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� Low B addition effect to the Al2Zn

alloy’s hydrogen production is

investigated.

� In Al2Zn0.5B alloy, 83% higher

hydrogen generation performance

is obtained.

� Oxide film is more fragile and

porous by the help of AlB2 phase.

� By low B addition, activation en-

ergy is lowered from 26.717 to

23.526 kJ mol�1.

� By addition of 0.5wt.%B to Al2Zn,

1.83 times higher GH2 value is

obtained.
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Aluminium hydrolysis is a promising method for hydrogen generation due to its instant

hydrogen production, simplicity, controllability, and safety properties. Moreover, Al is very

common, recyclable, lightweight material and it has no degradation problem to supply

hydrogen in energy conversion devices. Hydrogen produced by Al can be easily adapted to

fuel cells to convert energy into higher efficiency. In this study, the effect of low B additions

(0.1, 0.3, and 0.5 wt.%) to the Al-2wt.%Zn alloy’s hydrogen generation performance is

investigated. Different temperatures (25, 50, and 80 �C) and different concentrations of

NaOH (1, 3, and 5 M) are studied to observe their effects on the hydrogen production and

corrosion rate. At 80 �C and 5 M NaOH concentration, in Al-2wt.%Zn-0.5wt.%B alloy, around

83% higher hydrogen generation performance is obtained than Al-2wt.% Zn alloy. The

hydrolysis reaction kinetics are investigated with the Arrhenius equation and by low B

addition, activation energy of the Al-2wt.%Zn and Al-2wt.%Zn-0.5 wt.%B alloys are

decreased from 26.717 kJ mol�1 to 23.526 kJ mol�1.
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Introduction

Increasing world population, technological and economic

developments are caused the high energy consumption,

environmental problems and depletion of the fossil energy

sources. This situation makes renewable energy production

vitally important. Among the other fuels, hydrogen is seen as

the best alternative to other fuels because of its high energy

density and environmentally friendly properties [1]. However,

as an energy carrier, hydrogen should be produced fromwater

and hydrocarbons [2] by biological [3], water electrolysis and

splitting [4,5], steamand partial oxidation [6,7] and biomass [8]

methods. Recently, reactive metals, such as Al, Zn, Mg, etc. is

extensively used to produce hydrogen by several chemical

reactions [2]. Among these metals, Al is seen as the most

promising candidate to produce higher hydrogen volumes [9].

Because, Al has low cost, high energy density (29MJ kg�1), fully

recyclable and lightweight (2700 kg m�3 density value) prop-

erties. Due to its lightweight specification, it is possible to use

this metal in portable systems for energy conversion appli-

cations [10,11]. The corrosion reactions of Al have minimum

environmental impact without CO2 products. Through the Al-

Water reactions, aluminium oxide (Al2O3) and aluminium

hydroxide (Al(OH)3) are formed. These products are very

beneficial for the water treatment studies. Moreover, it is

possible to obtain Al from Al2O3 compounds by the

HalleHeroult process. Moreover, wide spreading of electrical

cars brings some range problems due to the capacity problems

of commonly used Li-ion batteries. Fuel cells can be a good

alternative for this range extension studies and it is possible to

drive a fuel cell powered car by 400 km with only 4 kg of

aluminium [12]. Al and its alloys also can be used as battery

electrode with their high potential and low corrosion proper-

ties. Recently, pure aluminium or doped aluminium alloys

have adequate properties to supply storage needs. Further-

more,waste aluminiumwhich are not possible to recycle from

secondary aluminium product also can be used as low-cost

hydrogen generation metal [2]. For example Ho et al. [13]

used waste aluminium cans in low alkaline media to produce

hydrogen gas with Ni/Bi additives. They concluded that, this

method is comparable with pure aluminium powders’

hydrogen production performance for sustainable hydrogen

production. They observed that, lower particle size has higher

hydrogen production rates due to its closed contact with

alkaline media. Chemical energy stored in Al metal can react

with water to obtain hydrogen gas. However, Al is tended to

oxidize with water-Al reactions, and it is caused oxide film on

the surface of Al metals which has adverse effect on the

hydrogen production performance. Thus, alkaline media,

such as NaOH or KOH aqueous solutions [14e16] or ball mill-

ing process [17e19] can be used to lowering oxide film’s

negative effect on the hydrogen production performance. In
occurs by following reaction steps:

2Alþ6H2Oþ2NaOH/ 2NaAlðOHÞ4 þ 3H2 (1)

NaAlðOHÞ4 /NaOHþAlðOHÞ3 (2)

2Alþ6H2O/2AlðOHÞ3 þ 3H2 (3)

In the step (1) NaOH is consumed to regenerate NaAl(OH)4
composition in step (2). Thus, if reactions is controlled very

properly only water is consumed as seen in net reaction at

step (3). These reactions testify that aluminium is a compact

source of hydrogen and it can be used extensively like

hydrogen storage device. Thus, several hydrogen generation

or supply devices are develop based on these reactions

[20e26].

In these reactions, some inorganic additives are used to

observe effect of Al-metal hydrogen production performance

such as, AlMoO3, AlBi2O3, and AlCuO and some inert com-

posites like Al-MgO and Al-Al2O3 [27]. Furthermore, active

metals are another option to obtain higher hydrogen pro-

duction rates. For example, Li [28], Ce [29] and Ca [30] are used

to improve Aluminium hydrolysis reaction performance for

different applications. Moreover, to improve Al activation, low

melting point metals like Ga, In, Sn, Zn, Bi and Mg are used as

the alloying metals [1,31,32]. In these studies, Al powder is

mechanically alloyed with these metals to observe difference

of hydrogen production performance with un-milled Al pow-

der. For example, Wang et al. [33]. doped Ga, In and Sn to Al

metals to observe alloys’ hydrogen production performance.

They concluded that lower particle size of alloys has higher

hydrogen production amount and 30% less activation energy

than bigger particle size alloy metals. Preez et al. [34] investi-

gated the aluminum-tin-indium composites’ hydrogen pro-

duction performance in pure water. They observed some AlSn

phases in ternary composites and more than 95% hydrogen

yield is obtained. In another study,Wang et al. [1] investigated

hydrogen generation performance of binary, ternary and

quaternary alloys of Al with Ga, In and Sn elements. They

obtained higher performance in ternary and quaternary al-

loys. Efficiency of the hydrogen production is reached around

100% in quaternary alloys (3%Ga, 3%In, 5%Sn and Al).

However, besides alloying of aluminium, there are many

other factors that affect the hydrogen production perfor-

mance. For example, temperature, alkali concentration,

morphology, metal amount, concentration of metal ions may

affect the performance of the metallic hydrogen production.

Thus, alloying of aluminium needs parametric study to opti-

mize temperature, alkaline concentration and metallic prop-

erties and pre-treatment of reactants [16]. For example, Du

et al. [35] investigated the effect of different Mg content (from

2wt.% to 7wt.%) doping to Al-Mg-Ga-In-Sn alloy by preparing

casting and melting methods. They investigated that Mg
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content and temperature of the water is crucial parameters

for the reaction speed of hydrogen generation. Park et al. [36]

investigated the corrosion ratio has the highest value in Al-Zn

which is very crucial parameter for the hydrogen generation

reactions. Due to the Zn’s lowmelting point it reacts very well

in alkaline media when alloying with Al. Znmay also increase

the hydrogen production rate and yield with enhancing

pitting corrosion amount of Al alloys [37]. However, according

to author’s knowledge, there is not any study that investigates

the effect of low B doping on the Al-Zn alloy’s hydrogen gen-

eration performance as ternary alloy.

Thus, in the present work, low B doping (0.1, 0.3 and

0.5wt.%) to the Al-wt.%2Zn is studied to investigate hydrogen

performance effect in alkaline media. Different temperature

and solution concentrations are used to observe different

parameter’s effect on low B added Al-wt.%2Zn alloys’

hydrogen generation performance. Samples are physically

characterized by Field Emission-Scanning Electron Micro-

scopy (FE-SEM), FE-SEM- Energy-Dispersive X-ray Spectros-

copy (FE-SEM-EDX) and X-Ray Photo Spectroscopy (XPS)

analysis. Hydrogen generation amounts aremeasured by time

and activations energies of the samples are calculated to

observe their reaction kinetics.
Materials and methods

Preparation of samples

To prepare hydrogen production alloy samples, Al (99.99%

purity) and Zn elements (99.99% purity) and B metallic

element (99.5% purity) are used as alloying elements for

casting process. Firstly, Al-2wt.%Zn (Al2Zn) master alloy

casting process is performed. To prepare master alloy, Al

element is placed in a quartz tube and heated to 700 ± 10 �C for

2 min in an induction furnace. Then, Zn element is added to

molten Al in the same temperature for 3 min to obtain ho-

mogeneous mixture.

Secondly, B addition is performed to Al2Zn master alloy to

obtain Al2Zn-0.1wt.%B (Al2Zn0.1B), Al2Zn-0.3wt.%B

(Al2Zn0.3B) and Al2Zn-0.5wt.%B (Al2Zn0.5B), respectively. A

graphite mold (10 mm diameter and 50 mm length) is used for

mechanical casting, this mold is preheated to 700 �C before

casting process. Then, alloys are mechanically casted in this

mold and remained for cooling in room temperature. For B

added alloys, B elements are added to the process by

increasing temperature to 1000 ± 50 �C inmelting step. 10 mm

diameter and 50 mm length cylindrical Al2Zn binary and

Al2Zn0.1B, Al2Zn0.3B, Al2Zn0.5B ternary alloys are obtained,

successfully.

Afterwards, metallographic process is performed to cylin-

drical samples. Firstly, samples are cut to 2 ± 0.01 mm thick-

ness with cutting device (Struers Minitom). Secondly, samples

are polished mechanically by the help of waterproof silicon

carbide (SiC) papers with 600, 800, 1200, 2400, 4000 grids.

Characterization of alloy samples

After alkaline media reactions, all samples are cleaned by

extra pure water (Milli-Q®) and dried in nitrogen vacuum
atmosphere at 50 �C. To observe surface morphologies of the

samples, FE-SEM (Zeiss Gemini 500) and FE-SEM-EDX (EDAX

Inc.) analysis are performed.

X-ray photoelectron spectroscopy (XPS) analysis (Specs-

Flex XPS) are performed to characterize the morphology and

surface composition of alkaline media immersed different

alloys. XPS studies are performed on Al2Zn, Al2Zn0.1B,

Al2Zn0.3B and Al2Zn0.5B alloys. These samples are dipped in

5 M NaOH at 80 �C for a 160 s, and after rinsed and dried for

XPS measurements.

Hydrogen generation measurements of alloys

In Fig. 1, experimental setup of hydrogen production reactor

can be seen. To measure hydrogen production, three necked

round bottomed flask (500 ml) and different concentration of

NaOH aqueous solutions are used as hydrogen production

reactor.

Temperature is controlled by a heating cooling system

(Polyscience Recirculating Chiller) and changed between 25

and 80 �C to obtain constant temperature. In temperature

depended studies, 5 M NaOH aqueous solution is used and

hydrogen production amount is measured. For concentration

depended studies, solution (1, 3 and 5MNaOH) temperature is

set to 80 �C to observe effect of concentration to Al alloys’

hydrogen production performance. All hydrogen gas genera-

tion measurements are recorded during 160 s. Samples which

are for oxide film examinations are only cleaned by purewater

without ultrasonic cleaning. Produced hydrogen gas is

cleaned with washing bath (in 25 �C pure water) and accu-

mulated by accumulation tube. To calculate corrosion rate of

the samples, weight of the samples is measured before and

after 160 s immersion time. In addition, oxide film on the

surface of the samples are washed by 2% CrO3 and 5% H3PO4,

respectively [38e42].
Results and discussions

Hydrogen generation performance of alloys

Al2Zn binary alloy and different B added Al2Zn ternary alloys

are tested to investigate their hydrogen generation perfor-

mance. All alloying samples are prepared in 2 ± 0.01 mm

thickness and 10 ± 0.01 mm diameter with 2.20 ± 0.04 cm2

active surface area. Hydrogen production experiments are

conducted in different concentration (1e5 M) of NaOH

aqueous solution and different temperatures between 25 and

80 �C. In Fig. 2a, b and c, hydrogen generation amount of

different Al2Zn alloys can be seen in 5 M and 25, 50 and 80 �C,
respectively. Hydrogen gas evaluation rate (GH2) of different

samples are listed in Table 1.

As seen in Fig. 2a, b and c, increasing temperature from

25 �C to 80 �C GH2 value is enhanced, significantly. At the same

time, addition of B to Al2Zn alloy is increased hydrogen gen-

eration amount and GH2 for all samples. It can be seen in

Fig. 2a, b, and c, in 25 �C, 50 �C and 80 �C maximum hydrogen

production amounts are obtained in Al2Zn0.5B alloy as 4.5 ml,

42ml and 108ml, respectively. In 80 �C and 5MNaOH aqueous

solution, while hydrogen production amount is 59ml in Al2Zn
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Fig. 1 e Hydrogen production experimental setup.

Fig. 2 e Hydrogen generation of alloys’ by time a) at 25 �C-5M NaOH, b) at 50 �C-5M NaOH, c) at 80 �C- 5 M NaOH, d) at 80 �C-
1M NaOH, e) at 80 �C-3M NaOH and f) at 80 �C-5M NaOH.
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Table 1 e Hydrogen gas evaluation rate of alloy samples.

Alloy Gas evaluation rate (ml min�1 cm�2)

25 �C 50 �C 80 �C

5 M
NaOH

5 M
NaOH

5 M
NaOH

3 M
NaOH

1 M
NaOH

Al2Zn 0.46 4.44 10.07 7.51 4.27

Al2Zn0.1B 0.61 5.46 14.16 8.36 5.12

Al2Zn0.3B 0.70 6.65 15.53 9.04 5.46

Al2Zn0.5B 0.77 7.17 18.43 9.72 5.80

Table 2 e Corrosion rates and activation energies of alloy
samples in 5 M NaOH.

Alloy Corrosion rate
(mg cm�2 min�1)

Activation
energy (kJ mol�1)

298 K 323 K 353 K

Al2Zn 1.88 3.92 10.07 26.717

Al2Zn0.1B 2.39 4.78 11.77 25.372

Al2Zn0.3B 2.73 5.29 12.80 24.575

Al2Zn0.5B 3.07 5.97 13.48 23.526

Fig. 3 e Arrhenius plot for the alloys in 5 M NaOH media.
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alloy, hydrogen production amount is increased around 83%

by 108ml in Al2Zn0.5B alloy. By addition of 0.5wt.% addition of

B to Al2Zn alloy, GH2 value is changed from 10.07 ml min�1

cm�2 to 18.43 ml min�1 cm�2 with 1.83 times higher value.

In Fig. 2d, e and f, experiments are performed at 80 �C
constant temperature during 160 s by changing alkaline

aqueous solution concentration from 1 to 5 M. As seen in

Fig. 2d, e and f, increasing the solution concentration,

hydrogen production amount is enhanced, significantly. As

seen in different concentration experiments, the highest

hydrogen production is obtained in Al2Zn0.5B ternary alloy.

Increasing the addition of B to Al2Zn alloy increased the

hydrogen production value, remarkably. In 1, 3 and 5 M con-

centration of NaOH aqueous solutions, maximum hydrogen

production amounts are measured in Al2Zn0.5B as 34 ml,

57 ml and 108 ml, respectively. Moreover, for 3 M NaOH

aqueous solution experiments, while hydrogen production

and GH2 is measured as 57 ml and 9.72 ml min�1 cm�2 in

Al2Zn0.5B alloy, for 5 M NaOH aqueous solution experiments,

Al2Zn alloys hydrogen production and GH2 values are

measured as 59 ml and 10.07 ml min�1 cm�2, respectively.

Here it is clear that, for 3 M NaOH in Al2Zn0.5B alloy and 5 M

NaOH concentrations with Al2Zn alloy, hydrogen production

and GH2 values are very similar. Hereby, addition the certain

amount of B to Al2Zn alloy, decrease the NaOH concentration

to obtain the same amount of hydrogen gas. It is highly crucial

in hydrogen generation reactions that arranging proper tem-

perature and solution concentration considering production

stability, time and energy consumption [43]. For example,

technological devices, such as fuel cells, which can use

hydrogen directly to produce electricity. Solution tempera-

ture, alkaline concentration and alloying metal contents are

highly important parameters for stable energy conversion in

these devices. Thus, in this study optimum temperature,

concentration and amount of B doping to Al2Zn alloys are

investigated.

Kinetic parameters

In Table 2, corrosion rates and activation energies of alloy

samples can be seen. At 25 �C, the corrosion rate of Al2Zn0.5B

alloy is 3.07 mg cm�2 min�1 while it is 13.48 mg cm�2 min�1 at

80 �C. As mentioned previously, addition of B to Al2Zn alloy is

increased the hydrogen generation amount. The reason of this

improvement may be due to enhanced corrosion value of the

samples. In alkalinemedia, aluminium corrosion reaction can

be shown as below [44]:
AlþOH� þ 3
�
4 O2 þ 3

�
2 H2 O/ AlðOHÞ�4 (4)

In this reaction, aluminium is consumed, and hydrogen

generation reactions are taken place as below:

Alþ3
�
2 H2 Oþ OH�/ 3

�
2 H2 þAlðOHÞ�4 (5)

As mentioned before, passive oxide film on the samples

may cause slower reactions for hydrogen generation. How-

ever, by increasing temperature, this film may become more

porous and less protective. For this reason, it is caused higher

corrosion ratio. This situation may be explained by high

chemical activity due to accumulated OH� ions and consumed

AlðOHÞ�4 ions between oxide film and solution interface

enhanced chemical solubility [44,45].

Moreover, to investigate the relations of reactions with

temperature between alloy samples and solution, reaction

kinetic must be clarified. The reaction kinetics can be

explained by Arrhenius equation as below [46]:

Cr ¼B exp

�
�Ea

RT

�
(6)
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Here, Cr, represents the alloy samples’ corrosion ratio in

alkaline media, R is universal gas constant (8.314 J mol�1 K�1),

T is absolute temperature, Ea is activation energy in alkaline

media and B represents the pre-exponential factor. The acti-

vation energy of binary Al2Zn and ternary Al2Zn-B alloys are

calculated via Eq. (6). In Fig. 3, Arrhenius plot (lnCr vs 1000/T)

of different alloys can be seen.

As seen in Fig. 3, B added Al2Zn alloys have the lower

activation energy value than Al2Zn alloy sample. Calculated

slope of the curves in Fig. 3 is listed as Table 2 to compare Ea

values of different samples.

As seen in Table 2, Al2Zn binary alloy has the highest Ea

value by 26.717 kJ mol�1 while the lowest value is calculated in

Al2Zn0.5B ternary alloy as 23.526 kJmol�1. These results prove

that, in 5 M NaOH aqueous solution, addition of B to Al2Zn
Table 3 e Kinetic parameter comparison from literature studie

Sample Temperature
Range (K)

Al2Zn0.5B 298e353 K N

Al rod 298e338 Z

Al6063 303e323 K N

Al6063 303e323 K N

50wt.% Al-34wt.% Ga-11wt.% In-5wt.% Sn 297e338 K W

Ni20Al80 293e333 K 0

Fig. 4 e FE-SEM imaging of alloys afte
alloy increase the hydrogen production and corrosion ratio. In

Table 3, kinetic parameter comparison from literature studies

can be seen.

As seen in Table 3, activation energy values aremeaningful

compared to literature data. Calculated activation energy

values are obtained between 13.25 and 43.814 kJ mol�1. By

alloying of Al and different solutions, activation energy can be

changed.

Detailed surface analysis of alloys

FE-SEM and FE-SEM-EDX analysis
Samples, which are performed in 5 M NaOH solution for 160 s

are characterized after reactions to observe effect of corrosion

and oxide films on the surface. Fig. 4 shows the FE-SEM images
s.

Solutions and
Concentrations

Activation energy
(kJ mol�1)

Ref.

aOH, 5 M 23.526 This study

inc Amalgam, NA 43.4 [47]

aOH, 0.05 M 18.43 [44]

aOH, 0.5 M 13.25 [44]

ater, NA 43.814 [48]

.2310e0.6931 M NaOH 42.50 [49]

r the corrosion in alkaline media.
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Fig. 5 e FE-SEM image mapping and FE-SEM-EDX analysis of Al2Zn0.5B alloy after the corrosion in alkaline media.

Fig. 6 e Microstructure image of AlB2 particles and FE-SEM-EDX analysis in Al2Zn0.5B alloy.
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Fig. 7 e a) General XPS spectra acquired on the surface of Al2Zn, Al2Zn0.1B, Al2Zn0.3B and Al2Zn0.5B alloys, high-resolution

Al 2p XPS spectrum acquired on the b) Al2Zn, c) Al2Zn0.5B, High-resolution Zn 2p XPS spectrum acquired on the d) Al2Zn

and e) Al2Zn0.5B alloys.
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different temperature and B addition affect can be seen for

different alloys.

Increasing alkaline media temperature to the 80 �C, oxide
film amount is increased, and more porous structures are

observed. For all temperatures, increasing of B addition to the

Al2Zn alloy, oxide films are observed as more cracked. This

porous and cracked structures support the low activation

energy and higher corrosion ratio of B addition to the Al2Zn

alloys. Formation of AlB2 phase particles may cause more

cracked and porous structure of oxide film.

In Fig. 5, FE-SEM image mapping and FE-SEM-EDX analysis

of Al2Zn0.5B alloy after the corrosion in alkaline media can be

seen for a phase region.

As seen in Fig. 5, Al density is very clear around the cracked

regions in SEMmapping images. From these regions, Al can be

easily contact with alkaline solution to produce higher

hydrogen amount. Zn may form a passive oxide films in

alkaline media. These Zn oxide compounds formed oxide

films on the Al surface, and they are classified as two-types

[36]. These oxide films are compact and protective between

Al alloy surface and alkaline electrolyte [50]. Thus, Zn oxide

compounds are more obvious than Al oxides on the surface.

As seen in Fig. 5, in SEMmapping images, in dense Zn regions,

there are more intense O elements.

In FE-SEM-EDX analysis of full area, peaks of elements

which forms the alloy (Al-Zn-B) and O element can be seen. Zn

element forms protective surface film on Al surface as

mentioned in the literature [36,51]. In Fig. 6, microstructure

image of AlB2 particles and FE-SEM-EDX analysis in Al2Zn0.5B

alloy can be seen.

As seen in Fig. 6, AlB2 is formed some cracks on the oxide

film. It is known that AlB2 particles are made oxide filmsmore

fragile and decreased the corrosion resistance [52]. Moreover,

B element has randomized distribution in the structure. As

seen in Fig. 5, AlB2 phase is validated by FE-SEM-EDX analysis

with their atomic ratio, too.

XPS analysis for alloys
Fig. 7 displays the general XPS spectra and high-resolution Al

and Zn 2p XPS spectrum acquired on the surface of the alloys.

From these spectra, it is concluded that, zinc rich surfaces are

formed, and a significant amount of oxide was observed. In

addition, some aluminum peaks are observed due to the

porous structure formed due to boron doping observed in SEM

images. Also, an amount of carbon contamination is observed.

Fig. 7b and c shows the evolution of the spectra of the A1 2p

core level in Al2Zn and Al2Zn0.5B alloys. The binding energy

(BE) values of an electron depends on several factors. Such as

photoemission energy, formal oxidation states of atoms and

local chemical and physical environment. This local oxidation

states and environmental factors can be caused a small shift

in the peak positions in the spectrum. Such shifts are called as

a chemical shift and easily observable and interpretable in

XPS spectra [53]. The A1 2p line always exhibits a double

structure attributed to metallic (low BE ~72 eV) and oxidized

states of aluminum (~74 eV) [54]. When the spectrum is

deconvoluted, binding energies are obtained as 72.15 eV and

74.28 eV for Al2Zn, 72.89 eV and 74.82 eV for Al2Zn0.5B,

respectively. This shift in binding energies is directly related

to boron addition and oxidation states of aluminum [54]. In
addition, the etching process carried out in an alkaline envi-

ronment which influences this chemical shift. It is clear here

that, because of B addition, the alloy has a more porous

structure and it has a significant effect on the oxidation

process.

Fig. 7 d and e show the evolution of the spectra of the Zn 2p

core level in Al2Zn and Al2Zn0.5B alloys. Both spectra have

two peaks and these peaks belongs to the 2p1/2 and 2p3/2

orbitals of the zinc atom.When the peaks are deconvoluted, it

is seen that both the presence of the metallic phase and the

oxidized phase for Zn 2p3/2, similar to Al. The binding energy

for ZnO is 1021.84 eV for the 2p3/2 orbital, and this binding

energy value is also indicated that formation of ZnAl2O4

[55e57]. The presence of Zn at the surface as an alloying

element promotes the nucleation of ZnAl2O4 spinel and gives

rise to increased defects and cracking of the thin surface layer

[56]. According to the Al Shayeb et al. [57] the incorporation of

Sn into the bulk of the alloy is more easier than its incorpo-

ration into the Al surface. So similar behavior observed in our

B added Al-Zn alloy as stated in SEM analysis. Both Zn 2p1/2

and 2p3/2 peaks indicate the existence of the oxide phase and

shifted to the higher in binding energies. Also, binding energy

differencewith the Zn 2p1/2 and 2p3/2 is close to 23 eV for both

alloys and consistent with the literature [54].
Conclusions

In presentedwork, B additions to Al2Zn alloys are investigated

by changing the B addition amount, NaOH concentration and

temperature. Considering the hydrogen generation and GH2

values, the highest performance is obtained at 80 �C temper-

ature, 5 M NaOH concentration and 5wt.%B addition. In

Al2Zn0.5B alloy, 18.43 ml min�1 cm�2 GH2 value and

13.48 mgmin�1 cm�2 corrosion rate is obtained. By the help of

convenient alloying to Al, hydrogen generation behaviour can

be developed, remarkably. For example, Zn improves the

hydrogen production amount of Al alloys. Furthermore, in this

study, 83% extra improvement is obtained by 5wt.%B addition

to the Al2Zn alloy. Temperature affect the kinetic parameters

of Al hydrogen production reactions. Temperature range,

which is investigated in experimental studies, by addition of B

to Al2Zn alloy, activation energy values are diminished from

26.717 to 23.526 kJ mol�1. According to surface oxide film ex-

aminations, Al and Zn elements oxide form is formed and this

oxide films are more fragile and porous by the help of AlB2

phase. In our future studies, intermetallic particles which are

located grain boundaries of the aluminium alloys and ternary

alloys with randomly located B contained structures’

hydrogen production performance will be studied. Then, ef-

fect of higher B doping to the different Al alloys in several

temperature and concentration conditions will be

investigated.
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