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The Ga-In—Sn eutectic-catalyzed interaction of ahummi alloys with water resulting in
hydrolysis process and generation of hydrogenudistl. The aluminum alloys were pre-
pared by melting aluminum with additions of Ga—In—-8utectic (5 wt.%), bismuth
(3 wt.%) or antimony (3 wt.%). The temperature-deerndinetics of their hydrolysis in
a temperature range 25..°Mis studied by using a volumetric technique. Thesteffi-
cient activation of the hydrolysis process is agbiefor the Al-Ga—In—Sn alloy. Addition of
bismuth to the Al-Ga-In-Sn alloy significantly redsidbe hydrolysis rate, whereas the
addition of antimony has only a slight effect or throcess, even though the standard
electrode potentials of bismuth and antimony shawselvalues. The interactions of the
studied alloys with water can be well fitted as a thmonical process. The modified
Prout-Tompkins equation is employed to yield tHecative hydrolysis rate constants, and
it is found that they increase following the tempera rise in the temperature range from
25 to 70C. The activation energies of the hydrolysis precks the studied alloys are
calculated from the temperature dependence of ghees of the effective rate constants,
which indicate that in the main range of hydrogenegation (after the completion of the
induction period and before the beginning of hyémgelease deceleration) the hydrolysis
process can be described as a diffusion-limited one

Keywords: hydrolysis, aluminum alloys, hydrogen generation, I@aSn eutectic alloy,
hydrolysis kinetics.

Introduction. Hydrogen is an eco-friendly energy carrier witghhenergy content
(122 MJ/kg) as well as a chemical, which has vdkiabducing properties and is
broadly used in chemical industry [1-3]. For thetpdecades hydrogen-based power
generation, which employs hydrogen as an energyecaand as a fuel, withessed a
significant development [1-5]. Particularly, thendend for fuel cells used for various
purposes, in which hydrogen fuel is converted ®ctric current using anodic oxi-
dation of hydrogen and corresponding cathodic E®deas greatly increased. The de-
velopment of autonomous power sources on the bésigel cells and hydrogen gene-
rators or H stores solves the problem of poweringde range of portable electrical
and electronic devices [1-7].

Expansion of application scopes and increase ofthte of used hydrogen calls
for improving technologies for its production, tsportation and storage. At present,
the major part of hydrogen (80...90%) is producednfimydrocarbons, though their
natural resources are running short [1, 8]. Onother handthe Earth’s hydrosphere
contains around 10" tonnes of water, D, providing unlimited resources of
hydrogen. The electrochemical decomposition ofitiquater or water vapor is a well-
developed and long-used method of hydrogen pramufti 9, 10]. However, the electro-
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chemical production of hydrogen from water needsgaificant amount of electrical
energy to split water molecules. Numerous investiga aimed at improving and opti-
mizing the water electrolysis have not resultethim reduction of hydrogen cost [1, 3,
5-7, 9, 10]. Methods of water splitting based arrifochemical cycles using the thermal
energy (BOC®’C) of nuclear reactors or solar power plants ase applied [1, 11, 12].
The implementation of these methods requires comggineering solutions and ma-
terials with high corrosion resistance. Photoetedtemical water splitting using semi-
conductor materials is being developed as well I83—Biochemical water splitting
using specially derived types of algae and micranigms has also been proposed [17,
18]. However, these methods have not found a widetigal use at present mainly
because of their low efficiency and insufficienbguctivity.

Hydrogen generation using water by utilising vasi@nergy-storing substances
(ESSs) and variable conditions are of consideliatdeest [19]. These conditions include
chemical interaction between ESSs and water — hygisoreaction. Hydrogen genera-
tion from water using ESSs is carried out in hygsw-type hydrogen generators [20].
Such generators can be autonomous, portable armbavenient for the generation of
hydrogen directly on site. Their use gives greatefies as this eliminates significant
problems associated with the accumulation, stoaagtransportation of hydrogen.

To produce hydrogen by hydrolysis, binary and cexphetal hydrides (Mgl
NaBH,, LiBH,4, etc.), individual metals that can react with wat&l, Mg and other
low-melting point metals) and their alloys, canused [1, 19]. The hydrolysis of metal
hydrides is accompanied by evolution of a muchda@mount of hydrogen than the
hydrolysis of metals, but hydrides are much momgeesive than metals. Besides, they
are hygroscopic, susceptible to atmospheric oxyggehrequire storage in a dry inert
gas [21].

The aluminum-based ESSs are promising for the seleé hydrogen from water.
The advantages of aluminum in its use as ESS arehigh energy capacity
(31.1 MJ/kg) [2, 22], relatively low pricé (.8 USD/kg), high availability, low density,
convenient and safe transportation and storagdy farge productivity in terms of the
amount of hydrogen that is evolved during its higsis, and simplicity of hydrogen
generation system. Depending on the conditiongetipaths of the reaction of alumi-
num with water are possible according to the foilmpequations:

2Al + 3H,0 = Al,O3 (oxide) + 3H + 15.1 MJ/kg Al, @
2Al + 4H,0 = 2AIO0H (boehmite) + 3+ 15.5 MJ/kg Al, 2
2Al + 6H,0 = 2AI(OH); (bayerite) + 3K+ 16.3 MJ/kg Al. 3

All three reactions are exothermic and in all cdkesamount of hydrogen evolved
from water is the same and equals to 1244 L/kglafrAL11 g/kg of Al [23-25]. The
aluminum products obtained in a hydrolysis proeessnert and eco-friendly substances
which can be used to recuperate aluminum or to faature ceramics, absorbents,
paper, fillers, etc. [1, 26-28].

Aluminum has a very negative value of standardtedde potential EXF*/ a° =

= -1.662 V) [29] and thus it reacts with water tigadnd rapidly in the absence of a
protective film. However, under normal conditiorige treaction of aluminum with

water does not proceed since the aluminum surfaceviered by a thin oxide film. To

activate aluminum, this dense film must be remowedcracked to expose a bare
surface of Al metal.

Various chemical, mechanochemical and mechanidaladion methods of alu-
minum have been utilized so far [22, 30]. Many ®&ad1, 8, 19-23, 25-28, 30—-40]
demonstrated that an effective way of activatingrahum and achieving a high rate of
hydrogen generation from its reaction with watebysalloying aluminum with metals
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and nonmetals (Ga, Bi, Sn, In, Ca, Li, Zn, Mg, 80, Si, etc.). A number of papers
showed that aluminum activated by alloying with {owelting metals is able to react
with water already at room temperature [8, 22,3®,36, 37—-40]. In the present study
aluminum was activated by forming its alloys witheutectic gallium-indium-tin alloy
and with bismuth or antimony and the regularitiéshe hydrolysis of the obtained
ESSs were studied.

The results of investigations of the thermophysipebperties of an eutectic
Ga—In-Sn alloy are given in [41, 42]. Accordinglte data of different authors, Ga, In
and Sn form an eutectic containing the followingsméactions of the components:
66.0...67.0% Ga, 20.5...22.0% In and 10.0...13.5% Sn. mb#ing point of these
alloys is 10.7+0.3C [42]. In [22] it is shown that the eutectic Ga—8n alloy crystal-
lizes during its cooling at a temperaturé @8ower than its melting point. Therefore, it
can be assumed that aluminum activated in thiy abm interact with water at tempe-
ratures much lower than 10.7+0Q3

The structure of the alloys of aluminum with gattipindium and tin, distribution
of doping elements in alloys and regularities @irtinteraction with water were studied
in a number of works [22, 32, 33, 36, 37]. An allmyntaining 50 wt.% Al, 34 wt.%
Ga, 11 wt.% In and 5 wt.% Sn was synthesized i [22vas found that at room tem-
perature this alloy was partially liquid and reacweith distilled water generating
hydrogen gas. Interaction between aluminum and rwates facilitated due to the
presence of a liquid alloy phase making a liquiddeiw at the crystalline surface. The
average yield of hydrogen was 83.8%. The aluminaidation product was bayerite,
the other present alloy components did not reattt water. Besides, an intermetallic
compound IgSn was found in the hydrolysis products. As a testilthe kinetics
analysis performed in [22] it was found that thdesrof the reaction of aluminum with
water was 0.7 and the activation energy was 43/géL

The authors of [32] obtained alloys of aluminumhaggallium (3.8 wt.%), indium
(1.5 wt.%) and tin (0.7 wt.%). They were able tampe the melt cooling rate and
obtained the alloys with different crystallite sszéJsing EDS analysis they found the
aluminum crystallites containing gallium with thimic ratio Al : Ga= 60 : 1 together
with a small amount of indium and tin. The majorcamt of indium and tin was con-
centrated at the surface of crystallites. Using D&€authors of [32] showed that the
melting point of the grain boundary Ga—In—Sn phasgas several degrees higher and
the temperature of their crystallization was selvégas of degrees lower than the
melting point of the eutectic Ga—In—Sn alloy. Theerof interaction of such alloys with
water increased with decreasing crystallite sizé waith increasing the temperature
from 30 to 60C. After immersion into water, solid samples of thiéoys cracked
within several seconds and formed powders. Thetiogaof the fine-grained samples
with water proceeded rapidly and almost to a foihpletion, whereas the coarse-grained
samples reacted with water with a slower rate hadcydrolysis was incomplete.

The kinetics of the interaction between the ingegtd alloys and water was
determined using the following standard equatidj:[3

da _, . _n
E_k(l o), (4)

wherea is a degree of aluminum conversians the reaction duratiork is a reaction
rate constanm is the reaction order for aluminum. The calculatatlies of the reac-
tion order were between 0.64 and 0.72, and thevaitin energies decreased from
7748 to 53+4 kJ/mol following a decrease in crygtalsizes from 258 to 23m.
According to [32], the liquid Ga—In—Sn alloy intrazkd into aluminum not only protected
aluminum from oxidation, but also provided a paththe diffusion of its nanoparticles
to the site of interaction with water. Furthermaas,aluminum reacted with water on
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its bare surface, aluminum hydroxide, which wasnied as a result of interaction
between aluminum and water, could partially bldok Al alloy surface and retard the
process. However, because of vigorous hydrogerugeonlno dense hydroxide layer
was formed on the alloy surface. The authors of E®lained the reaction order for
aluminum of being less than one by the fact thatnalum interacted with water both
on a bare crystalline surface, partially blockeddiyminum hydroxide, and on the
spots covered with Ga—In—Sn alloy after diffusibrotigh this alloy.

To study the effect of the microstructure and phasaposition of Al-Ga—In—Sn
alloy on the regularities of its interaction witlater, the ribbons 40...60m in thickness
were made from the alloy ingots which were annealedtemperature range of 250...
500°C [36]. In the obtained ribbons a phase of solidt&m of gallium in the aluminum
and InSn intermetallic phase were identified. Increasihg annealing temperature
from 300 to 50€C led to an increase in the size of aluminum chjteta and Ga—In—-Sn
alloy particles on their surface, with the amouhtesnary alloy particles decreasing.
Studies of the interaction between the obtainenvatetd aluminum ribbons and water
at 30...60C showed that the decrease in the aluminum ciiystsitte from 260 to 2@m
led to an increase in hydrogen evolution rate,viduén the crystallite size decreased
further down to 31m, the hydrogen evolution rate decreased to ar8084 of its ma-
ximum value.

The effect of the composition of the Ga—In—-Sn abboythe aluminum activity in
the reaction with water was studied in [37] by istigation of a series of aluminum-
based alloys with constant total content of galliundium and tin (6 wt.%) but with
variations in their ratio. These alloys interacteith water at the temperatures as low
as 0.5C; however, in the temperature range of 0.5°ClEheir interaction rate was
unstable. A stable increase in the rate of the ialum hydrolysis was reached when the
temperature raised above°C5 At 5C°C the solid samples of the alloys cracked after
immersion into water and turned into powders witthizens of seconds. The hydrogen
generation rate at 8G vs gallium content had a maximum at the galliontent of
3.8 wt.%. Using XRD study it was concluded thathag indium-to-tin ratio of 15: 7
the studied alloys contained a solid solution dfiga in aluminum and Ig5n inter-
metallic phase [37]. When the tin content incredseithe ratio In: Sn=1:1, an InSn
intermetallic phase was also identified. Such iaseeof the tin content in the investi-
gated alloys led to a significantg0%) increase in hydrogen generation rate, which
was explained by the formation of the aluminumstiitrogalvanic couples. In such a
case the aluminum was dissolved anodically, andocd hydrogen evolution from
water took place on the tin-rich particles.

The Al-Ga—Sn (1.73 wt.% Ga, 1 wt.% Sn) and A-G42lid3 wt.% Ga, 1 wt.% In)
alloys were obtained and investigated in [33]. Bt@G the highest hydrogen evolution
rate was achieved during the hydrolysis of the A—6n alloy and the lowest rate was
observed during the hydrolysis of the Al-Ga—Inwallth was concluded that the rate of
the interaction between the alloys and water wasroened by the difference in elect-
rode potentials between aluminum and added md&aked on the theory of microgal-
vanic couples, the potential differences in theSX-Al-In and Al-Ga couples were
calculated. These differences were the largesthi®rAl-Sn couple (-1.53 V) and the
smallest for the Al-Ga couple (-1.15 V), i.e. ttueegmtial differences decreased in the
order Al-Sn > Al-In > Al-Ga, which correspondedthe sequence of decrease in the
aluminum dissolution rate during interaction of gtedied alloys with water [33].

The activation effect of the more electropositirart aluminum metals introduced
into aluminum on its corrosive dissolution were sidared in a number of reference
works [34, 43-45]. As a result of the formationnaitrogalvanic couples, the potential
of aluminum shifted to the negative values, whiglused its rapid dissolution. The
three-step mechanism of activation of the alumimunmdes, proposed in [43], envisages
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the dissolution of aluminum occurring after the igrsion of the alloy in a solution of
an electrolyte (step 1):

STEP 1. Al(Me)— AI** + M™, (5)

Then the cations of more electropositive metalrackiced as a result of electron ex-
change with aluminum and the metal forms depositthe aluminum surface (step 2):

STEP 2. Al + M" = AI¥* + M. (6)

Step 3 occurs simultaneously with step 2 and ctinefsa local detachment of the pro-
tective oxide film formed on the aluminum surfaadjch is caused by the presence of
a more electropositive metal on its surface:

STEP 3. Local detachment of the protective oxitie.fi

As a result the aluminum surface becomes locadlg ©of the protective film and the
aluminum potential shifts to the more negative galuSimilar mechanisms are also
proposed in [8, 34].

As both aluminum and gallium belong to the IlIA gatup of the periodic table
they can readily form a solid solution [8]. Galliland aluminum have close values of
atomic radi (1.4L& and 1.43A, respectively); therefore, gallium can be dissdlire
aluminum without significant aluminum lattice digion. Indeed, according to the
phase diagram of the Al-Ga system the solubilitaafin Al is 20 wt.% [34].

Indium is slightly soluble in aluminum. According the phase diagram of the
Al-In system, its solubility in Al is 0.01...0.05 Wt. [34]. The introduction of indium
into aluminum in amounts exceeding its solubilitgit results in the crystallization of
indium on the surface of aluminum crystallites asiralividual phase. Tin has also a
low solubility in aluminum and forms in the preseraf indium in the alloy the inter-
metallic compounds with In, which are formed on #heminum surface. The compo-
sition of In—Sn intermetallics depends on the r&tio Sn in the alloy. As an example
in the alloy containing 97 wt.% Al, 1.75 wt.% Gadium and tin the only formed at a
tin content of < 0.35 wt.% intermetallic isinsSn [35]. Increase in the tin content from
0.35to 0.9 wt.% leads to an increase inytf@Sn, content and a decrease in flalnsSn
content. At the tin content of > 0.9 wt.%, only tnSn, phase was observed. The
particles of In-Sn intermetalics formed on the atefof the aluminum crystallites create
the microgalvanic couples with aluminum which faates aluminum dissolution. The
authors of [35] also found that the rate gfgéneration by the interaction of Al-Ga—In—-Sn
alloy with water vs the content of tin in the temrgtare range of 60...7& has a ma-
ximum at the tin content of 0.5 wt.%, which cormasgs to the maximum amount of
the-InsSn phase present at the surface of Al crystallites.

Thus, the temperature at which the aluminum-ba&fskEeact with water, reaction
rate and hydrogen yield depend on the nature cécgduktals-activators, their content
in ESS and alloy preparation conditions. It shdaédalso noted that the storage duration
and conditions of the ESSs based on aluminum aetivaith liquid metals and alloys
are important for the extent of their activity amgirogen yield during their interaction
with water. According to the results obtained if][3he alloy of aluminum (80 wt.%)
with gallium, indium, tin and zinc retained its iaityy only after storage at liquid nitro-
gen temperature. The storage of alloys in vacuananiinert atmosphere and particu-
larly in air leads to a decrease in hydrogen yikldng the interaction between alloys
and water. However, in [37] it is shown that budlrgles of activated aluminum retain
their activity during at least one month when dioire dry air with humidity below
20%. Therefore, for the long-term storage of theréhum-based ESSs it is important
to seal them in plastic bags filled with an ineasg

The eutectic Ga—In—Sn alloy introduced into aluminessentially acts as a catalyst
in the reaction of aluminum with water since theyacomponents accelerate the disso-
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lution of aluminum but do not react with water [22]he amount of the eutectic

Ga—In—Sn alloy which is used to activate aluminumsirbe above a minimum value
for achieving the required hydrogen generation aat@ given temperature. It is shown
that aluminum activated with the eutectics Ga—Ing8merates hydrogen from water at
25°C if the content of this alloy s 3 wt.% [46]. However, the activity of such alumi-
num-based ESSs can decrease with time. That is whthis study the amount of

eutectic Ga—In—Sn alloy introduced into aluminunsvBawt.%. Furthermore, to study
the effect of electropositive additives on the tagties of interaction between activated
aluminum and water, additions of bismuth or antign@wt.% each) were introduced

into the studied alloys.

Experimental. To prepare the aluminum-based ESSs, high-puritglsng€99.9 wt.%)
were used. The eutectic Ga—In-Sn alloy with maastiins of the components of
67/22/11% was prepared by adding required weigaiedunts of indium powder and
tin to a molten gallium kept at 50. The mixture was held at 8D for 30 min with peri-
odic stirring. After cooling down to room tempernathe obtained alloy remained liquid.

Aluminum with appropriate additions of eutectic Ge-Sn alloy and Bi or Sb was
melted in an electric shaft furnace in an argonoafshere with mechanical stirring. A
calculated amount of aluminum was placed in anceloncrucible inserted into electric
furnace The crucible was covered with a quartz cexth holes for feeding argon and
placing an alundum stirrer. Argon was introduced the crucible using a quartz tube.
The aluminum was melted at 9@ and calculated amounts of the pre-prepared
eutectic Ga—In—Sn alloy and Bi or Sb were addethéomolten metal. After that, the
melt was stirred for 30 min with an alundum blatiees connected to an electric motor.
The melt was quickly poured into a flat rectanggjephite mold. The thickness of the
melted layer in the mold was below 5 mm, which eadwa high rate of its cooling.
After cooling the obtained alloys were sealed ia ttouble polyethylene bags filled
with a high-purity argon.

The regularities of hydrogen evolution during iattion between the obtained ESSs
and water were studied by measuring the volumevalfzed hydrogen. A setup for vo-
lumetric measurements consisted of a thermostatakiel, a connecting tube and an eu-
diometer. 100 ml of distillated water was pouret ithe baker which was presaturated
with hydrogen. After that the alloy sample of Ingthe form of a rectangular parallele-
piped was placed into water. The beaker was heraligtsealed. Hydrogen that evolved
during aluminum hydrolysis entered the eudiometeen® its volume was measured at
regular intervals. The water temperature was kepstant by using a U-4 thermostat.

The average rate of hydrogen evolution within timeetof interaction between
alloys and water was determined from

_Vo
T )

()

whereV, is the volume of K(at normal conditions) which evolved within time
The evolved hydrogen volume was converted to noguoaditions (T 273.15 K,
pressure 760 mm Hg) according to the formula:

273.15V, 0P - p- ?;22 ) o

760(273.15-t ) ’

whereV; is a volume of hydrogen measured at room temper&iiC) and the baro-
metric pressur® (mmHkQ); p is a water vapor pressure (iififg) at the same tempera-
ture; tho is a water column height in the eudiometer (mn3;61is the mercury

density (g/cr).

Vo =
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Results and discussionBismuth and antimony which have positive values of
standard electrode potentialEds. ;.0 = 0.20 V, Egs. o0 = 0.24 V [29]) were chosen

as additives to the aluminum activated with the I8aSn eutectic alloy. The standard
electrode potential difference between aluminumlaachuth is —1.862 V and between
aluminum and antimony is —1.902 V. The obtained @wdstigated aluminum-based
alloys contain 5 wt.% eutectic Ga—In—Sn alloy ar@h\@t.% Bi or Sh.

As can be seen from Fig. 1 the introduction of hi$minto aluminum activated
by Ga—In—-Sn eutectic led to a significant decreéadé, generation rate. However, the
introduction of antimony into activated aluminunmaalged only slightly the regulations
of hydrogen evolution: they were close to thosdyafrogen evolution during the hyd-
rolysis of aluminum activated with the Ga—In—Sregtit only.
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Fig. 1. Time dependences of the volume of genefaydtbgen é) and average rate of its
evolution p) during hydrolysis of aluminum activated by théestic Ga—In—Sn alloy (5 wt.%))
and bismuth (3 wt.%)2) or antimony (3 wt.%)3) measured at 2&.

At the beginning of interaction between the ingestied ESSs and water, a sharp
increase in hydrogen evolution rate occurred asaltrof the activation and growth of
the reacting aluminum surface, particularly whea shhmples were cracked and disin-
tegrated. However, after the consumption of thenmaanount of aluminum, the hydro-
gen accumulation rate decreased, thus, the pletsof contained maxima. The samples
of the activated aluminum with an additive of bigimdid not crack during hydrolysis.
Therefore, after the completion of the period divation of their surface, the — 1
plots showed only a mostly constant rate of hydnogeneration, which is important
for the simplification of the hydrogen supply systef fuel cells. Thus, the effect of
bismuth and antimony on the activity of aluminunffatied greatly, though bismuth
and antimony have close values of standard elextpmdential. The electrochemical
properties of these additives do not apparentlgrdahe their effect on the regularities
of interaction between Al and water. However, theyaformation process changed by
additives and their ability to form the intermeitzgl with other components of the
investigated ESSs are of crucial importance, whalls for the additional studies.

Raising the hydrolysis temperature of all alloyenfr25 to 70C led to a signifi-
cant increase in the volume of evolved hydrogenaddcrease in the duration of their
hydrolysis (see Fig. 2). It should be noted th& $sigmoidal shape of the obtained
Vo — T plots containing a bend is typical of the topoclainreactions, i.e. heteroche-
mical reactions, which proceed for the solids 44],

Hydrogen yield sharply increased with increasimggerature, and the time to reach
its maximum values was significantly reduced. Asregle, for Al-Ga—In-Sn alloy
hydrolysis at the temperature of°€5for 320 min only 19.5% of the hydrogen from
the theoretically possible amount was evolved, ehgiat 70C the hydrogen yield was
98.8% after 23 min. Al-Ga—In—-Sn-Bi alloy was lestva and the hydrogen yield at
25°C during its hydrolysis for 450 min was only 3.586wever, the hydrolysis at 70
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for 120 min resulted in hydrogen yield of 99.3%. &Whusing Al-Ga—In-Sn-Sb alloy,

hydrogen vyield during hydrolysis at Z5 for 420 min amounted to 20.7%, but atG0
after 70 min it increased to 99.7%.
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Fig. 2. Time dependences of hydrogen volume evotikedhg the hydrolysis of aluminum
activated with the eutectic Ga—In—Sn allay énd bismuthlf) or antimony €)
at the temperaturesQ): 25 (1); 40 @); 55 @); 70 @).

Most v — T plots have maxima, which are reached faster ardhayher with
increasing the hydrolysis temperature (see FigRa)sing the temperature from 25 to
70°C led to a significant increase in the maximum thdydrogen generation during
the hydrolysis of all investigated alloys. In pauiar, during the hydrolysis of alumi-
num activated with the Ga—In—Sn eutectic only,rtteximum value of increased by 2
orders of magnitude (from 1.42 to 158.6 mliig). Large plateau can be seen in the
v — 1 plots during the hydrolysis of activated aluminwith additive of bismuth at
25...55C when hydrogen was generated at almost constant ra
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Fig. 3. Average rates of hydrogen evolution durimg hiydrolysis of aluminum activated
with the eutectic Ga—In—-Sn allog)(and bismuthk) or antimony €) versus the time
of hydrolysis at the temperaturkC): 25 (); 40 2); 55 @); 70 @).

To determine the effective rate constard 6f aluminum hydrolysis reactions
during interaction between the aluminum-based ESfaiswater, the Prout—Tompkins
equation was utilized which describes the topochaelmeactions of decomposition of
solid materials through the crystalline crackinggaeding at the boundary between
them and the solid decomposition product [47-49]:

IN[1/(1 —a)] = KT+ C, 9
whereC is an integration constant. In the differentiahfip Eq. (9) looks like:
da/dt =k%a(1 —a), (10)

from which it follows that the reaction rate depertibth on the amount of reacting
substance and on the amount of product. Such oeacbelong to the autocatalytic
processes [49].

The degree of aluminum conversion was calculatethe@satio between the hyd-
rogen volume evolved and the theoretical value Wwhiould form as a result if the
hydrolysis reaction would be complete. The cleddyeloped linear sections were not
present in the plots of laf(1 —a)] vs 1. Because of that, the modified Prout—
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Tompkins equation presenting an inverse variatiothe effective rate constant of the
topochemical reaction on time,

In[a/(1 —a)] =KInt +C (12)
should be applied [49]. All obtained plotsdii{1 —a)] — Int (see Fig 4) contained an
induction period of interaction which was common tlee topochemical reactions [47,
48]. After the induction period was finished, thepdndences showed the presence of

the prolonged linear sections. Finally, when ling@gervals were over, the curves
showed start of the retardation process.

4 @ 4 3 4 4 5 4 3
P~ 2 2 2
= 2 3
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0 1 2 3 4 Inrt 1 2 3 4 5iInt 1 2 3 4 Int

Fig. 4. Plots of Infi/(1 —a)] vs Int obtained during the hydrolysis of aluminum actbeht
with the eutectic Ga—In—-Sn allog)(and bismuthlf) or antimony ¢)
at the temperaturesQ): 25 (1); 40 @); 55 @3); 70 @).

The values of the effective rate constants of ieraction between aluminum and
water were determined as the slope of the lineaticses of the plots shown in Fig. 4
(see Table). The highest valueskbfvere observed during the hydrolysis of activated
aluminum without Bi or Sb additives. Rising the f@mrature from 25 to 7C led to an
increase in the values ki for all studied ESSs.

Effective rate constants and activation energies fahe hydrolysis of aluminum
activated with the eutectic Ga—In—-Sn alloy and BioSb at various temperatures

Temperature°C)
E,,
Alloy 25 40 55 70 K3/mol
K, min™
Al + 5 wt.% Ga—In-Sn 1.46 1.98 2.33 2.90 12.6(Q

Al + 5 wt.% Ga-In—-Sn + 3 wt.% Bi 0.81 1.17 134 3.7 13.75
Al +5 wt.% Ga—In-Sn + 3 wt.% Sb 1.27 1.58 1.49 81.8 7.10

The temperature dependences of the effective mtstants of the hydrolysis of
the investigated ESSs were used to calculate ttieaion energies of this process
according to the Arrhenius equation (see Tableg dltained activation energy values
are low and indicate that the hydrolysis of theestigated aluminum-based ESSs
proceeds as a diffusion-controlled process stagftey the end of the induction period
and finishing before the process deceleration dgeel

CONCLUSIONS

Aluminum activation by addition of the eutectic @a&Sn alloy, bismuth or
antimony dramatically improves the performance mdiividual Al metal used in
hydrolysis process to generate hydrogen gas byartien with water at the tempera-
tures exceeding 2&8. The most efficient performance in the hydrolysaction has
been achieved for aluminum doped with Ga—In—-Sncéatés wt.%) only. Bulk samples
of this alloy crack and become decrepitated wheeracting with water during the
progression of the hydrolysis process. It appelss the additives of bismuth and
antimony differently affect the regularities of thgdrolysis of activated aluminum
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despite of the close values of their standard reldetpotentials. Indeed, while additions
of bismuth (3 wt.%) into the Al-Ga—In-Sn alloy siggantly reduce the hydrolysis
rate, additions of antimony (3 wt.%) lead to a [diglecrease in the hydrolysis rate
only. However, in the temperature range 25.°(G5an almost constant rate of
hydrogen generation can be achieved for a longgesf time for the Al-Ga—In-Sn
alloy doped with 3 wt.% of Bi. Such slower intefiantis not accompanied by cracking
and powdering of the bulk alloy samples.

The kinetics of the hydrogen generation proceste&eribed by sigmoid-shaped
plots of the time dependence of the generated hgaro/olume indicating that the
reactions of the investigated alloys with water @@ochemical processes. The values
of the effective rate constants of the hydrolysis dll studied alloys are determined
using the modified Prout—Tompkins equation and shovincrease when the tempera-
ture is rising from 25 to PC. The values of activation energy of hydrolysieqass,
calculated from the temperature dependence offfbetige rate constants indicate that
the hydrolysis is a diffusion-controlled processahhfurther to the intensive Hjene-
ration part contains the induction period and #t@andation step of the interaction of
the alloy with water.

PE3IOME. JlocnmimkeHO KaTaji3oBaHy eBTeKTHKOW Ga—In—Sne3aemofiro amomiHieBHX
CIUIaBiB 3 BOJIOIO, B PE3yJIbTATi 5IKOT BiZOYBA€THCS TiPOJIi3 AIFOMIHIIO Ta TEHEPYETHCS BOJICHbD.
[prroToBaHo CIUIAaBU aMOMiHIIO 3 eBTeKTHKOI0 Ga—INn—Sn (5 wt.%) takox 3 BicmyToMm (3 Wt.%)
abo cypmoro (3 Wt.%)i 3a pe3ynbTaramMu BOJIOMOMETPUYHHX BUMIpPIOBaHb BOJHIO BUBYCHO Ki-
HETHKY iX Tigpoiizy B TeMmnepaTypHomy aiamnazoni 25...7C0°C. HaiteekTuBHIIIE T1IpOITi3 amto-
MIiHif0 aKTHBYETHCSI BUKOPHUCTaHHAM CITaBy Al-Ga—In—SnBsenenns Bicmyty y cruta Al-Ga—
IN—Sn 3HaYHO 3HIDKYE MBHAKICTH TiIPOTI3Y AMFOMIHIIO, TOAI SK BBEACHHS CYpPMH HECYTTEBO
BIUIMBA€ Ha TPOTIKAHHS MPOILECY, X04Ya CTAHAAPTHI €JEKTPOJHI MOTEHI[IaN BICMYTY 1 CypMH
MaloTh OJM3bKi 3Ha4eHHs. Peakuii 1ociikeHnX crjiaBiB 3 BOJOIO JOOpE OMUCYIOTHCS SIK TOIO-
ximiuHi nporecu. 3i 3acTocyBaHHAM MojudikoBaHoro piBHsHHs [Ipyra—ToMmnkiHCca po3paxoBa-
HO e()eKTUBHI KOHCTaHTH MIBUAKOCTI IiJpOii3y YCiX CILIABiB 1 BCTAHOBIIEHO, 1110 BOHU 301IbIIIY-
I0TBCS 31 3pocTaHHAM TeMnepaTyp Big 25 no 70°C. 3a TemmepaTypHOIO 3aJIeXKHICTIO e()eKTHB-
HUX KOHCTAHT IIBUJKOCTI PO3paxOBaHO €HEepril akTUBALil TiApoi3y NOCHIKEHUX CIUIaBIB, SAKi
CBiT4aTh, 110 BIPOOBK OCHOBHOTO TEpioay reHeparii Boauio (ITicist 3aBepIieHHs iHAYKI[HHO-
ro mepiofy i 0 MOYATKY CIOBIUIBHEHHS BHALICHHS BOJHIO) MPOLEC HPOTiKae 3 AuQy3iHHUME
00MEeKEHHSMH MIBUIKOCTI.

KiwouoBi caoBa: 2ioponiz, cniasu anominiio, 00epiCcanHs 800HI0, e6MEeKMUYHULL CNIA8
Ga—-In—Snxinemuxa cioponizy.

PE3IOME. VccnenoBaHO KaTalu3upoBaHHOE SBTeKTHKOH Ga—In—Sn BzaumopericTBue
ATIOMHHHEBBIX CIUIABOB C BOJIOH, B pe3yibTare KOTOPOTO HMPOUCXOAUT THAPOIU3 ATIOMUHHS U
reHepUpyeTcst Boaopo 1. [IpUroToBIeHO CITaBbl ATIOMHUHUS ¢ 3BTekTHKOH Ga—In—Sn (5 wt.%)
takxke ¢ BucMyToM (3 Wt.%) wii cypemoii (3 Wt.%), 1 1o pe3yabraraM BOJOMOMETPUYECKUX
HU3MEpeHHUit BOJIOPOa H3yIeHO KMHETHKY UX THAPOJIN3a B TEMIepaTypHoM auanasone 25... 70C.
Haubosnee 3G {exTHBHO THAPOIN3 aTIOMHUHAS aKTHBUPYETCSl MCIOJb30BaHueM ciuiaBa Al-Ga—
In—Sn. Beenenne BucmyTa B cruiaB Al-Ga—IN—Sn3HauunrensHO CHIDKAET CKOPOCTh THAPOJIH3a
AITIOMHHUS, TOTJa KaK BBEICHUE CYPbMbI HECYIIECTBEHHO BIIMSET Ha MPOTEKAHUE MPOIIecca, X0-
TSI CTAHAAPTHBIC JICKTPOIHBIC MOTCHIMAIBI BUCMYTa U CYPbMBI HMEIOT OJIM3KHE 3HaUeHUsI. Pe-
aKIMU UCCIICIOBAHHBIX CILIABOB C BOAOM XOPOIIO OMUCHIBAIOTCS KAK TOMOXHUMHUUYECKHE TIPOIEC-
col. C npuMeHeHreM MoaupuIupoBaHHoro ypaBueHus [Ipyra—TomnkuHca paccuutano d¢dex-
THBHBIC KOHCTAHTBI CKOPOCTH THAPOJIH3a BCEX CIUIABOB M YCTAHOBIICHO, YTO OHH BO3PACTAIOT C
noBbiieHreM temmeparypsl oT 25 no 70°C. Ilo TemneparypHoii 3aBUCHMOCTH 3P (HEKTHBHBIX
KOHCTAHT CKOPOCTH PACCYMTAHO YHEPIUH aKTHBALWH TMAPOJIH3a UCCICIOBAHHBIX CIIABOB, KO-
TOpBIC CBHUIETENIBCTBYIOT, YTO Ha MPOTSDKEHHH OCHOBHOTO MEPHO/Ia TeHepaluy Bogopoa (moc-
JIe 3aBepIICHHUs HHAYKIIMOHHOTO IIEPHO/Ia U 10 Hadasia 3aME/JICHHS BBIICICHHS BOJOPO/A) MIPO-
necc npoTekaet ¢ qud(Hy3nOHHBIMHA OIPAHHYCHUSIMH CKOPOCTH.

KiloueBble ciioBa: cudponus, cniagel anlOMUHUs, HOAYYEHUE 8000POOd, I6MEKMUIECKUL
cnnag Ga—In—Snkunemuxa zudponusa.
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