000e98000), poly (4-styrenesulfonic

acid-co-maleic acid) sodium salt (PSScoMA, MW ~20000), po-

tassium chloride and sodium chloride were purchased from

Sigma Aldrich. All chemicals were used as received.

Ball milling was carried out using a Fritsch Pulverisette 6

ball mill equipped with an 80-mL tempered steel bowl and

tempered steel balls (5 mm diameter, 130 g). In the milling

experiments, 6.5 g of ferrosilicon powder was placed in the

bowl along with the balls, acetonitrile (15 mL) and the

appropriate amount of additives (polymers: 1.3 g; sugars and

salts: 3.25 g) and this was then placed in the ball mill and

milled at a 600 rpm for 15 min, unless otherwise stated. Once

the milling process was finished, the bowl was left to cool,

after which time the solid material still suspended in aceto-

nitrile was extractedwith a plastic pipette and transferred to a

sample vial to dry in air. The balls and bowl from the ball mill

were then washed with acetonitrile several times to recover

any residual product left on the bowl or balls of the mill, and

the washings were also transferred to the sample vial. The
sample was then left to dry with no heating by evaporation of

the solvent in air. The ball milled powdered samples were

then stored in ambient air before being using to generate

hydrogen.

Powder X-ray diffraction data were collected in trans-

mission geometry on a Bruker D8 Discover diffractometer

using Co Ka1 radiation and a Braun linear position sensitive

detector over the 2q range 15e95� with a step size of 0.007� 2q
and a count time of 1.0 s per step. FTIR spectra were obtained

using a Shimadzu IR Affinity-1 FTIR spectrometer with a

Specac ATR Sampling Accessory.

X-ray photoelectron spectroscopy (XPS) studies were con-

ducted using a VG Scientific EscalabMk I instrument operating

with a monochromatic Al Ka X-ray source (1486.6 eV). The

powders were imaged using a Leo 1530 VP field emission gun

scanning electron microscope (FEG-SEM) at an accelerating

voltage of 5 kV. Particle size distributions based on SEM im-

ages were obtained using Zeiss’ software package AxioVision

SE64 (Release 4.9.1). Elemental maps were generated by en-

ergy Dispersive X-ray (EDX) spectroscopy, which was con-

ducted using a Leo 1530 VP FEG-SEM at an accelerating voltage

of 20 kV and a working distance of 8.5 mm. Particle size ana-

lyses and zeta potential measurements were conducted using

a Zetasizer Nano (Malvern Instruments Ltd.).

Thermogravimetric analysis (TGA)was conducted using an

SDT Q600 Thermal Analyser (TA Instruments) using a ramp

rate of 10 �C/min up to 700 �C. Elemental analysis was con-

ducted using a CE-440 Elemental Analyser (Exeter Analytical,

Inc.).

Procedure for determining hydrogen production

The reactions between both ball-milled ferrosilicon and

ferrosilicon composite powders produced by ball-milling with

sodium hydroxide were then investigated. 5 mL of 2 wt% so-

dium hydroxide solution (unless otherwise stated) was added

to a 50-mL round bottomed flask and left to equilibrate to the

desired temperature (typically 55 �C) for 10 min. In the case of

ball milled ferrosilicon, 0.2 g of the solid was added to the

sodium hydroxide solution in the flask and the volume of

hydrogen evolved was recorded using the water displacement

method previously described elsewhere [50]. over a period of

time long enough to ensure no more hydrogen was being

produced (typically 10min). The analogous experiment for the

ball milled ferrosilicon composite mixtures was carried out in

the sameway, except the amount of solid added was adjusted

to take account of the additive and keep the mass of ferrosil-

icon constant at 0.2 g. This was 0.3 g of salt/sugar ball-milled

ferrosilicon composite and 0.24 g of polymer ball-milled

ferrosilicon composite respectively.
Results and discussion

Characterisation of ferrosilicon starting material (without
additives)

The as received (unmilled) ferrosilicon 75 starting material

was first characterised using physical characterisation tech-

niques (XRD, XPS) to investigate particle size and identify the

https://doi.org/10.1016/j.ijhydene.2018.12.008
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phases present. A hydrogen generation profile for this mate-

rial was then produced to generate a standard profile for the

material where no treatment (milling or addition of additives)

had taken place. After this initial characterisation, milled

ferrosilicon was prepared from this standard with no addi-

tives present to investigate the effect of milling on the

hydrogen generation profile. These data were collected to

provide comparative data for the additive experiments carried

out in sections 3.2.

Characterisation of as-received ferrosilicon powders
The characterisation of the ferrosilicon 75 starting material

used in this study has been described previously [38]. It was

found that the material consisted predominantly of inhomo-

genously distributed crystalline phases of silicon and iron

disilicide, with a silicon rich surface. Representative data are

included in the Supporting Information (Figs. S1-S3). The

powders were found to have a mean particle size of 51.2 mm

with a standard deviation of 39.9 mm, highlighting the very

inhomogeneous nature of the particle size in this material.

The non-homogeneity of the samples is unsurprising

considering the fact that ferrosilicon is an industrial material

prepared from reduction of iron oxide waste (from mining)

with coke at high temperature rather than a fine chemical

prepared from pure materials of well defined composition.

Hydrogen generation profiles from ferrosilicon 75 using

sodiumhydroxide have also been described previously [38,47].

The poor homogeneity and large particle size present in this

material means that concentrated sodium hydroxide (40% wt)

is needed to generate hydrogen otherwise very lengthy in-

duction periods are observed before any hydrogen is released.
Fig. 1 e a) XPS spectra of the Si 2p region for pre- and post-mille

before (bottom) and after (top) ball milling. Reflections correspo

corresponding to iron disilicide are indicated by *.
The first stage in trying to shorten the induction period and

increase the rate of reaction, was through ball milling the

material on its own with no additives. .

Materials characterisation of ferrosilicon powders following
ball-milling
In an effort to achieve the smallest possible particle sizes

within the limitations of the equipment available, balls of

small diameter (5 mm) and the highest rotation speed of the

ball mill (600 rpm) were utilised. A short milling period

(15 min) was used in order to avoid problems of forming large

agglomerates or of reoxidising the surface of the powder [22].

The milled powder was characterised using PXRD, ATR-FTIR,

XPS, TGA, SEM-EDX and DLS. The PXRD pattern confirmed

that no phase changes occurred during the ball milling pro-

cess and no new phases were formed; some impurity phases

may still be present that cannot be detected by X-ray diffrac-

tion either by being too poorly crystalline and/or in too lower

concentration. The positions of the reflections are noted in the

figurewith a # for Si and a * for FeSi2. Analysis by ATR-FTIR and

TGA (as there was very little weight loss) suggested that there

was very little acetonitrile remaining in the powders after the

simple drying process of standing the ground material in air

and allowing the acetonitrile to evaporate. This was further

confirmed by XPS analysis, which indicated the presence of

4 at.% N at the surface. High resolution XPS spectra of the Si 2p

region before and after milling (Fig. 1(a)) suggest that there is

an increase in the intensity of the peak which is primarily

indicative of silicon (99.1 eV) with respect to the peak corre-

sponding to silicon dioxide (103.1 eV), indicating that the

milling process effectively decreases the thickness of the
d ferrosilicon 75 powders. b) PXRD pattern of ferrosilicon 75

nding to silicon are indicated by #, while major reflections

https://doi.org/10.1016/j.ijhydene.2018.12.008
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surface oxide layer. The PXRD patterns (Fig. 1(b)) of the pow-

ders before and after milling show that there is no change in

the crystalline phase composition of the material during the

milling process with only silicon reflections (denoted by a #)

and iron disilicide reflections denoted by a *) present in the

pattern. The lower intensity and broader reflections are

indicative of a smaller crystallite size after milling (according

to the Debye-Scherrer equation where particle size is

inversely proportional to full width at halfmaximumheight of

the reflections). A full Debye Scherrer analysis to determine

the size reduction was not carried out due to the multiphase

nature of ferrosilicon and the simplicity of the crystal system

leading to few reflections.

SEM images of the powder after milling clearly show that

the particle size is greatly reduced through themilling process

(Fig. S1 and Fig. 2). It is also clear from the SEM images that the

particle sizes are still fairly inhomogeneous, ranging from a

few hundred nanometres to around a micron in at least one

dimension, which is commonly observed in powders pro-

duced by ball milling [35,44]. An attempt to measure the par-

ticle size in suspension was made using dynamic light

scattering (DLS). First, a sample of the powder was added to

distilled water and then left to equilibrate. However, some

particles settled (a Zeta potential of 3.06±0.14 mV at pH 7 was

measured for the ball-milled ferrosilicon powder, confirming

that it does not form a stable suspension); the average particle

size of the suspended particles was found to be 370±11 nm.

Agglomerates were also observed.

As described in section 1.3, the role of FeSi2 in ferrosilicon is

as a protector species for the active Si particles to prevent their

surface oxidation and hence allows ferrosilicon to be easily
Fig. 2 e SEM images of ball-milled ferrosilicon 75 powder using

left 20 times and bottom right 50x.
packaged and transported; it is transported in barrels and no

inert gasbackfill isnecessaryasmightbeexpected for siliconon

its own. Iron disilicide remains inert throughout the hydrogen

productionprocesswhile thesilicon isoxidisedandhydrogen is

produced. One of the goals of milling the ferrosilicon powder

was to obviate the physical iron disilicide obstruction to the

reaction of silicon with aqueous sodium hydroxide to improve

the hydrogen generation properties of the bulk. The elemental

distribution before and after milling was thus examined by

energy dispersive X-ray spectroscopy (EDX). As shown in pre-

vious work [38] and reported in the literature [51], ferrosilicon

alloys contain an inhomogeneous mixture of phases, and

elemental maps of as-received ferrosilicon obtained by EDX

clearly show discrete regions of silicon and iron disilicide

(Fig. 3).Aftermilling, thedistributionof the relevant elements is

far more even, indicating that the grain sizes of the individual

phases are greatly reduced (Fig. 3). This decrease in grain size

and presumed concomitant increase in the number of grain

boundaries, defects and vacancies is expected to lead to acti-

vationof thepowders towardshydrogengenerationas it breaks

down the inert FeSi2 into smaller particlesmeaning the surface

of the silicon is more exposed. Grinding also facilitates the

breakdown of any oxide on the surface of the active silicon

particles, in addition to the enhancement in rate obtained due

to the reduction in particle size [39,52e54].

Hydrogen generation from ball-milled ferrosilicon powders
The hydrogen generation properties of the ball-milled ferro-

silicon powders were investigated. Whereas in previous

studies described in section 3.1.1, 40wt%NaOH solutionswere

required to attain short induction times and reasonable rates
different magnifications; top left 3x, top right, 10 x, bottom
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Fig. 3 e Elemental maps generated by EDX before (top) and after milling (bottom) in sequence left to right, SEM image,

elemental silicon map and elemental iron map. It is clear that Si and Fe are much more homogenously distributed after

milling (bottom) than they were in the as-supplied materials (top). (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)
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of hydrogen generation from the as-received ferrosilicon

powder [38,47], it was found that this concentration could be

reduced to 0.5 M NaOH and still obtain hydrogen on a

reasonable timescale once the ferrosilicon had been milled.

Thus, 2 wt% NaOH was used throughout this study, since as

explained in the Introduction, lower concentrations of base

are inherently safer and more appropriate for the portable

application of interest. A rapid increase in the reaction rate

was observed in the reaction of the milled material with so-

dium hydroxide compared to the un-milled powders. This

behaviour is entirely consistent with previous work in the

area on similarmaterials where a decrease in particle size and

increase in surface area, defects and grain boundaries in-

creases the reaction rate.

To calculate the apparent activation energy of these pow-

ders, reactions were carried out with 2 wt% NaOH at various

temperatures and the maximum rate of hydrogen generation

(HGR) measured for each one (Fig. 4(a)). The natural log of the

maximum rate at each temperature was then plotted against

the inverse of the temperature, and the activation energy ob-

tained from the gradient of this plot (Fig. 4(b)) [47,55,56]. An

apparent activation energy of 62 kJ/mol for this process was

estimated, which is some ~30 kJ/mol lower than that obtained

for un-milled ferrosilicon powder. While the reduction in the

particle size would be expected to lead to an increase in the

reaction rate, the effect would be expected to be similar at all

temperatures; in other words, the values of HGR would all

change similarly, and the gradient and therefore the activation

energy would be the same. Therefore, the decrease in activa-

tion energy is not ascribable to the reduction in particle size
alone. Rather, the decrease in apparent activation energy after

ball milling is ascribed to the removal of the inert FeSi2 species

from the active silicon surface and the introduction of va-

cancies, defects and dislocations into the surface oxide layer

on the silicon particles. Breaking down the iron disilicide so the

silicon ismore accessible while at the same time removing any

oxide formed by milling thus activates the material towards

reaction. The greater number of grain boundaries within the

ferrosilicon itself are then less easily passivated by oxide on

the silicon due to the formation of the finely divided FeSi2
To gain insight into the reaction mechanism, values of

59.3 kJ/mol and�64.4 J/K/mol were obtained for the activation

enthalpy and entropy, respectively, bymeans of an Eyring plot

(Fig. 4(c)) [47]. A negative activation entropy is associated with

an associative rate determining step; this suggests that the

reaction of ball milled ferrosilicon with sodium hydroxide

follows a similar mechanism to that of the reaction of hy-

droxide and silicon, whereby the attack of hydroxide ions on

silicon to form a hydrated silica complex (in other words, an

associative process) is considered to be the rate determining

step [57,58].

Characterisation of reaction products
The residual powders were characterised after reaction with

sodiumhydroxide to formhydrogen by SEM, PXRD and XPS. In

agreement with previous studies on un-milled ferrosilicon

powders [38], PXRD (Fig. 5(a)) showed that the silicon phase

(reflections denoted by # on the figure) in the powders was

completely consumed during reaction and the iron disilicide

phase (reflections denoted by * in the figure) remained inert
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Fig. 4 e a) Hydrogen generation curves from the reaction of 0.20 g of ball-milled ferrosilicon with 5 mL of 2 wt% sodium

hydroxide solution at 325, 330, 334.5, 339.5 and 345 K. b) Arrhenius plot generated from the rates of reaction extracted from

the hydrogen generation curves shown in Fig. 4(a) c) Eyring plot generated from the rates of reaction extracted from the

hydrogen generation curves shown in Fig. 4(a).
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throughout the reaction. XPS of the Si 2p region shows that the

surface oxide layer has thickened to the point that metallic

silicon is no longer detectable (Fig. 5(b)). The SEM of the post-

reaction powders suggests that they have a more finely

structured surface than the pre-reaction powders (Fig. 5(c), (d)

and (e)). These data confirm that milled ferrosilicon follows

the same reaction pathway as un-milled ferrosilicon.

Investigation of the effect of additives on ferrosilicon

Having shown that ferrosilicon can be activated by ballmilling,

the next stage in the investigation was to see if using additives

could improve the hydrogen generation properties of ferrosil-

icon further, in a similar way to what had been observed for

silicon and aluminium. Although ball milling successfully

reduced the particle size, resulting in a more rapid reaction, a

lengthy induction period before hydrogen generation was

detected was still maintained for ball milled ferrosilicon when

reacting with a 2 wt% sodium hydroxide solution. The origin of

this induction period is passivation of the ferrosilicon by sur-

face oxide on silicon and the presence of the FeSi2 protecting

species. In order to further activate ferrosilicon, these effects

need to be overcome and the FeSi2 broken down.

Preparation and characterisation of ferrosilicon/additive
composites

In order to improve the hydrogen generation properties of

ferrosilicon further it was decided to investigate whether
the positive effects of incorporating three best additives for

silicon activation reported by Foord et al. [45,46], would also

be observed for ferrosilicon. The logic that the effect should

be replicated is based upon the fact that the active reagent

in ferrosilicon has been shown to be silicon itself. In addi-

tion, other additives were included in the study that have

been used to erode/tribologically remove surface oxide as

they could theoretically undertake the same role in

removing the passivating iron disilicide present in ferro-

silicon. Other low toxicity, water soluble salts, sugars and

polymers were also trialled on the basis of their ability to

react with iron compounds such as ferrosilicon by corro-

sion of FeSi2.

Preparation of ferrosilicon:additive composites by ball-milling
Composite powders of ferrosilicon with various additives

were prepared by ball milling. A ratio of 1:0.2 was chosen for

the ferrosilicon:polymer composties, and a ratio of 1:0.5 was

chosen for the ferrosilicon:salt/sugar composites, based on

the optimum quantities identified by Foord et al. [45,46] It was

initially intended to employ elemental analysis to determine

the proportion of additive (by calculation from the quantities

of carbon and hydrogen) in the composite powders. The

objective was to demonstrate that the theoretical rise in car-

bon content as different polymeric additives were used to

prepare the composite powders was achieved by carrying out

the analysis before and after the reaction. Since the propor-

tion of additive was low, the calculated change in carbon

content would have been between 5 and 13%. However, this
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Fig. 5 e a) PXRD pattern of powder recovered after reaction of ball-milled ferrosilicon with 5 mL of 2 wt% sodium hydroxide

solution at 55 �C. Reflections corresponding to iron disilicide are denoted by *. b) Si 2p region of the XPS spectra of the same

powder. c), d) and e) SEM images of the same powder.
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was not possible as characterisation of the industrial grade

ferrosilicon powder used in this study contained highly vari-

able amounts of carbon (0.00e1.75 wt%) whichwould have led

to substantial uncertainty in the analysis. The source of the

carbon is likely to be the result of the legacy of the coke used in

the manufacturing process of ferrosilicon.

Ferrosilicon/salt composites

Three salts were initially chosen as additives; LiCl, NaCl and

KCl. However, extensive investigation was limited to only the

sodium and potassium salts since the lithium analogue was

highly hygroscopic and the powders obtained with this addi-

tive rapidly became paste-like in consistency during the dry-

ing stage, making accurate weighing impossible.
The presence of NaCl and KCl in the composite powders

was readily confirmed by PXRD (Fig. S5). Reflections at 32.02,

37.12, 53.42, 66.76, 78.78 and 90.44�2q correspond to the (111),

(200), (220), (222), (400) and (420) planes of NaCl (ICDD 00-005-

0628, cubic, Fm-3m (225)), while reflections at 33.16, 47.51,

59.05, 69.37, 78.96 and 88.34�2q correspond to the (200), (220),

(222), (400), (420) and (422) planes of KCl (ICDD 00-004-0587,

cubic, Fm-3m (225)). XPS analysis (Fig. S6) further confirmed

the presence of K and Cl at the surface of the KCl composite

and Na and Cl at the surface of the NaCl composite. TGA

analysis of the composites showed minimal weight loss upon

heating to 700 �C (1.75% for NaCl, 0.15% for KCl), as would be

expected given the known melting points of these materials.

SEM analysis (Figs. S7 and S8) showed that the particles ob-

tained by milling with both NaCl and KCl are fairly
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inhomogeneous in size, ranging from a few hundred nano-

metres to more than a micron in diameter.

Hydrogen generation from salt composites

The hydrogen generation properties of the composites were

evaluated by reacting them with 2 wt% NaOH solution at

~55 �C and comparedwith a sample of ferrosilicon prepared at

a similar time (Fig. 6). Addition of NaCl and KCl clearly leads to

an increase in reaction rate, suggestive of a smaller particle

size and/or more defects in the oxide coating, compared to

ball-milled ferrosilicon itself. Such a phenomenon has also

been reported for aluminium milled with salt, and this was

ascribed to the inhibition of cold welding during the milling

process [52]. However, ferrosilicon, given its large metallic

silicon component, is likely to be somewhat less ductile and

more brittle than aluminium, and thus more likely to fracture

than to weld. In systems where brittle powders are milled

together, it has been observed that the more brittle compo-

nent becomes embedded in the less brittle component [39];

thus, milling together of ferrosilicon and either sodium or

potassium chloridewould lead to the formation of an intimate

mixture of the two. The presence of the salt would thus inhibit

agglomeration of ferrosilicon particles during the milling

process, leading to more rapid reaction rates.

Contrary to the observation of Foord et al. [45,46], an

extension of the time taken for the reaction to go to comple-

tion was not observed in this study. Their commentary did,

however, describes the reaction of the composite with pure

water; the addition of sodium hydroxide to this system is

likely the primary cause of the discrepancy, as this leads to the

rate of reaction being very rapid and thus it is likely that the

agglomerative effect of sodium chloride in solution observed

by Foord is not given sufficient time to develop in this system.

Milling with NaCl results in a substantial reduction in the

induction period, whereasmilling with KCl results in a far less

pronounced reduction in the induction period. The length of

the induction period is generally a function of the level of
Fig. 6 e Hydrogen generation curves obtained from the

reaction of ball-milled ferrosilicon, ferrosilicon-NaCl and

ferrosilicon-KCl composites with 2 wt% sodium hydroxide

solution at 55 �C.
passivation of the powders. As KCl is hygroscopic, one

possible explanation is that this would draw water into the

composite as it dried, promoting the growth of the oxide layer

(as it is known that the presence of moisture accelerates sili-

con oxide layer growth) [59e63]. However, such a scenario is

not borne out by the TGA results, which show very little mass

loss from the KCl composite (indeed, a greater loss was

observed from the NaCl composite). Another possible expla-

nation would be if NaCl were substantially more soluble than

KCl, it would lead to the more rapid dispersion of ferrosilicon

powders into the solution and thus a lowered induction

period; however, the solubilities of KCl and NaCl are actually

very similar (35.5 and 36.0 g/100 g H2O, respectively, at 298 K)

[28]. A final explanation relates to the ability of chloride ions to

activate pitting corrosion. As there are more chloride ions per

unit mass in NaCl than in KCl, the enhanced activation

observed with NaCl may be due to enhanced pitting corrosion

of the ferrosilicon by the greater concentration of chloride

ions. None of the salt based additives effected the overall

maximum hydrogen yield, suggesting that the FeSi2 protector

species remained unchanged by these additives. Corrosion

and breakdown of the intermetallic was expected based on

the presence of iron and the susceptibility of the metal to

chloride-induced corrosion [64], however this was not

observed.

Ferrosilicon/polymer composites
Polymers were divided into two subgroups: charged polymers,

i.e. polyelectrolytes, and uncharged polymers. Three poly-

electrolyteswere chosen: sodiumpolyacrylate (PAA) as aweak

acid, sodium polystyrene sulfonic acid (PSSS) as a strong acid

and sodium polystyrene sulfonic acid co-maleic acid

(PSSScoMA) as acopolymer and a strong acid). Of these, so-

dium polystyrene sulfonic acid is non-toxic, and the rest are

irritants. Two uncharged, non-toxic polymers were also

selected, namely polyethylene glycol (PEG) and poly-

vinylalcohol (PVA). All of these polymers are expected to be

stable in an alkaline environment [65e69].

Materials characterisation of ferrosilicon/polymer
composites

PXRD analysis of the composite powders showed no unex-

pected reflections to be present (in other words, all reflections

corresponded to those observed for ferrosilicon; Fig. S9).

Weight losses by TGA were broadly as expected (assuming a

ratio of ferrosilicon to polymer of 1:0.2), as shown in Fig. 7. XPS

analysis confirmed that the polymers and polyelectrolytes

were present in the surface layers of the composite powders

(Figs. S10-S12). The powders were imaged by SEM (Fig. S13);

there was no remarkable difference between these powders

and the ferrosilicon-salt composites.

Hydrogen generation from polymer composites

The hydrogen generation properties of the polymer compos-

ites were investigated by reactionwith 5mL of a 2wt% sodium

hydroxide solution at 55 �C (Fig. 8). The two uncharged poly-

mers, PEG and PVA (though the alcohol groups of PVA would

be expected to be partially ionised at this high a pH) and have a
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Fig. 8 e Hydrogen generation curves obtained from the

reaction of ball-milled ferrosilicon-polymer composites

with 2 wt% sodium hydroxide solution at 55 �C.

Fig. 7 e A plot of predicted and actual weight loss by TGA

for PVA, PAA, PEG, PSSS and PSSScoMA.
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deleterious effect on hydrogen generation. A significant

slowing in the rate of hydrogen generation and thus the yield

obtained in 10 min was observed, though PVA does lead to a

slight reduction in induction period at the same time. The

reduction in the overall hydrogen yield indicates that FeSi2 is

not activated by these additives at all and that the production

from the silicon component is retarded. The polyelectrolyte

additives led to a significant reduction in induction period.

However, the reaction with the PSSS composite resulted in a

significantly lower yield of hydrogen than with ferrosilicon

alone. This is ascribed to a foaming effect whichwas observed

rapidly upon addition of the PSSS composite to the sodium

hydroxide solution. The rapidly rising foam coated the side of

the reaction vessel with composite powder, which, being now

out of the reach of the solution, was rendered inaccessible for

reaction and hydrogen generation. Addition of PSSScoMA and

PAA did not result in noticeable foaming, although slightly
lower than expected yields of hydrogen were obtained,

perhaps indicating a slight foaming effect.

None of these polymers would be expected to undergo

chemical reactions with sodium hydroxide under these con-

ditions, so side-reactions cannot be the cause of their effects.

Rather, the effects of the polymers are ascribed to steric and

electrostatic influences. The uncharged polymers are likely

hindering the rate of reaction due to steric effects. The goal of

milling the ferrosilicon with water soluble polymers is to

protect surfaces exposed during the milling process from

repassivation of the surface by aerial oxidation. However, this

relies on rapid dissolution of the polymer in the aqueous so-

lution; it would seem that either the rate of dissolution of the

uncharged polymers is relatively slow, which would lengthen

the induction period and slow the rate by inhibiting the

hydrogen generation reaction, or that the dissolution is rapid,

but the increase in viscosity of the resulting solution hinders

the access of sodium hydroxide to the ferrosilicon particles,

thus lowering the rate of reaction.

The polyelectrolytes are added to the solution as colloidal

stabilisers, as described by Foord et al. [45,46] The use of

polyelectrolytes as colloidal stabilisers iswell known in colloid

science. The mechanism of stabilisation is thus: poly-

electrolytes such as PAA (which has carboxylic acid groups),

PSSS and PSSScoMA (which have sulphonic acid groups) are

negatively charged in high pH basic solution, as is the surface

of silicon particles (and, by extension, that of ferrosilicon,

which has a silicon rich surface layer). Thus, the poly-

electrolytes and the ferrosilicon particleswill repel each other,

more rapidly dispersing them in the solution and exposing

ferrosilicon to attack by sodium hydroxide. Hence, the in-

duction period is reduced and the rate of reaction slightly

increased. The exact reason for why PAA reduces the induc-

tion period more greatly than PSSS and PSSScoMA is unclear.

One explanation would be that the polyelectrolyte with the

highest zeta potential would lead to the greatest increase in

rate as it would represent the system in which the powders

were best dispersed. Thus, the zeta potentials of the PAA and

PSSScoMA composites (although it was not possible to gain a

reasonable result for the PSSS composite due to it foaming

during the measurement) were measured and found to be

�33.1 and �67.4 mV at pH 7, respectively. This is the opposite

to what would be expected. However, this may be a result of

measuring the zeta potentials at pH 7 rather than the pH 14

environment in which the reactions took place (sulphonic

acids are likely to bemore ionised at pH 7 than carboxylic acid,

resulting in a higher charge on the composite and thus a

greater zeta potential; it is possible that there is a different

trend in the zeta potential magnitude at pH 14 but it is

impossible to measure it as the glass based cuvettes used as

sample holders in the instrument would be damaged by the

high causticity).

Anionic polyelectrolytes, particularly those containing a

carboxylic acid, were found to be the best polymer additives

for enhancing the hydrogen generation properties of ball-

milled ferrosilicon powders.

Ferrosilicon/sugar composites
The third class of materials which have been investigated for

their activation capability on silicon and aluminium powders
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previously are sugars. Sugars are cheap and plentiful quanti-

ties which are available all over the World, so if activation of

ferrosilicon for mobile applications was possible using sugars

this would be impactful, since transport of ferrosilicon is

much easier than other hydrogen generating materials due to

higher stability. Sucrose was chosen as Foord et al. reported

that sucrosewas particularly effective at increasing the rate of

hydrogen generation from silicon [45,46]. It was also decided

to investigate the effects of milling with the components of

the disaccharide sucrose, namely glucose and the highly sol-

uble fructose, and the closely related monosaccharide

mannose. A common disaccharide, lactose, was also studied

to provide a comparison with sucrose.

Materials characterisation of sugar composites

Of the sugars, only lactose monohydrate is crystalline. PXRD

analysis of this composite showed the reflections expected of

lactose monohydrate (major reflections at 22.23, 22.73 and

23.14º2q, ICDD 00-027-1947, monoclinic, P21 (4)), as shown in

Fig. S14. The other sugars showed no unexpected reflections

in their PXRD patterns (Fig. S15). Weight losses by TGA were

broadly as expected assuming a 2:1 ratio of ferrosilicon:sugar

in the composite powders (Fig. S16). XPS analysis of the carbon

2p and oxygen 1s regions were also indicative of the presence

of the sugars in the surface layers of the composite powders

(Figs. S17 and 18). The presence of the sugars in the compos-

ites was confirmed by FTIR-ATR (Fig. S19); the bands corre-

sponding to the various sugars were also present in their

respective composites. SEM analysis (Fig. S20) showed that the

composite powders were inhomogeneous in particle size; no

great change in particle size distribution after milling with

different sugars was observed in the images.

Hydrogen generation from sugar composites

The hydrogen generation properties of the sugar composites

were investigated by reaction with 5 mL of a 2 wt% sodium

hydroxide solution at 55 �C (Fig. 9). Foord et al. observed that
Fig. 9 e Hydrogen generation curves obtained from the

reaction of ball-milled ferrosilicon-sugar composites with

2 wt% sodium hydroxide solution at 55 �C.
sucrose led to enhancement of the yield obtained from the

reaction of silicon nanoparticles obtained by ball milling in an

inert atmosphere [45]. However, we observed that sucrose led

to a decrease in the reaction rate and an increase in the in-

duction period. This is consistent with the observation of

Vassilev and Russev [70], who found that sucrose reduces the

activity of certain ions, including hydroxide, in solution; the

decrease in rate and increase in induction period observed for

the sucrose composite is consistent with the activity of the

hydroxide being reduced. Fructose proved to be a particularly

effective additive, slightly increasing the rate of reaction but

substantially reducing the induction period. The other sugars

led to less dramatic decreases in rate than sucrose, but all

exhibited longer induction periods than ferrosilicon milled

without an additive.

Whereas sucrose is stable under basic reaction conditions,

the other sugars are not [71,72]. Glucose, for example, reacts

with sodium hydroxide to form in excess of 50 different

products [73e79]. Thus, it is plausible that the differences in

the effects of these additives could be associated with the

effect of byproducts. However, solubility is likely to be the

major factor. The rationale behind milling with sugars is the

same as that of milling with salts and uncharged polymers,

i.e., coating the freshly exposed ferrosilicon surfaces with a

water soluble protecting agent which can be rapidly removed

in solution to expose the fresh, reactive surface. Thus, more

water-soluble sugars ought to more greatly reduce the in-

duction period than less soluble ones. Of these sugars, fruc-

tose is by far the most soluble (Fig. 10), and it is observed to

have by far the greatest effect on the induction period.

Sucrose is the next most soluble, but, as mentioned before,

seems to be a special case. Mannose is more soluble than

glucose and lactose, and thus its position in the order fits;

however, by this reckoning, a glucose-based composite ought

to give a shorter induction period than a lactose-based one,

and so clearly solubility is not the only factor affecting the
Fig. 10 e A comparison of the solubility of sucrose [80],

glucose [81], mannose [82], lactose [83] and fructose [84] in

water (all at 298 K apart from fructose, which was reported

at 303 K).
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hydrogen generation properties. It may be that glucose reacts

more rapidly than does lactose with sodium hydroxide

(glucose is reported to almost fully degrade in NaOH within

30 min at 80 �C) [73], which would mean that it reduced the

hydroxide concentration and thus the etching power of the

solution and lengthened the induction period.

Post reaction ferrosilicon/composite materials analysis

After the reaction of the composites with sodium hydroxide

had taken place, the ferrosilicon powder was isolated and

analysed by PXRD (Figs. S21-S23) and XPS (Figs. S24-S32). It

was found that in all cases, no additive remained in the

(formerly composite) powder, suggesting that the interaction

of ferrosilicon and the additives was simply that of two

separate components in an intimate mixture. In all cases the

iron disilicide remained intact and was evidenced in the PXRD

patterns, suggesting that none of the additives was successful

in breaking down iron disilicide to further increase the

hydrogen production by harvesting further hydrogen from the

intermetallic itself. XPS did reveal iron oxide and sodium sil-

icate at the surface of the remaindered FeSi2 particles in the

case of the metal salts suggesting some corrosion of the

intermetallic had taken place but the bulk of the particles

were unaffected as evidenced by the PXRD [38].

These experiments demonstrate why FeSi2 is such an

effective protector species and why it is unlikely that ferro-

silicon could be used for portable device recharging, despite

the very low costs of ferrosilicon compared to other hydrogen

storagematerials. As previously described in the introduction,

ferrosilicon is a cheap industrial material consisting of a

mixture of different iron/silicon species depending on the

iron: silicon ratio. The ferrosilicon used in this study, is

ferrosilicon 75, the theoretically best hydrogen generation

material of all the ferrosilicon group of materials; the 75 refers

to 75% of the material by weight being silicon and it is known

to be mixture of FeSi2 and Si only in a 50:50 mixture with no

iron metal present. Hydrogen is generated by the silicon only

and the FeSi2 is a spectator species. The theoretical gravi-

metric storage capacity of hydrogen in silicon is 14% by

weight, if surface oxidation and solubility of the metasilicate

products from its reaction with water are ignored [85]. Despite

the very much lower costs, due to the inactivity of FeSi2 and

the inability to activate it and unlock the silicon within, the

storage capacity for ferrosilicon 75 is then only 3.5%. Asweight

is a primary factor in portable fuel cell applications for e.g

recharging devices on the move, this means that any benefits

seen from improving the hydrogen generation profile in terms

of induction period and hydrogen output by additives to

ferrosilicon is offset by the added weight of using them; since

these additives have no effect on the FeSi2 species at all, the

maximum hydrogen yield remains associated with the silicon

only.
Conclusions

Ball milling was successfully employed to activate ferrosilicon

powders towards reaction with aqueous sodium hydroxide

solution by improving the accessibility of the active silicon
component in the 50:50, Si:FeSi2 mixture. . A concentration of

2 wt% (0.5 M) sodium hydroxide could be used, with the re-

action completed within 10 min. Of the tested composite

materials, those formed from ferrosilicon powder and sodium

chloride, potassium chloride, sodium polyacrylate, sodium

polystyrene sulfonate-co-maleic acid or fructose showed

reduced induction times for hydrogen generation compared to

that observed for ferrosilicon alone; of these, only fructose did

not lead to an increase in the maximum hydrogen generation

rate. Due to its stability, lack of toxicity, abundance and low

cost, sodium chloride appears to be the most promising of

these additives for practical applications. Further work is

required to further elucidate the mechanism of action of the

additives, optimise the amounts of additives and investigate

the possibility of synergistic effects from combining two or

more additives with ferrosilicon in the milling process. None

of the additiveswere successful in unlocking the siliconwhich

is bound to iron in FeSi2 to product hydrogen. The inability to

access the silicon in the FeSi2 means that ferrosilicon is un-

likely to be practical for mobile applications, despite its cheap

and easily transportable nature, as the gravimetric hydrogen

storage capacity is only 3.5%. Lower weight and higher gravi-

metric storage capacity materials should therefore be

explored for these applications.
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