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Summary 

Summary 
 

The present thesis is focused on the processing of metal alloy particles with ultrasound of 

high intensity (HIUS) for potential application in electrocatalytic water splitting process for 

hydrogen generation. During ultrasonic treatment of metal particles the changes in bulk 

(crystallite size, microstrain) and surface (composition, morphology) properties were monitored 

in order to unravel the fundamental aspects of acoustic cavitation and their effect on sonicated 

matter as well as to explain the enhancement of electrocatalytic performance of the initially 

inactive metal alloy catalysts.  

Through the appropriate choice of sonication medium, concentration of sonicated 

particles suspension, and duration of the ultrasonic treatment it became possible to provide  

insights into the phenomenon of cavitation and associated  physical (energy transfer, thermal 

impact, solid state atomic diffusion) and chemical (phase transformations, red-ox reaction) 

processes. As a result, by adjusting the ultrasound treatment conditions an AlNi based 

electrocatalyst with significantly improved properties (reduced overpotential, higher current 

output) toward hydrogen evolution reaction (HER) was fabricated.    

A novel method for quantitative evaluation of energy transfer between collapsing 

cavitation bubbles and sonicated matter was developed. The method is based on analysis of 

crystallographic material parameters using powder X-ray diffraction technique. Upon monitoring 

of the crystallite sizes of Al3Ni and Al3Ni2 intermetallic phases present in the alloy using the 

Scherrer and Williamson–Hall methods, it was revealed that a temperature gradient that 

propagates in sonicated metal particles, triggers atomic diffusion and leads to an increase in 

crystallites’ sizes and reduction of microstrain in the system.  

The method proposed here for the evaluation of the impact of cavitation on solids was 

applied for the estimation of the average minimum temperature (𝑇𝑇�𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚 ) up to which the 

particle can be heated. The cavitation induced temperature gradient strongly depends on physical 

properties of the sonication medium such as vapor pressure and viscosity and increases in the 

row ethylene glycol < ethanol < water < decane. Furthermore, based on the obtained data it was 

estimated that the energy transfer from collapsing cavitation bubble to sonicated particle is ~ 17 

% more efficient in decane than in ethylene glycol.  
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Simultaneously with solid state atomic diffusion in metal bulk, thermal, mechanical, and 

chemical impact of cavitation bubbles on the metal surface triggers the phase transformation 

reactions in a nm-thick interfacial layer. In collaboration with Prof. Dr. Juergen Senker from the 

department of Inorganic Chemistry III at the University of Bayreuth using 27Al solid state NMR 

it has been demonstrated that even though the formation of the Al3Ni2 phase on the surface of 

AlNi alloys is kinetically restricted, collapsing cavitation bubbles heat the surface above 1124 K, 

triggering the near-surface transformation of the Al3Ni phase into Al3Ni2. Furthermore, in 

collaboration with Prof. Muthupandian Ashokkumar from the School of Chemistry at the 

University of Melbourne and having performed the X-ray photoelectron spectroscopy (XPS) 

studies, it was found that use of a sonication medium such as ethanol or decane promotes the 

reduction processes on the surface of the treated alloy and, thus, affects the atomic ratio and 

chemical composition in metal alloys.   

Gradient changes in phase composition and crystal size that HIUS produced in reductive 

media (ethanol/decane) lead to significant enhancement of electrocatalytic properties of AlNi 

alloys. After performing electrochemical test measurements (linear sweep voltammetry (LSV)) it 

was found that HIUS enables near-surface structuring of AlNi alloy particles toward 

electrocatalytic HER with significantly improved electrocatalytic properties such as reduced 

overpotential (η) and increased exchange current density (i0). In particular, it has been shown that 

HIUS treatment in ethanol results in almost 146-fold increase in i0 as compared to untreated 

alloy particles, placing sonochemical processing of metals/metal alloys is among the most 

promising methods for creation of an electrocatalytically active interface for hydrogen evolution. 

The experimentally determined electrocatalytic activity of the Al3Ni2 intermetallic phase was 

confirmed by means of density functional theory (DFT) calculations which were performed by 

Prof. Dr. Stephan Kuemmel from the department of Theoretical Physics at the University of 

Bayreuth. DFT calculations proved the concept proposed here of beneficial structuring of a 

catalytically active (Al3Ni2) phase with preferential orientation of the crystal planes (100) in the 

ultrasonically treated alloys for optimum hydrogen adsorption. 

The obtained fundamental knowledge was successfully applied on development of 

materials with significantly enhanced electrocatalytic properties. Thus, with respect to formation 

of an electrocatalytically active interface, ultrasound treatment satisfies several requirements 

which are essential for the catalyst to be efficient. First, US treatment leads to overall structuring 

of HER active phases, namely their growth and exposure on the catalyst surface due to 

accelerated solid state atomic diffusion caused by the created temperature gradient. Second, 
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through the appropriate choice of the sonication medium it is possible to controllably avoid the 

formation of high surface area for prevention of hydrogen bubble trapping and associated 

increased electrolyte ohmic resistance. Additionally, sonication activates the catalyst surface, 

which is required for the achievement of the necessary hydrogen coverage. These steps may 

drastically reduce the applied overpotential for the HER process.  

Overall, seemingly highly undesirable for industrial engineering applications the 

cavitation phenomenon (acoustically induced) has a great number of positive impacts in the area 

of catalytic materials formation. In other words, the method of ultrasound treatment is a perfect 

example of turning initially disadvantageous cavitation effects into highly beneficial ones. Thus, 

US treatment can be simply considered as a unique “one-pot” surface modification method 

which opens new prospective for inexpensive earth abundant metals such as aluminum and 

nickel to be used for fabrication of robust and highly efficient alternatives to platinum as 

electrocatalyst toward hydrogen evolution.  
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Zusammenfassung 

Zusammenfassung 

 
Der Fokus der vorliegenden Doktorarbeit liegt auf der Verarbeitung von Partikeln aus 

einer Metalllegierung mit Hilfe von hoch intensivem Ultraschall (HIUS) für die potentielle 

Anwendung in elektrokatalytischer Wasserspaltungsreaktion für die Erzeugung von Wasserstoff. 

Während der Ultraschallbehandlung von Metallpartikeln wurden Veränderungen der 

Bulkeigenschaften (Kristallitgröße, Mikrospannung) und Veränderungen der 

Oberflächeneigenschaften (Zusammensetzung, Morphologie) studiert, um die fundamentalen 

Aspekte der akustischen Kavitation sowie ihre Effekte auf die ultraschallbehandelte Materie 

aufzudecken und die verbesserte elektrokatalytische Leistung des ursprünglich inaktiven 

Metalllegierungskatalysators zu erklären.  

Durch die geeignete Wahl des Ultraschallmediums, der Konzentration der 

ultraschallbehandelten Partikel Suspension und der Dauer der Ultraschallbehandlung wurde es 

möglich, Einblicke in das Phänomen der Kavitation und der dazugehörigen physikalischen 

(Energieübertragung, thermische Auswirkung, Festkörper Atomdiffusion) und chemischen 

(Phasenumwandlung, Red-Ox. Reaktionen) Prozesse zu gewinnen. Infolgedessen wurde ein, auf 

AlNi basierender, Elektrokatalysator mit erheblich verbesserten Eigenschaften (reduzierte 

Überspannung, höherer Stromstärke Ausgabeleistung) für die Wasserstoffentwicklungsreaktion 

durch Einstellen der Parameter der Ultraschallbehandlung hergestellt. 

Eine neue Methode zur quantitativen Bestimmung der Energieübertragung zwischen 

kollabierenden Kavitationsblasen und ultraschallbehandelter Materie wurde entwickelt. Die 

Methode basiert auf der Analyse kristallographischer Parameter des Materials mittels 

Röntgenpulverdiffraktogrammen. Durch die Überwachung der Kristallitgrößen der in der 

Legierung vorhandenen intermetallischen Phasen Al3Ni und Al3Ni2 mit Hilfe der Scherrer und 

Williamson-Hall Methoden wurde gezeigt, dass der sich durch die ultraschallbehandelten 

Partikel ausbreitende Temperaturgradient die atomare Diffusion auslöst und zu einer 

Vergrößerung der Kristallitgrößen sowie zu einer Verringerung der Mikrospannung im System 

führt. 

Die hier vorgeschlagene Methode zur Bewertung der Auswirkung der Kavitation auf 

Festköper wurde für die Abschätzung der durchschnittlichen Mindesttemperatur  �𝑇𝑇�𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚 �, bis 

zu der die Partikel erhitzt werden können angewendet. Der durch die Kavitation induzierte 

Temperaturgradient ist stark von den physikalischen Eigenschaften wie Dampfdruck                      
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und Viskosität des Ultraschallmediums abhängig, welche in der Reihenfolge                       

Ethylenglykol < Ethanol < Wasser < Dekan ansteigen. Des Weiteren wurde anhand der 

erhaltenen Daten die Energieübertragung von der kollabierenden Kavitationsblase zum 

ultraschallbehandelten Partikel in Dekan abgeschätzt welche ~ 17 % effizienter ist als in 

Ethylenglykol.  

Zeitgleich mit der Festkörper Atomdiffusion im Bulkmetall lösen thermische, 

mechanische und chemische Auswirkungen der Kavitationsblasen auf die Metalloberfläche die 

Phasenumwandlungsreaktionen in einer nm-dicken Grenzschicht aus. In Zusammenarbeit mit 

Prof. Dr. Juergen Senker vom Lehrstuhl Anorganische Chemie III an der Universität Bayreuth 

wurde mit Hilfe von 27Al Festkörper NMR demonstriert, dass, obwohl die Bildung von Al3Ni2 

Phase an der Oberfläche der AlNi Legierungen kinetisch eingeschränkt ist, kollabierende 

Kavitationsblasen die Oberfläche auf 1124 K erhitzen und eine oberflächennahe Umwandlung 

der Al3Ni Phase in Al3Ni2 auslösen. Weiterhin wurde in Zusammenarbeit mit Prof. 

Muthupandian Ashokkumar von der School of Chemistry an der Universität Melbourne und mit 

den durchgeführten Röntgen-Photoelektronen-Spektroskopie (XPS) Messungen herausgefunden, 

dass die Verwendung von Ultraschallmedien wie Ethanol oder Dekan die Reduktionsprozesse an 

der Oberfläche der behandelten Legierung begünstigen und damit das Atomverhältnis sowie die 

chemische Zusammensetzung in den Metalllegierungen beeinflussen.  

Veränderungen in der Phasenzusammensetzung und der Kristallgröße durch HIUS in 

reduzierenden Medien (Ethanol/Dekan) führen zur erheblichen Verbesserung der 

elektrokatalytischen Eigenschaften der AlNi Legierung. Durchelektrochemische Testmessungen 

(Lineare Voltametrie (linear sweep voltammetry (LSV)) wurde herausgefunden, dass HIUS die 

oberflächennahe Strukturierung von AlNi-Legierung-Partikeln für die elektrokatalytische 

Wasserstoffentwicklungsreaktion mit stark verbesserten elektrokatalytischen Eigenschaften wie 

reduzierte Überspannung (η) und erhöhte spezifische Austauschstromdichtewerte (i0) ermöglicht. 

Im Besonderen wurde gezeigt, dass die Behandlung mit HIUS in Ethanol im Vergleich zu 

unbehandelten Legierungs-Partikeln zu einer fast 146-fachen Zunahme des i0 Wertes führt, und 

somit die sonochemische Verarbeitung von Metallen/Metalllegierungen zu einer der 

vielversprechendsten Methoden in der Herstellung elektrokatalytisch aktiver Grenzflächen für 

die Wasserstoffgewinnung gehört. Die experimentell bestimmte elektrokatalytische Aktivität der 

intermetallischen Al3Ni2 Phase wurde durch Dichtefunktional Theorie (DFT) Berechnungen von 

Prof. Dr. Stephan Kuemmel vom Lehrstuhl Theoretische Physik an der Universität Bayreuth 

bestätigt. Die DFT Berechnungen beweisen das hier vorgeschlagene Konzept der vorteilhaften 
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Strukturierung der katalytisch aktiven (Al3Ni2) Phase mit Präferenz für die Wasserstoff 

Adsorptionsorientierung von Kristallebenen (100) in den ultraschallbehandelten Legierungen. 

Das gewonnene fundamentale Wissen wurde erfolgreich in die Entwicklung eines 

Materials mit erheblich verbesserten elektrokatalytischen Eigenschaften einbezogen. Folglich 

erfüllt die Ultraschallbehandlung, mit Blick auf die Bildung einer elektrokatalytisch aktiven 

Grenzfläche, mehrere Voraussetzungen die für die Effizienz des Katalysators wesentlich sind. 

Erstens führt die Ultraschallbehandlung  zu einer allgemeinen Strukturierung der für die 

Wasserstoffentwicklungsreaktion aktiven Phasen und zwar zu deren Wachstum und deren 

Freilegung an der Katalysatoroberfläche durch beschleunigte Festkörper Atomdiffusion, die 

durch den geschaffenen Temperaturgradienten verursacht wurde. Zweitens ist es durch die 

geeignete Wahl des Ultraschallmediums  möglich, die Bildung einer großen Oberfläche 

kontrolliert zu vermeiden, um dem Einfangen von Wasserstoffblasen und der damit verbundenen 

Zunahme des Ohm‘schen Widerstands des Elektrolyten vorzubeugen. Zusätzlich wird die 

Katalysatoroberfläche während der Ultraschallbehandlung aktiviert. Dies ist für das Erreichen 

der notwendigen Wasserstoffbedeckung erforderlich. Diese Maßnahmen könnten die angelegte 

Überspannung  für die Wasserstoffentwicklungsreaktion drastisch senken. 

Im Allgemeinen, hat das für industrielle Anwendungen scheinbar hoch unerwünschte 

(akustisch induziert) Kavitationsphänom eine große Anzahl an positiven Auswirkungen im 

Bereich der Entwicklung katalytischer Materialien. Mit anderen Worten, die Methode der 

Ultraschallbehandlung ist ein perfektes Beispiel für das Umkehren eines ursprünglich 

ungünstigen Kavitationseffektes in einen sehr nützlichen Effekt. Deshalb kann die 

Ultraschallbehandlung als eine einzigartige „Ein-Topf“ Oberflächenmodifikationsmethode 

betrachtet werden, welche für auf der Erde reichlich vorkommende und preiswerte Metalle wie 

Aluminium und Nickel eine robuste und hoch effiziente Alternative zu dem Platin 

Elektrokatalysator für die Wasserstoffgewinnung eröffnet.  
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Introduction 

1 Introduction 

 

Hydrogen is an environmentally friendly energy carrier. Being the simplest molecule in 

our universe, yet it has the largest energy density over any other fuel [1] and is considered to be 

an excellent energy carrier [2, 3]. Over the last few decades it was successfully used as a fuel for 

propelling space ships and rockets into the orbit. Apart from rocket fuel and hydrogen fuel cells     

[4, 5], it is also widely used for ammonia production [6] which is later converted into fertilizers 

for agricultural needs. The majority (~95 %) of hydrogen is produced today by steam reforming 

of fossil fuel [7] such as natural gas, petroleum, and coal. The second most popular method of 

hydrogen production is electrolytic water splitting [8] which accounts only for about ~4 % of the 

total production, due to the high overpotential (-1.48 V) of the hydrogen evolution reaction 

(HER) [9]. The HER is a process of hydrogen production from various sources including water. 

Technologically, production of molecular hydrogen via water splitting is a “green” process that 

does not produce harmful side products and uses renewable energy (grid, wind, solar). Nowadays 

one of the major needs for efficient electrolysis is the development of low-cost, active, and stable 

catalysts [10].      

In the last few decades there have been carried out extensive studies on the subject of 

finding efficient, robust, and low-cost catalysts for electrocatalytic water splitting, which could 

potentially replace the currently used Pt electrocatalysts [11-13]. Having found such a catalyst 

would make the overall process of highly pure hydrogen production by electrolysis preferable 

from the economical point of view in comparison to fossil fuel processing. Even though Pt is 

considered to be the most efficient material toward HER [14], it has two major disadvantages – 

low abundance in nature and extremely high cost. Thus, the attention of scientists was drawn into 

investigation of potentially as efficient, less expensive, and significantly more abundant 

materials [15].   

It was shown that, for example, nanoalloys consisting of transition metals potentially can 

have excellent catalytic properties for hydrogen production [16]. However, up to now the 

efficiency of electrocatalysts that were prepared using nanoalloys was significantly lower 

comparing to Pt. The low efficiency of nanoalloys is probably related to the low accessibility of 

active centres for hydrogen. Thus it was proposed, that nanostructures with particular orientation 
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of the beneficial crystallographic planes that provide their maximum accessibility for hydrogen 

are desirable for an efficient electrocatalyst. For example, exposure of the (100) edge planes in 

MoS2 for hydrogen adsorption leads to the significant enhancement of its electrocatalytic 

properties [17].  

Recently, in order to enhance the efficiency of alloys for electrocatalysis, near-surface 

and surface alloys were proposed [18]. Near-surface alloys are characterized by different 

composition of surface layer and support. The electrocatalytic properties of such alloys were 

demonstrated for a few systems that were prepared by deposition-annealing using transition 

metals and the Pt (111) surface [19]. However, in many cases near-surface alloys require 

sophisticated and multistage preparation procedures. Furthermore, efficient structures are often 

sensitive to acidic or basic environment and change their surface composition upon hydrogen 

adsorption.  

Nevertheless, recent achievements in structuring of inorganic materials demonstrated that 

they may become more attractive for industry if novel economically effective methods of 

manipulation of the metal surface at atomic level can be proposed. Most of them employ wet 

chemistry approaches, which can be quite sophisticated and lengthy. Among those are catalysts 

synthesized by means of carburization [20], solvothermal processing [21], microwave-assisted 

hydrothermal approach [22], ammonolysis [23], selenization [24] etc. Many of the synthesis 

pathways involve complex steps of nanoengineering to produce nanoparticles, nanosheets, or 

nanowires [22, 25, 26]. Some also include the catalyst incorporation on various supports, such as 

impregnation into carbon nanotubes, mesoporous graphene foams, reduced graphene oxide 

sheets etc. [27-29]. In addition to synthesis, the majority of the catalysts must be activated prior 

their use, which overall extends the preparation time significantly and requires additional power 

input. As a result, at the present time it seems unlikely to establish a simple method that could be 

used for creation of an electrocatalyst as efficient as Pt from earth abundant metals without 

utilizing rare elements or expensive precursors. Nevertheless, an unexpected solution of this 

issue may come from the area of acoustic chemistry, as this thesis will demonstrate.   

High intensity ultrasound (HIUS) is a unique technological approach for the synthesis of 

metallic nanomaterials and solid-state processing of metals [30-32]. HIUS provides extreme 

conditions for both bottom-up [33, 34] and top-down [35] approaches to the design of 

nanomaterials. Sonochemistry is an area that has been developing over the last few decades [36]. 
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It is mainly associated with the effect of cavitation [37, 38], that is known to occur naturally and 

is notorious for its destructive properties being a significant cause of wear in many engineering 

contexts [39]. Surprisingly, controlled acoustic cavitation can serve as a simple and powerful 

tool for the fabrication of HER active electrocatalysts.   

In the present thesis, intensive studies on the subject of ultrasound processing of 

metal/metal alloys revealed numerous fundamental aspects such as the temperature impact of 

cavitation bubble implosion, solid-state atomic diffusion, morphological and compositional 

changes. The obtained fundamental knowledge was successfully implemented for development 

of materials with significantly enhanced electrocatalytic properties. Thus, with respect to 

formation of electrocatalytically active interfaces, ultrasound treatment satisfies several 

requirements that are important for the catalyst to be efficient.  

Throughout the thesis it will be demonstrated that HIUS treatment leads to overall 

structuring of HER active phases, namely their growth and exposure on the catalyst surface due 

to accelerated solid-state atomic diffusion caused by the created temperature gradient. Second, 

through the appropriate choice of sonication medium it is possible to controllably avoid the 

formation of a porous surface for prevention of hydrogen bubble trapping and associated 

increased electrolyte ohmic resistance. Additionally, while sonicated, the catalyst surface is 

being activated, which is required for the achievement of the necessary hydrogen coverage. This 

step may drastically reduce the applied overpotential of the HER process. 

Overall, US treatment can be simply considered as a unique and elegant “one-pot” 

surface modification method which opens new perspectives for inexpensive earth abundant 

metals such as aluminum and nickel to be used for fabrication of robust and highly efficient 

alternatives to platinum electrocatalysts toward hydrogen evolution.  

 

 

 

 

 

13 
 



Introduction 

 

References 

[1] S. Dunn, Hydrogen futures: toward a sustainable energy system, Int. J. Hydrog. Energy, 27 
(2002) 235-264. 
 
[2] N. Armaroli, V. Balzani, The future of energy supply: Challenges and opportunities, Angew. 
Chem.-Int. Edit., 46 (2007) 52-66. 
 
[3] L. Barreto, A. Makihira, K. Riahi, The hydrogen economy in the 21st century: a sustainable 
development scenario, Int. J. Hydrog. Energy, 28 (2003) 267-284. 
 
[4] K.D. Kreuer, On the development of proton conducting polymer membranes for hydrogen 
and methanol fuel cells, J. Membr. Sci., 185 (2001) 29-39. 
 
[5] T. Rostrup-Nielsen, Manufacture of hydrogen, Catal. Today, 106 (2005) 293-296. 
 
[6] A. Klerke, C.H. Christensen, J.K. Norskov, T. Vegge, Ammonia for hydrogen storage: 
challenges and opportunities, J. Mater. Chem., 18 (2008) 2304-2310. 
 
[7] J.D. Holladay, J. Hu, D.L. King, Y. Wang, An overview of hydrogen production 
technologies, Catal. Today, 139 (2009) 244-260. 
 
[8] M. Carmo, D.L. Fritz, J. Merge, D. Stolten, A comprehensive review on PEM water 
electrolysis, Int. J. Hydrog. Energy, 38 (2013) 4901-4934. 
 
[9] J.M. Ogden, Prospects for building a hydrogen energy infrastructure, Annu. Rev. Energ. 
Environ., 24 (1999) 227-279. 
 
[10] Hydrogen production. Overview of technology options. Report of Freeadom Car Fuel 
Partnership (2009) https://www1.eere.energy.gov/hydrogenandfuelcells/pdfs/h2_tech_road 
map.pdf 

[11] F. Harnisch, G. Sievers, U. Schroder, Tungsten carbide as electrocatalyst for the hydrogen 
evolution reaction in pH neutral electrolyte solutions, Appl. Catal. B-Environ., 89 (2009) 455-
458. 
 
[12] B. Hinnemann, P.G. Moses, J. Bonde, K.P. Jorgensen, J.H. Nielsen, S. Horch, I. 
Chorkendorff, J.K. Norskov, Biornimetic hydrogen evolution: MoS2 nanoparticles as catalyst for 
hydrogen evolution, J. Am. Chem. Soc., 127 (2005) 5308-5309. 
 
[13] P.C. Chen, Y.M. Chang, P.W. Wu, Y.F. Chiu, Fabrication of Ni nanowires for hydrogen 
evolution reaction in a neutral electrolyte, Int. J. Hydrog. Energy, 34 (2009) 6596-6602. 
 
[14] M.S. Faber, S. Jin, Earth-abundant inorganic electrocatalysts and their nanostructures for 
energy conversion applications, Energy Environ. Sci., 7 (2014) 3519-3542. 
 

14 
 



Introduction 

[15] It’s elemental – the periodic table of elements. Jefferson Lab. 
http://education.jlab.org/itselemental 

[16] E. Skulason, V . Tripkovic, M.E. Björketun, S. Gudmundsdottir, G. Karlberg, J. Rossmeisl, 
T. Bligaard, H. Jonsson, J.K. Norskov, Modeling the electrochemical hydrogen oxidation and 
evolution reactions on the basis of density functional theory calculations, J Phys Chem C, 114 
(2010) 18182-18197. 

[17] T.F. Jaramillo, K.P. Jørgensen, J. Bonde, J.H. Nielsen, S. Horch, I. Chorkendorff, 
Identification of active edge sites for electrochemical H2 evolution from MoS2 nanocatalysts, 
Science 317 (2007) 100-102. 

[18] J. Greeley, M. Mavrikakis, Alloy catalysts designed from first principals. Nature Mater., 3 
(2004) 810-815 

[19] J. Knudsen, A.U. Nilekar, R.T. Vang, J. Schnadt, E.D.L. Kunkes, J.A. Dumesic, M. 
Mavrikakis, F. Nesenbacher, Cu/Pt near-surface alloy for water−gas shift satalysis, J. Am. Chem. 
Soc., 129 (2007)  6485-6490. 

[20] P. Xiao, X. Ge, H. Wang, Z. Liu, A. Fisher, X .Wang, Novel Molybdenum Carbide–
Tungsten Carbide Composite Nanowires and Their Electrochemical Activation for Efficient and 
Stable Hydrogen Evolution, Adv. Funct. Mater., 25 (2015) 1520-1526. 
 
[21] J. Rajeswari, P.S. Kishore, B. Viswanathan, T.K. Varadarajan, Facile Hydrogen Evolution 
Reaction on WO3 Nanorods, Nanoscale Res. Lett., 2 (2007) 496-503. 
 
[22] A. Phuruangrat, D.J. Ham, S.J. Hong, S. Thongtem, J.S. Lee, Synthesis of hexagonal WO3 
nanowires by microwave-assisted hydrothermal method and their electrocatalytic activities for 
hydrogen evolution reaction, J. Mater. Chem., 20 (2010) 1683-1690. 
 
[23] B. Cao, G.M. Veith, J.C. Neuefeind, R.R. Adzic, P.G. Khalifah, Mixed Close-Packed 
Cobalt Molybdenum Nitrides as Non-noble Metal Electrocatalysts for the Hydrogen Evolution 
Reaction, J. Am. Chem. Soc., 135 (2013) 19186-19192. 
 
[24] D. Kong, H. Wang, Z. Lu, Y. Cui, CoSe2 Nanoparticles Grown on Carbon Fiber Paper: An 
Efficient and Stable Electrocatalyst for Hydrogen Evolution Reaction, J. Am. Chem. Soc. 136 
(2014) 4897-4900. 

[25] Z. Xing, Q. Liu, A.M. Asiri, X. Sun, Closely Interconnected Network of Molybdenum 
Phosphide Nanoparticles: A Highly Effi cient Electrocatalyst for Generating Hydrogen from 
Water, Adv. Mater., 26 (2014) 5702-5707. 
 
[26] E.J. Popczun, J.R. McKone, C.G. Read, A.J. Biacchi, A.M. Wiltrout, N.S. Lewis, R.E. 
Schaak, Nanostructured Nickel Phosphide as an Electrocatalyst for the Hydrogen Evolution 
Reaction, J. Am. Chem. Soc., 135 (2013) 9267-9270. 
 
[27] W.F. Chen, J.T. Muckerman, E. Fujita, Recent developmentsin transition metal carbides and 
nitrides as hydrogen evolution electrocatalysts, Chem. Commun., 49 (2013) 8896-8909. 

15 
 



Introduction 

[28] L. Liao, J. Zhu, X. Bian, L. Zhu, D.S. Scanlon, H.H. Girault, B. Liu, MoS2 Formed on 
Mesoporous Graphene as a Highly Active Catalyst for Hydrogen Evolution, Adv. Funct. Mater., 
23 (2013) 5326-5333. 
 
[29] H. Tang, K. Dou, C.C. Kaun, Q. Kuang, S. Yang, MoSe2 nanosheets and their graphene 
hybrids: synthesis, characterization and hydrogen evolution reaction studies, J. Mater. Chem. A, 
2 (2014) 360-364. 
 
[30] E.V. Skorb, D.V. Andreeva, Bio-inspired ultrasound assisted construction of synthetic 
sponges, J. Mater. Chem. A., 1 (2013) 7547-7557. 

[31] J.H. Bang, K.S. Suslick, Applications of Ultrasound to the Synthesis of Nanostructured 
Materials, Adv. Mater., 22 (2010) 1039-1059. 

[32] E.V. Skorb, D.V. Andreeva, Surface nanoarchitecture for bio-applications: self-regulated 
intelligent interfaces, Adv. Func. Mater., 23 (2013) 4483-4506. 

[33] K.S. Suslick, G.J. Price, Application of ultrasound to materials chemistry, Annu. Rev. 
Mater. Sci., 29 (1999) 295-326. 

[34] K.S. Suslick, T. Hyeon, M. Fang, Nanostructured materials generated by high-intensity 
ultrasound: sonochemical synthesis and catalytic studies, Chem. Mater., 8 (1996) 2172-2179. 

[35] S.J. Doktycz, K.S. Suslick, Interparticle collisions driven by ultrasound, Science, (1990) 
1067-1069. 

[36] M. Ashokkumar, T. Mason, Sonochemistry, in:  Kirk-Othmer Encylcopedia of Chemical 
Technology, John Wiley & Sons, 2007. 
 
[37] O.V. Abramov, High-Intensity Ultrasound, Gordon and Breach Science Publishers, 1998. 
 
[38] M.A. Margulis, Sonochemistry and Cavitation, Gordon and Breach Publishers, 1995.  

[39] H. Conrad, J. Narayan, On the grain size softening in nanocrystalline materials, Scripta 
Mater., 42 (2000) 1025-1030. 

 

 

 

 

16 
 



Theory / Status of the Field 

2 Theory / Status of the Field 

 

The present chapter provides the theoretical basic background in the area of ultrasound in 

heterogeneous systems and electrocatalysis necessary for understanding this work. Initially, such 

terms as ultrasound and acoustic cavitation are introduced. Further, the nucleation, growth, and 

collapse of the cavitation bubble as well as the effects arising from the collapse are discussed. 

Additionally, a short overview of the electrocatalytic hydrogen production mechanism together 

with defined requirements for efficient catalyst fabrication and a summary of existing catalytic 

materials are provided. The chapter ends with the objectives of the thesis. 

 

2.1 Ultrasound and Acoustic Cavitation in Heterogeneous Systems 

An oscillating sound pressure wave with frequencies greater than 20 kHz is called 

ultrasound [1]. Such a pressure oscillation propagates in air or liquid with the speed of sound [2]. 

Ultrasound is inaudible for humans due to its frequency that lies beyond the human hearing 

range. Ultrasound irradiation of liquids results in the formation of vapor cavities (bubbles or 

voids) which are defined as acoustic cavitation [3, 4]. More precisely, acoustic cavitation can be 

described as formation, growth and subsequent collapse of ultrasonically induced bubbles [5, 6]. 

Fig. 2.1 illustrates the common stages which a cavitation bubble undergoes after nucleation: 

oscillating growth (a), deformation (b), and implosion (collapse) (c) near the surface in 

heterogeneous systems where the size of particles suspended in sonication medium significantly 

exceeds the size of the cavitation bubble.  

 

Fig. 2.1: Schematic illustration of acoustic cavitation in liquid upon intense ultrasound irradiation. 

Oscillating Bubble growth Static pressure increase Implosion of the bubble 

  

cba
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The mechanism of the overall process can be explained as following: once the acoustic wave 

pressure amplitude exceeds the atmospheric pressure, the so called instantaneous pressure 

becomes negative [7] and initiates cavitation bubble formation since air/gas cannot be dissolved 

in the liquid any longer under negative pressure. Meanwhile, the static pressure surrounding the 

newly formed cavitation bubble is increasing (opposite to boiling process), which results in its 

deformation and forcing its implosion/collapse [8].  

 

2.2  Dynamics of the Cavitation Bubbles (Nucleation, Growth, and Lifetime) in 

Heterogeneous Systems 

 

2.2.1 Nucleation of the Cavitation Bubble 

There are several possibilities for nucleation of the cavitation bubble [9] which are 

summarized in Fig. 2.2. According to the first one, nucleation can occur at the surface of solids 

[10], especially at the crevices of motes or suspended particles.  

Fig. 2.2: Various pathways for nucleation of the cavitation bubble.  

Stabilized against dissolution into liquid a gas pocket in the crevice (partial pressure in the gas 

pocket is lower than the partial pressure of dissolved gas) upon ultrasound irradiation expands 

due to diffusion of gas dissolved in the surrounding liquid. After several expansion/compression 

cycles, the cavitation bubble grows to its critical size [11]. The second possibility arises from the 

fact that the liquid initially contains tiny bubbles (few μm in size) [12], which might be stabilized 

by a surfactant present as impurity. Such stabilized nuclei are growing during ultrasound 

irradiation due to gas diffusion and/or by coalescence [9]. Last but no least nucleation can occur 
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during fragmentation of already active but shape unstable [13, 14] cavitation bubbles [15] or 

upon collapse, when the bubble simply initiates a jet of smaller ones [16]. In heterogeneous 

systems such as suspensions of metal particles with average size of more than 150 μm nucleation 

preferably occurs at surfaces that might contain a large amount of crevices.  

 

2.2.2 Growth of the Cavitation Bubble 

It is believed that cavitation bubbles grow according to two mechanisms: either by 

coalescence [17] of already existing bubbles or due to gas diffusion into newly nucleated bubble 

(rectified diffusion) [9, 18]. During rectified diffusion the rates of cavitation bubble growth are 

strongly dependent on amplitude and frequency of ultrasound irradiation [19, 20]. Even though 

the grow rate by coalescence is not quantified yet, it is known that bubbles coalesce due to either 

primary radiation force (primary Bjerknes force) or secondary attractive radiation force 

(secondary Bjerknes force) [21]. Specifically,the primary Bjerknes force drives the bubbles to 

the pressure antinode of a standing wave [22]. Both forces are known to originate from the 

pressure gradient across the bubble [22, 23]. It is important to note, that the first mechanism of 

cavitation bubble growth should be taken into account, if homogeneous systems are concerned. 

In case of heterogeneous systems cavitation bubble growth will be most likely caused by the 

rectified gas diffusion mechanism due to presence of a large number of bubbles newly nucleated 

in the crevices or motes.     

 

2.2.3 Size and Lifetime of the Cavitation Bubble 

To date, the cavitation bubble size [24] has been estimated with help of several available 

experimental techniques such as laser light diffraction [25], active cavitation detection [26], 

phase-Doppler [27], and multibubble sonoluminescence (MBSL) [28]. All reported data for the 

bubble sizes are in a good agreement with each other and represent comparable results.       

Table 2.1 summarizes the experimentally measured reasonable radii at various frequencies, 

indicating a slight increase in cavitation bubble size upon decrease of the ultrasonic frequency. 

The lifetime of the cavitation bubble depends on its nature. Thus, according to general 

terminology, cavitation bubbles are classified either as stable (weakly and symmetrically 

oscillating bubbles) and active (transient) [29, 30]. 
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Table 2.1: Experimentally measured resonance bubble radii at various frequencies [29] 

Experimental technique Frequency of US irradiation (kHz) Experimental radius Ro (μm)  

Active cavitation 1100 0.9 – 1.38 

Pulsed MBSL 515 2.8 – 3.7 

Laser diffraction 20 3.8 

Phase-Doppler 20 5.0 

 

Leighton [9] further suggested a more accurate classification with respect to the actual cavitation 

bubble collapse where transient cavitation should be identified as “fragmentary transient 

cavitation” and stable cavitation as “repetitive transient cavitation”. Therefore, transient 

cavitation bubbles refer to high energy collapse followed by fragmentation and formation of the 

new cavitation nuclei with detected lifetime of about 100 -350 μs [31], while stable cavitation 

bubbles repetitively collapse several times extending their lifetimes to  values of around ~17 ms 

or approximately 5000 acoustic cycles depending on the acoustic frequency [32]. Thus, based on 

the existing information about cavitation bubble size, during ultrasound processing of metal 

particle suspensions (particle size >150 μm) at 20 kHz frequency the bubble size is expected to 

lie in the range of 15 – 20 μm. 

 

2.3 Effects Caused by Cavitation Bubble Collapse 

Upon expanding to its critical size, acoustic cavitation bubbles strongly collapse 

(Rayleigh collapse) [33] and a bouncing radial motion is observed after the collapse. Fig. 2.3a 

represents the radius – time curve for a single acoustic cycle which is calculated with help of a 

modified Keller equation [34]. The collapse of acoustic cavitation bubbles is a quasi – adiabatic 

process, that is associated with extremely fast thermal conduction between surrounding medium 

and  bubble interior [6, 35]. Such a near adiabatic collapse results in dramatic temperature 

(thousands of Kelvin) and pressure (hundreds of bars) increase inside the cavitation bubble. 

These extreme conditions are responsible for the formation of free radicals [36, 37], that are 

generated from the sonication medium vapor and oxygen inside the bubble. After the end of the 

collapse, the bubble emits shock waves [38] which are causing considerably strong turbulences 

in the surrounding medium. 
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Fig. 2.3: The calculated results for one acoustic cycle, when a bubble in water is irradiated by an 

acoustic wave (a) reprinted with permission from [34]; summary of the effects caused by cavitation 

bubble collapse (b). 

Additionally, the collapse of the bubble initiates microjet formation as well as the occurrence of 

shear forces [39] and sonoluminescence [40, 41] (Fig. 2.3b). In case of ultrasound treatment of 

metal particle suspensions [42], the effects resulting from the cavitation bubble collapse are 

expected to play an important role in the processes of compositional and morphological changes. 

Specifically, temperature and pressure impact, generation of reductive/oxidative species, shock 

wave and microjet occurrence are among the major contributors to changes of such systems. 

 

2.3.1 Internal Temperature of the Collapsing Cavitation Bubble  

At the end of the violent collapse the temperature inside the cavitation bubble 

dramatically increases [43]. The results calculated based on air bubble collapse as a model and 

use of a modified Keller   equation show ,that the temperature may reach  values of up to 6500 K 

(Fig. 2.4a) [34]. If the calculations are based on the model, that assumes isothermal bubble 

expansion and adiabatic compression phase, the maximum temperature within the bubble is 

estimated to be ~ 4600 K (Fig. 2.4b) [43]. 

 

 

 

• High Temperature (> 5000 K)

• High Pressure (> 500 bars)

• Free Radicals

• Sonoluminescence

• Shock Waves

• Microjets

• Turbulence

• Shear Forces

b
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 Fig. 2.4: The calculated bubble radius and internal temperature (a) reprinted with permission from [34]; 

the calculated bubble radius, internal temperature and pressure (b) reprinted with permission from [43]. 

Besides that, when taking into account a simple thermodynamic model for cavitation bubble 

collapse along with the assumption of adiabatic compression , the maximum theoretical 

temperature within the bubble can be estimated using the following equation [9]:  

 

 

 

where T0 is the ambient solution temperature, Pm is the pressure in the liquid (a sum the 

hydrostatic and acoustic pressures) γ = cp/cv is the specific heat ratio of the gas-vapor mixture, 

and Pv is the pressure in the bubble at its maximum size, allowing to calculate the maximum 

theoretical temperature within the bubble (Tmax). Thus, assuming Pm = 2 atm, for example, the 

theoretical (Tmax) may reach a value of ~ 6150 K [44].  

Experimentally, estimation of the temperature inside the cavitation bubble has been made 

by a number of research groups. Methods used for experimental temperature estimation and 

obtained temperature ranges are summarized in the Table 2.2. The experimentally determined 

temperature within collapsing cavitation bubbles varies depending on the method used. 

Nevertheless, the lowest possible temperature was estimated to be in the range of 1000 – 2000 K, 

while the highest is at least > 5000 K. 
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Table 2.2: Experimentally estimated temperature within collapsing cavitation bubble 

Experimental approach Temperature range (K) Reference 

Single bubble sonoluminescence (SBSL) spectra 5000 – 50 000 [6,9] 

EPR spin-trapping studies 

(sonolysis of H2O/D2O mixtures) 

1000 – 4600 [45] 

Comparative rate thermometry 1900 – 5200 [46] 

Sonolysis of methane in argon saturated water 1930 – 2720 [47] 

Sonolysis of t-butanol in water 2300 – 3600 [48] 

Methyl radical recombination (MRR) 3700 - 6200 [49, 50] 

 

To clarify such a broad range, Suslick et al. [46] suggested ,that there are at least two distinct 

areas, which should be considered: (i) the high temperature area (> 5000 K) – a gas phase zone 

within the collapsing cavitation bubble, and (ii) a relatively low temperature area(~ 1900 K) – a 

thin liquid layer that is surrounding the collapsing cavity. Thus, the accuracy of temperature 

determination depends on the sensitivity of a particular method that is being used [51, 52]. Even 

though, there are numerous reports about the magnitude for local cavitation induced areas of 

high temperature, it is still unclear, how the thermal energy propagates from the point of collapse 

to the proximity of the sonicated particle cavitation bubble.     

 

2.3.2 Free Radical Formation (Sonochemistry) 

Under extreme conditions (high T, P) [53] resulting from adiabatic cavitation bubble 

compression, generation of free radicals is observed [36, 37]. If ethanol, for example, is used as a 

sonication medium, highly reactive H∙ and ∙CH2OH free radicals will be produced during 

cavitation bubble collapse, which is one of the main origins of sonochemical reactions [54], 

making the collapse itself an essential part in the area of sonochemistry [55, 56]. Due to high 

reactive ability and short life time of generated free radicals, the variety of sonochemical 

reactions [57] may occur upon cavitation bubble collapse. Table 2.3 provides examples of 

possible free radical formation upon bubble collapse with respect to the vapors which are present 

within the bubble [37]. 
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Table 2.3: Possible types of free radicals formed in the sonolysis of organic liquids and water [37] 

Sonication medium Radical type 

n-alkanes ∙CH2R, ∙CHR1R2 

n-alcohols ∙CH2R, ∙CHR1R2, ∙CH2OR 

Toluene ∙CH2-phenyl 

Dioxane, THF ∙CH2R,  ∙CH2OR 

DMF ∙CH3, ∙N(CH3)R, ∙CH2N(CH3)C(O)H 

DMA ∙CH3, ∙CH2N(CH3)C(O)CH3 

Water ∙H, ∙OH 

 

Thus, newly formed free radicals may serve as strong oxidants initiating red-ox reactions with 

species or solid particles present in sonication media [58]. They also may undergo recombination 

processes leading to new reactive species formation. Additionally, Table 2.4 provides the 

experimentally determined number of observed radicals, photons, ions in a single cavitation 

bubble in water [59].       

 

Table 2.4: Quantitative sonochemistry in a single cavitation bubble at 52 kHz [59]. 

Conditions 22°C 3°C 

Rmax, μm 28.9 30.5 

Number of ∙OH radicals per cycle 6.6 × 105 8.2 × 105 

Number of photons per cycle 8.1 × 103 7.5 × 104 

Number of NO2
- ions per cycle 3.7 × 106 9.9 × 106 

 

Initiated by free radicals sonochemical reactions may occur at three different sites [60, 61]. One 

of them is within the actual cavitation bubble (the area with the highest temperature), another at 

the cavitation bubble / sonication medium interface (lower temperature conditions), and in the 

liquid region far from cavitation bubble (ambient temperature) (Fig. 2.5) 
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Fig. 2.5: Sites within / around the cavitation bubble, where sonochemical reactions are taking place. 

 

2.4 Applications of Ultrasound 

Depending on the frequency and power, acoustic irradiation can be used in various fields of 

research and industrial applications. For example, ultrasound in the megahertz frequency range 

can assist different sonochemical reactions. At the same time, the same ultrasound irradiation of 

lower power is ubiquitous for medical applications. Fig. 2.6 schematically represents the main 

areas of ultrasound applications [62-72] such as chemical, surface processing, as well as medical 

and industrial (food). 

 

Fig. 2.6: Major areas of ultrasound applications. 
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2.5 Electrocatalytic Hydrogen Production 

 

2.5.1 Overview of the Electrocatalytic Hydrogen Formation Mechanism 

According to classical theory [73] the overall HER [74] on the metal electrocatalyst (M) 

surface in acidic media may proceed via several elementary steps (Fig. 2.7). First, a hydrogen-

free surface of the electrocatalyst undergoes a primary discharge step defined as: 

H3O+  +  e-  →  M-Hads  +  H2O         (Volmer reaction)       

Generally, a primary discharged step leading to formation of adsorbed hydrogen (M-Hads) is 

believed to be fast and followed by either a desorption step: 

M-Hads  +  H3O+  +  e-  →  H2  +  M  +  H2O       (Heyrovsky reaction) 

or a recombination step: 

M-Hads  +  M-Hads  →  H2  +  M         (Tafel reaction) 

 

Fig. 2.7 Schematic presentation of elementary steps involved in the electrocatalytic hydrogen formation 

process. 
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Either one, Heyrovsky or Tafel reaction is considered to be a rate-limiting step. Thus, the 

HER mechanism may be represented as Volmer – Heyrovsky or Volmer – Tafel. 

Theoretically,the inherent property of the electrocatalyst such as the Tafel slope (b) arising from 

the Tafel equation: 

η  =  b log j  +  a , 

where η is overpotential and j is current density, should be useful for revealing the actual rate-

limiting step. Thus, evaluation of the linear part of the Tafel plot that fits to the Tafel equation 

should make it possible to determine the overall HER mechanism.  

Tafel slope (b) for a primary discharge, desorption, and recombination steps are defined as 

following:  

𝑏𝑏 = 2.3𝑅𝑅𝑅𝑅
𝛼𝛼𝛼𝛼

≈ 120 𝑚𝑚𝑚𝑚 (Volmer) 

𝑏𝑏 = 2.3𝑅𝑅𝑅𝑅
(1+𝛼𝛼)𝐹𝐹

≈ 40 𝑚𝑚𝑚𝑚 (Heyrovsky) 

𝑏𝑏 = 2.3𝑅𝑅𝑅𝑅
2𝐹𝐹

≈ 30 𝑚𝑚𝑚𝑚 (Tafel) 

where R is the ideal gas constant, T is the absolute temperature, α is the symmetry coefficient, 

and F is the Faraday constant. In principle, if analysis of the linear part of the Tafel plot results in 

the lower Tafel slope, this indicates that the electrocatalyst requires a lower overpotential to 

generate a reasonable current. Nevertheless, the Tafel plots should be interpreted cautiously, 

since the Tafel slope has a complex dependence on various parameters such as type of the 

catalyst, catalyst pre-activation, adsorption/desorption conditions to/from active sites, electrode 

modification, reaction pathway, etc. [75]. Another important parameter, which can be estimated 

from the Tafel plot, is the exchange current density (j0), which is obtained from extrapolating the 

linear part of the Tafel plot to zero overpotential. (j0) is an extremely valuable parameter 

representing the intrinsic rate of electron transfer between analyte and electrocatalyst [76]. 
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2.5.2 Factors Defining the Efficiency of the Electrocatalytic Hydrogen Formation 

 

Crystal Structure (Type and Orientation) 

While developing the potential electrocatalytic system for water splitting, special 

attention should be given to its crystal structure and orientation on the surface (exposed edges). 

Based on the review of the existing electrocatalysts [77-81], the majority of the most promising 

materials, which could replace platinum, utilize trigonal/hexagonal crystal structure Fig. 2.8.  

 

         Fig. 2.8: Hexagonal crystal system. 

It is well known that in a trigonal/hexagonal lattice system there is one unique axis (called 

principal axis) which allows distinguishing between edge (parallel to the principal axis) and 

basal (perpendicular to the principal axis) planes. It is believed that electrochemical reactions 

preferentially occur on the edge planes [82]. Based on the comprehensive reviews [83-86] much 

of the electrocatalytic activity is attributed to surface edge plane sites. Thus, it is highly 

recommended to consider the type of catalyst crystal structure as well as surface orientation of 

the active sites for creation of the electrocatalytically efficient HER material which could 

compete with platinum.  

 

 

Basal plane

Edge plane

Principal axis
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Surface Composition and Morphology 

Undoubtedly, surface composition of the electrocatalyst plays a major role in defining its 

efficiency and potential use for HER. Formation/presence of any compounds which could 

possibly passivate the water splitting process is highly undesirable. For instance, earth abundant 

aluminum cannot be used for electrocatalysis simply due to the formation of a 

protecting/passivating layer of aluminum oxide/hydroxide [87]. Another issue, that can restrict 

an electrocatalyst from its use for HER, is the presence of an amorphous phase on its surface. An 

amorphous phase as being an irregular structure inhibits the process of hydrogen formation 

significantly [88]. Besides that, the surface of the prospective catalyst should preferably consist 

of stable/chemically inert compounds, which do not undergo oxidative dissolution or corrosion 

[89]. As a result, some initially promising electrocatalysts do not last and their efficiency drops 

drastically. In addition to surface composition, the morphology of the electrocatalyst is also one 

of the parameters that define the efficiency of hydrogen evolution. To date, there have been 

made numerous attempts to achieve the enhancement of the electrocatalytic water splitting 

process through the adjustment of catalyst’s morphology [90-92]. Thus, the potential catalysts 

were synthesized in the form of nanoparticles, nanowires, or as a porous-like structure simply to 

increase the surface area of the active phase.  

Even though it is believed that high surface area should enhance the catalytic activity of 

the material, in the area of electrocatalysis such an assumption may not be accurate. For 

example, the effective current output of a nickel nanowire based HER catalyst is lower than that 

of a planar nickel plate despite of its high surface area [90]. This can be explained in terms of 

limited HER active area. Clustered nanowire structures only allow vertical bubble escape which 

interferes with electrolyte inflow to the bottom of the nanowires. Therefore, hindered electrolyte 

transport significantly reduces the efficiency of the prospective electrocatalyst.  

Additionally, porous structures may also inhibit the overall process of hydrogen 

production. In this case newly formed hydrogen bubbles are trapped within the pores and are 

considerably contributing to the electrolyte ohmic resistance, which results in noticeable catalytic 

HER activity loss [93]. With this in mind, it is important to consider full accessibility of the 

surface by an electrolyte rather than a high surface area, when creating an efficient 

electrocatalyst.  This could be achieved, for instance, by impregnation of a prospective catalyst 
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in a well spread support that would prevent electrolyte inflow interruption or hydrogen bubble 

trapping.  

Electrocatalyst Pre-Activation for Hydrogen Evolution   

Often, as synthesized/fabricated catalytic materials do not perform well enough untill 

they are properly activated. Therefore, the process of activation is an important step in catalyst 

preparation, significantly increasing its catalytic ability. Many electrocatalysts require activation 

for efficient hydrogen production [94, 95].  

According to the hydrogen evolution mechanism, the first step in HER is an adsorption of 

hydrogen to the surface of the electrocatalyst (Volmer discharge step). It is known that the first 

hydrogen bonds to the active site strongly, and cannot be easily removed as required by the HER 

mechanism. The phenomenon is taking place until the hydrogen coverage is reached (normally 

0.25), specific for a particular catalyst [82]. Upon reaching the necessary coverage value, the free 

energy of adsorption is lowering allowing the rest of the hydrogen atoms to be able to adsorb 

with a significantly lower barrier, or, with respect to HER with a lower overpotential.  

Thus, it would be desirable for a catalyst to possess the required hydrogen coverage 

before its use. This is normally achieved by purging hydrogen gas over the catalyst surface for an 

extended time of several hours, or sometimes even days [96]. Once activated and all 

requirements are met (crystal structure, surface composition, and morphology) the prospective 

catalyst should ideally perform at a lower overpotential and initiate a considerable current. 

 

2.5.3 Potential Electrocatalytically Active HER Systems  

Based on the results presented in the literature the most promising electrocatalysts are 

those that contain one or more transition metals such as molybdenum, tungsten, cobalt, and 

nickel. A summary of the existing electrocatalytically active hydrogen evolution reaction 

systems (compounds / composites / hybrids) is provided in Table 2.5. 

Another class of compounds, which could be potentially active in the water splitting 

process, is nanoalloys [102-105]. However, up to now the efficiency of electrocatalysts that were 

prepared using nanoalloys was significantly lower as compared to Pt. Low efficiency of 

nanoalloys is most likely related to low accessibility of active centres for hydrogen. 
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Table 2.5: Most common transition metal based catalysts for HER. The characteristics of Pt is given as a 

reference 

Catalyst Crystal 
structure/coordination 

Exchange current 
density (i0) mA/cm2 

Ref. 

Pt  Cubic  2.2 [97] 
    

MoS2 nanoparticles on 
MGF 

hexagonal 3.01 x 10-3 [75] 

Mo2C nanoparticles on 
CNT 

orthorhombic 0.014 [91] 

MoP nanoparticles hexagonal 0.086 [79] 
Cu2MoS4 tetragonal 0.040 [98] 

    
WC hexagonal 6.8 x 10-4 [78] 

WO3 nanorods hexagonal 2.75 x 10-3 [99] 
WO3 bulk hexagonal 8.57 x 10-4 [99] 

WO3 nanowires hexagonal 6.61 [92] 
WO3 commercial hexagonal 0.265 [92] 

W2MoC hexagonal 0.011 [77] 
W4MoC hexagonal 0.029 [77] 

    
CoSe2 nanoparticles on 

carbon fiber paper 
cubic 4.9 x 10-3 [97] 

CoSe2 film cubic 5.9 x 10-5 [97] 
Co0.6Mo1.4N2 trigonal/octahedral 0.23 [81] 

Co57Ni43 alloy - 0.048 [100] 
Co57.5Ni36Y6.5 alloy - 0.067 [100] 
Co57Ni35Ce8 alloy - 0.079 [100] 

    
Ni nanowires cubic - [90] 

Ni2P nanoparticles hexagonal 0.49 [80] 
NiS hexagonal - [89] 

Ni3S2 rhombohedral - [89] 
Al3Ni2/Al3Ni hexagonal/orthorhombic 17 [101] 

    
 

For this reason, recently, in order to enhance the efficiency of alloys for electrocatalysis, 

near-surface and surface alloys were proposed [106]. Near-surface alloys are characterized by 

different composition of surface layer and support [107-110]. Electrocatalytic properties of such 

alloys were demonstrated for a few systems that were prepared by the deposition-annealing 

procedure using transition metals and a Pt (111) surface [109]. Fig. 2.9 provides an overview of 

near-surface alloys, for which interactions with hydrogen were quantified using density 

functional theory [106]. 
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Fig. 2.9: Stability of NSAs with respect to hydrogen-induced segregation. Metal alloys are denoted as 

solute/host pairs. The x axis indicates the energy (Eseg) for a single solute atom to move from the bulk to 

the surface layer of the host metal. The y axis denotes the difference between the magnitudes of the 

hydrogen binding energies (θH = 1/4 monolayer) on the pure solute (|BEH
sol|) and on the pure host 

(|BEH
host|) close-packed metal surfaces. Regions in which hydrogen-induced segregation is expected are 

hatched. The * symbol denotes overlayers; otherwise, subsurface alloys (see inset schematics) are 

present. The color code used for each class of NSAs, characterizing the host metal used for the class, is 

preserved in subsequent figures. Reprinted with permission from [106] 

 

The first attempts to avoid the use of expensive noble or rare transition metals for 

electrocatalyst fabrication were taken by Laisa et al. [111-113]. They have shown that heating of 

AlNi (50 wt.% Ni) (Fig. 2.10) powders above the melting point of Al increased the 

electrocatalytic activity of the samples due to stimulation of diffusion of Al into Ni. It has been 

also reported that the large surface roughness, grain sizes, and enrichment of hexagonal Al3Ni2 

phase in the activated AlNi alloys could be responsible for the formation of efficient AlNi-based 

electrocatalysts, but this is still not well understood. In particular, as it can be seen from the Al-

Ni binary alloy phase diagram [114], the composition of AlNi (50 wt.% Ni) is complex [115] and 

involves the presence of several phases: Al metal, Al3Ni2, and Al3Ni intermetallics (Fig. 2.10).  
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Therefore, it is still debatable which phase or combination of phases is responsible for 

enhancement of electrocatalytic activity toward HER. Additionally, methods which were used 

for the catalyst activation (high temperature and pressure sintering, composite electrodeposition, 

and plasma spraying) are lengthy and complex. 

Fig. 2.10: Al-Ni binary alloy phase diagram showing intermetallic composition at 50 wt.% Ni [114]. 

Overall, there is a wide range of methods and materials that are used in order to 

fabricate/enhance the efficiency of electrocatalytic water splitting [77, 81, 92, 97, 99], except the 

sonochemical approach. Even though, the attempts to synthesize metal alloys using 

sonochemistry did take place [116], the resulting product could not be possibly used as 

electrocatalyst toward HER due to its amorphous structure. It is also known that the method of 

ultrasound treatment was used to assist various electrochemical reactions themselves [117-119], 

but untill now there have been no reports related to processing of metal alloys with high intensity 

ultrasound for enhancement of electrocatalytic properties toward HER. 

 

 

AlNi (50 wt.% Ni)
Intermetallic phases:
Al3Ni2, Al3Ni
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2.6 Objectives of the Thesis 

 

The flow chart below (Fig. 2.11) represents the key aspects, which are investigated 

during this study. Results reported here are focused on (i) compositional and morphological 

changes which solid matter (AlNi particles) undergoes during high intensity ultrasound 

treatment, (ii) providing  insights into fundamental understanding of cavitation, and (iii) use of 

ultrasound treatment as a unique method for fabrication of the interface which possesses 

enhanced electrocatalytic properties for the water splitting process.    

 

          Fig. 2.11: The flow chart representing key objectives of the thesis.  

Overall, the detailed evaluation of the ultrasonically driven bulk and surface changes in metal 

alloys is expected to provide essential fundamental knowledge on the phenomenon of cavitation 

and on the optimum electrocatalyst fabrication for hydrogen production.  
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3 Overview of the Thesis 

 

This thesis consists of four individual publications presented in chapters 4 – 7.  

The first part (Chapter 4) reveals changes in the bulk properties of AlNi alloy particles 

caused by high intensity ultrasound treatment. Specifically, due to solid state atomic diffusion, 

changes in crystallographic parameters such as crystallite size and microstrain of the 

intermetallic phases present in the alloy particles are demonstrated.  

Further, in the second part (Chapter 5), sonomechanical aspects of acoustic cavitation are 

explained. Namely, the energetic impact of collapsed cavitation bubbles with respect to physical 

properties (vapor pressure, viscosity) of the sonication media used during the alloy particle 

treatment is assessed. Additionally, the effect of acoustically induced interparticle collisions on 

bulk changes is demonstrated by varying the particle concentration, as well as a new term such 

as the average minimum temperature of the sonicated particle (𝑻𝑻�𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑
𝒎𝒎𝒎𝒎𝒎𝒎 ) is introduced.  

Furthermore, ultrasound assisted surface morphology and compositional changes (red-ox 

reactions, phase transformations) are demonstrated in Chapters 6 – 7. The principles of 

fabrication of the desirable interface explained here is used to demonstrate the way in which 

acoustic cavitation can be successfully utilized for creation of robust and highly efficient 

electrocatalysts for hydrogen production.  

The summary of the main results is presented below. 

 

 

3.1 Evidence for Ultrasonically Induced Solid State Atomic Diffusion in Metal Alloys 

The direct indication of solid state atomic diffusion in metals and metal alloys is 

crystallite growth and, accordingly, grain boundary area reduction [1]. Thus, at the first stage we 

evaluated the effect of HIUS on crystallographic properties such as crystallite size and 

microstrain. For that reason AlNi (50 wt.% Ni) alloy particles were treated with HIUS in ethanol 

and analyzed with help of powder X-ray diffraction  and transmission electron microscopy. 
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Ethanol was chosen as a sonication medium to eliminate various possible effects of sonication 

such as particle fragmentation, change of surface roughness and surface composition. Analysis of 

PXRD patterns of initial and HIUS treated (in ethanol) AlNi alloy particles indicated no 

difference in terms of composition (Fig. 3.1a): Al3Ni2 and Al3Ni intermetallic phases [2] are 

present in both samples. Nevertheless, it is clearly seen that the reflection peaks after sonication 

become sharper/ narrower, which serves as a direct indication of crystallite size change. To 

estimate the crystallite size of the intermetallic phases we applied two approaches to the analysis 

of the PXRD patterns: Scherrer and Williamson – Hall (WH) [3, 4]. Scherrer analysis is used to 

evaluate the crystallite size with respect to a particular reflecting plane, while the WH method 

allows estimation of the size as well as strain-induced peak broadening [5], that is arising from 

crystal imperfections and distortion. 

 

Fig. 3.1: The XRD patterns of initial and HIUS treated (in organic solvents) AlNi (50wt% Ni) alloys (a); 

schematic representation of intermetallic crystallite growth (b); TEM images of initial (c) and HIUS 

treated (in ethanol) (d) AlNi (50wt% Ni) alloy. 

The obtained data from PXRD and TEM analysis indicate that intensive sonication of solid 

particles leads to Al3Ni2 and Al3Ni crystallite growth as well as microstrain reduction             

(Fig. 3.1b-d). Thus, HIUS is capable of enhancing the process of solid state atomic diffusion 

within the metal alloy particles due to sonomechanical [6] (shock waves, interparticle collisions) 

effects of cavitation.  
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3.2 Regulation of Metal Alloy Bulk Microstructure by the Sonication Medium 

Upon careful evaluation of PXRD patterns (Williamson – Hall analysis) for the 

ultrasonically treated samples we observed a gradual increase in crystallites size. Specifically, 

the crystallite size of Al3Ni2 intermetallic phase is increasing in the row: 95 nm (ethylene glycol) 

< 130 nm (ethanol) < 200 nm (water) < 225 nm (decane) (Fig.3.2b). Thus, an acoustically 

induced temperature gradient accelerates solid state atomic diffusion differently depending on 

the physical properties of sonication media such as vapor pressure and viscosity. These 

properties significantly affect the temperature inside the cavitation bubble and the strength of its 

collapse [7].  

 

Fig. 3.2: Al3Ni2 intermetallic phase crystallite size after annealing AlNi particles for 1 hour at different 

temperature (a). Al3Ni2 intermetallic phase crystallite size after 1 hour of HIUS treatment (b) and 

estimated (𝑇𝑇�𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚 ) (c) in various sonication media. Schematic representation of Al3Ni2 crystallite 

change in AlNi particles upon HIUS treatment and energy transfer between collapsing cavitation bubbles 

and sonicated matter (d). 

Therefore, the thermal effect of cavitation bubble collapse on sonicated matter varies 

according to sonication medium. In order to calibrate the thermal effect of acoustic cavitation the 

metal particles were annealed for 1 hour at various temperatures and their crystallite size was 

calculated (Fig. 3.2a). Using a crystallite size vs. temperature plot as a calibration curve we 
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estimated the minimum average temperature up to which HIUS can heat the particle (𝑇𝑇�𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚 ) . 

In the row ethylene glycol < ethanol < water < decane (𝑇𝑇�𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚 ) is increasing (Fig. 3.2c). This 

indicates that the temperature gradient created by the collapsed cavitation bubble is much larger 

in decane than in ethylene glycol, and, therefore, the process of solid state atomic diffusion is 

faster which results in bigger Al3Ni2 crystallites. Additionally, energy transfer between collapsed 

cavitation bubble and sonicated matter is estimated to be ~ 17 % more efficient in decane than in 

ethylene glycol and ~ 13 % than in ethanol. Overall, the bulk microstructure of metal particles 

can be regulated by the choice of the appropriate sonication medium at fixed time of HIUS 

treatment and concentration of sonicated particles.   

  

3.3 Regulation of Metal Alloy Bulk Microstructure by Concentration of Sonicated 

Particles and Sonication Time 

Apart from the appropriate choice of sonication medium, the metal alloy bulk 

microstructure can be controlled by adjustment of the concentration of sonicated particles and 

the duration of HIUS treatment. Our results show that for sonicated suspensions with metal 

particle loadings of up to 10 wt.% the crystallite growth is mainly caused by HIUS accelerated 

atomic diffusion            (Fig. 3.3a).  

Fig. 3.3: Plot of Al3Ni2 intermetallic phase crystallite size depending on the concentration of AlNi 

particles in decane suspensions for HIUS treatment (a); Plot of Al3Ni2 intermetallic phase crystallite size 

depending on duration of HIUS treatment of 10 wt.% AlNi particle suspension in decane (b). 
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At the same time for the suspensions with metal particle loadings of more than 10 wt.%, we 

observed a gradual decrease of crystallite size with increasing particle concentration. 

Thermodynamically, the process of crystallite reduction can only occur upon re-melting of metal 

particles and their subsequent solidification [8]. Therefore, HIUS treatment of more concentrated 

suspensions due to more frequent interparticle collisions results in significant increase of 

(𝑇𝑇�𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚 ) that should exceed the melting point of particle in the Al3Ni2 intermetallic phase   

(1683 °C). When AlNi particles were subject to variable sonication time, we also observed the 

phenomenon of crystallite size decrease which can serve as an additional proof of possible re-

melting (Fig. 3.3b). Interestingly, a cyclic change of crystallite size confirms the periodic nature 

of cavitation bubble collapse, where energy must be repeatedly spent on the accumulation of 

their necessary amount, resulting in repeating of accelerated atomic diffusion/re-melting 

processes. Additionally, sonication-time dependent experiments confirmed that (𝑇𝑇�𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚 ) might 

reach the value of ~ 580 °C during ultrasound treatment and repeatedly exceed it up to the value 

of 1638 °C or higher. Thus through the adjustment of HIUS duration and sonicated particle 

concentration for a given sonication medium it is possible to control the energy intake by 

sonicated matter for achievement of the desired bulk microstructure.   

 

3.4 Surface Changes in Metal Alloy Caused by High Intensity Ultrasound 

Upon HIUS treatment, AlNi alloy particles undergo well pronounced morphological and 

compositional changes. The SEM images (Fig. 3.4a, b) clearly show roughening and structuring 

of the ultrasonically treated metal surface as compared to the relatively smooth and unstructured 

one before treatment. Additionally, electron diffraction patterns (Fig. 3.4a, b (insets)) 

demonstrate the tendency of intermetallic crystal growth and material’s enhanced crystallinity. 

The evidence for compositional changes was obtained by recording 27Al solid state NMR spectra 

for AlNi alloys before and after HIUS treatment (Fig 3.4g, h). The results indicate that the 

process of phase redistribution takes place; specifically, we observed enrichment in the Al3Ni2 

phase content on the surface, while the content of the Al3Ni phase is slightly decreasing. This 

phenomenon serves as an indication of slow transformation of Al3Ni intermetallic phase into the 

thermodynamically more stable Al3Ni2 phase [9] during ultrasonication according to the 

following phase transformation reaction equation (𝐀𝐀𝐀𝐀𝟑𝟑𝐍𝐍𝐍𝐍
𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏
�⎯⎯⎯� 𝐀𝐀𝐀𝐀𝟑𝟑𝐍𝐍𝐍𝐍𝟐𝟐 + 𝐋𝐋𝟏𝟏𝟏𝟏,𝟑𝟑 𝐚𝐚𝐚𝐚.  % 𝐍𝐍𝐍𝐍) [10].  
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Fig. 3.4: Scanning electron microscopy images taken from the surface of AlNi (50 wt.% Ni) before (a) 

and after (b) ultrasonication, as well as electron diffraction patterns (insets); the Al 2p and Ni 2p XPS 

spectra for the initial (c, e), HIUS treated (in ethanol) (d, f) AlNi (50 wt.% Ni) alloy particles; 27Al MAS 

NMR spectra (blue) of initial AlNi (g) as well as sonicated (in ethanol) (h) and their corresponding 

simulated spectra (red), the asterisks denote spinning sidebands. 

Additional proof of surface compositional changes during HIUS treatment was obtained upon 

analysis of the XPS spectra (Fig. 3.4c-f). We observed the reduction of AlOx to Al0, as well as 

reduction of NiOx to Ni0, if ethanol was used as a reducing sonication medium [11]. Thus, upon 

using ethanol as a sonication medium we enriched the surface of the AlNi alloy with Al3Ni2 

intermetallic phase and avoided for the electrocatalytic purposes undesirable metal (Al, Ni) 

oxidation. 

 

3.5 Use of Synergetic Effects of Bulk and Surface Changes Caused by HIUS for 

Electrocatalytic Applications  

The combination of tunable bulk and surface changes in AlNi metal alloy particles 

caused by HIUS treatment can be used for fabrication of robust and efficient electrocatalytic 

materials. Thus, we used HIUS for formation of a catalyst toward electrocatalytic hydrogen 

production. Fig. 3.5a represents a schematic illustration of the catalyst preparation procedure. An 
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AlNi alloy particle suspension (10 wt. %) was sonicated in ethanol for 1 h at 20 kHz frequency 

and intensity of 140 Wcm-2. Such processing results in the following changes advantageous for 

electrocatalysts: (i) phase redistribution/transformation; (ii) crystal growth; (iii) crystal 

preferential orientation; (iv) surface structuring; (v) surface reduction. After that the modified 

particles are dried and deposited on the electrode for electrocatalytic activity toward hydrogen 

evolution evaluation.  

 

Fig. 3.5: Schematic illustration of the catalyst preparation procedure and its electrocatalytic activity 

evaluation (a); HER current – potential profiles for the initial and ultrasonically modified AlNi (50 wt.% 

Ni) alloys, bulk commercial Al3Ni and Al3Ni2 phases, as well as AlNi alloy annealed at 1173K (b). 

Galvanostatic HER profile for an ultrasonically modified AlNi (50 wt.% Ni) alloy (c). 

Electrochemical tests (Fig. 3.5b) demonstrated significantly improved behavior of HIUS treated 

AlNi alloy particles toward hydrogen evolution. Namely, the ultrasonically treated samples 

possess much lower onset overpotential, as well as greater current output as compared to 

untreated alloy or pure intermetallic phases. Moreover, as fabricated electrocatalyst demonstrates 

excellent stability which can be seen from the recorded galvanostatic profiles (Fig. 3.5c) – no 

loss in hydrogen evolution catalytic activity was observed for the time period of 9 hours. Overall, 

HIUS processing of metal alloys can serve as an improved alternative to existing methods of 

HER efficient electrocatalyst fabrication.  
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3.6  Individual Contributions to Joint Publications 

The results presented in this thesis were obtained in collaboration with others. In the following, 

the contributions of each co-author are specified. The asterisks denote the corresponding authors. 

 

Chapter 4 

This work was published in Ultrasonics Sonochemistry 2015, 23, 26-30 under the title:  

“Effect of high intensity ultrasound on Al3Ni2, Al3Ni crystallite size in binary AlNi (50 wt.% 

of Ni) alloy” 

by Pavel V. Cherepanov*, Inga Melnyk, and Daria V. Andreeva. 

I performed most of the experiments, calculations, and wrote the manuscript. Inga Melnyk 

assisted with sample preparation and was involved in scientific discussions. Daria V. Andreeva 

supervised the project, was involved in scientific discussion, data analysis and corrected the 

manuscript. 

 

Chapter 5 

This work was published in Ultrasonics Sonochemistry 2015, 26, 9-14 under the title: 

“Up to which temperature ultrasound can heat the particle?” 

by Pavel V. Cherepanov*, Anna Kollath, and Daria V. Andreeva. 

I performed most of the experiments, calculations, and wrote the manuscript. Anna Kollath 

assisted with sample preparation, calculations, and was involved in scientific discussions. Daria 

V. Andreeva supervised the project, was involved in scientific discussion, data analysis and 

corrected the manuscript. 
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Chapter 6 

This work was published in Green Chemistry 2015, 17, 2745-2749 under the title: 

“The use of ultrasonic cavitation for near-surface structuring of robust and low-cost AlNi 

catalysts for hydrogen production” 

by Pavel V. Cherepanov, Inga Melnyk, Ekaterina V. Skorb, Peter Fratzl, Emil Zolotoyabko, 

Natalia Dubrovinskaia, Leonid Dubrovinsky, Yamini S. Avadhut, Juergen Senker, Linn Leppert, 

Stephan Kuemmel, and Daria V. Andreeva*.  

I performed electrochemical measurements, calculations, data analysis, and wrote the 

manuscript. Inga Melnyk prepared the samples. Ekaterina V. Skorb and Peter Fratzl were 

involved in data analysis. Emil Zolotoyabko, Natalia Dubrovinskaia, and Leonid Dubrovinsky 

assisted in crystallographic studies and their analysis. Yamini S. Avadhut and Juergen Senker 

conducted 27Al solid state NMR measurements, Linn Leppert and Stephan Kuemmel performed 

DFT calculations. Daria V. Andreeva supervised the project, analyzed data and wrote the 

manuscript. All authors were involved in scientific discussions and manuscript correction.  

 

Chapter 7 

This work was published in Ultrasonics Sonochemistry 2015, 23, 142-147 under the title: 

“Ultrasound assisted formation of Al-Ni electrocatalyst for hydrogen evolution” 

by Pavel V. Cherepanov*, Muthupandian Ashokkumar, and Daria V. Andreeva. 

I performed most of the experiments, calculations, and wrote the manuscript. Muthupandian 

Ashokkumar assisted with XPS measurements, data analysis, and was involved in scientific 

discussion. Daria V. Andreeva supervised the project, was involved in scientific discussion, data 

analysis and corrected the manuscript. 
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Abstract

Crystallite size of the intermetallics is one of the most important parameters that can 

influence kinetics of catalytic reactions. Analysis of the crystallite sizes of Al3Ni and Al3Ni2

intermetallic phases using Scherrer and Williamson–Hall methods reveals that the 

sonomechanical impact of ultrasound on suspensions of AlNi particles in ethanol results in 

crystallites growth and microstrain reduction.

4.1 Introduction

Aluminum–nickel alloys have gained significant amount of interest among researchers 

after Raney has introduced activated AlNi (50 wt.% Ni) as a catalyst for hydrogenation [1] of 

vegetable oils. Shortly after, AlNi (50 wt.% Ni) became very popular in industrial applications, 

particularly as a reagent or a catalyst in organic synthesis due to its high catalytic activity [2, 3].

However, active Raney Ni is difficult to handle. It is pyrophoric and should be stored under 

distilled water in a special place. Recently, we proposed that AlNi alloys could be activated by 

treatment of aqueous suspensions of AlNi particles [4]. Ultrasonic modification of the metal 

particles in aqueous media leads to a partial oxidation of metal and formation of porous 

morphology of the catalyst. Furthermore, we observed that after sonication AlNi particles still 

have metallic skeleton [5]. Increased accessibility of active metal centers for substrate molecules 

was achieved by distribution of Al3Ni and Al3Ni2 intermetallics [6] in the porous metal oxide 

matrix. Due to porous morphology, high surface area and high accessibility of active centers
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and metal/metal oxide composition ultrasonically activated AlNi catalyst has high catalytic 

activity and high stability in contrast to Raney nickel. However, the mechanism of the activation

of alloys via ultrasonication has a number of open questions. One of them is how the crystal 

structure of metals is affected by ultrasonication.

Crystallographic parameters such as crystal system, orientation of crystallites and their 

size, as well as microstrain [7–9] are among the most important parameters that can influence 

kinetics and efficiency of catalytic reactions. Therefore, catalytic activity of ultrasonically 

activated AlNi alloy is to a high extent defined by presence of intermetallic compounds such as 

hexagonal (P-3m1) Al3Ni2 and orthorhombic (Pnma) Al3Ni. We suggest that additionally to 

surface chemistry and morphology of AlNi particles high intensity ultrasound (HIUS) can also 

affect crystal structure of the intermetallics. Suslick et al. showed that due to effects of shock 

waves generated in ultrasonic field and intense interparticle collisions interfacial regions of metal 

particles can melt [10]. Thus, HIUS can provide enough energy to metals and stimulate rapid 

diffusion of metal atoms and cause changes of crystallite sizes as well as microstrain.

Here we report on investigation of HIUS effect on size and strain of the Al3Ni2 and Al3Ni 

intermetallic compounds in AlNi (50 wt.% of Ni) alloy. The structural determination of Al3Ni2

and Al3Ni phases after ultrasonic treatment was performed by Rietveld refinement. Crystallite 

size with respect to the specific reflection planes was evaluated using Scherrer approach [11, 12],

while mean crystallite size and strain calculations were estimated by modified form of 

Williamson–Hall (WH) method [13–15] such as uniform deformation model (UDM).

4.2 Experimental section

Aluminum – Nickel (50 wt.

purchased from Fluka as well as anhydrous ethanol. All chemicals were the highest purity grade 

available and were used as received without further purification. 

Al/Ni alloy powder (4 g) was dispersed in (40 mL) of ethanol or ethylene glycol and 

sonicated for 60 min with a Hielscher UIP1000hd, (Ultrasonics GmbH, Germany) operated at    

20 kHz with a maximum output power of 1000 W. The apparatus was equipped with an 

ultrasonic horn BS2d22 (head area of 3.8 cm2) and a booster B2-1.8. The maximum intensity 

was calculated to be 140 W cm 2

during sonication the experiment was carried in a homemade thermostatic cell connected to a 

thermostat (Huber GmbH, Germany). The temperature was monitored during the treatment and 
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kept at 298 K After HIUS treatment metal particles were separated from supernatant by 

centrifugation at a speed of 10 000 rpm for 1 hr and washed with absolute ethanol followed by 

drying under vacuum at room temperature.

Powder X – ray diffraction (PXRD) analysis of the samples was performed using Stoe 

STADI P X – ray transmission di

Crystallographic parameters such as crystallite size and microstrain were calculated using 

Scherrer and Williamson-Hall methods.

Scherrer method relies on utilizing the following equation: 

 =    (1)

where k is shape factor (a constant equals to 0.94), is the X-ray wavelength  (1.54056 Å for 

CuK radiation), is the instrumental corrected peak width at half-maximum intensity, is the 

peak position, and D is the effective crystallite size normalized to the reflecting planes. It is 

important to note that to avoid any misleading; only not overlapping peaks were chosen for data 

processing. 

According to WH method strain-induced broadening arising from crystal imperfections 

and distortion are related by:

 (2)

Assuming that the size and strain contributions to the line broadening are independent of each 

other, the observed line breadth can be written as the sum of the two terms:

hkl s D (3)

Substitution of Eq. (1) and Eq. (2) into Eq. (3) results in the following:

=  + (4 ) (4)

After rearranging, Eq.(4) becomes:

=  +  (4 ) (5)
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The WH equation represents uniform deformation model (UDM) where the strain is 

assumed to be uniform in all crystallographic directions, thus considering the isotropic nature of 

the crystals, where all the material properties are independent of the direction along which they 

are measured. Plotting values of as a function of 4 allows estimating microstrain 

(slope of the fitted line) and the average crystallite size D (y-intercept of the fitted line). 

Transmission electron microscopy (TEM) was performed on LEO 922 EFTEM operating 

at 200 kV.

4.3 Results and discussion 

In order to maximize the influence of HIUS on crystallites’ sizes and exclude other 

possible effects of sonication e.g. particle fragmentation, change of surface roughness, formation 

of metal oxides / hydroxides 140 μm initial AlNi (50 wt.% Ni) particles were sonicated in 

presence of ethanol. Especially, presence of metal oxides / hydroxides in the material can 

significantly complicate interpretation and evaluation of PXRD patterns. Indeed, the size and the 

morphology of the particles did not change after sonication in ethanol. Ethanol serves as a 

scavenger of OH radicals [16]. Its use as a sonication media can prevent partial oxidation of 

metals and, therefore, allow accurate monitoring of crystallite sizes’ changes upon sonication. 

We used fixed sonication time of 60 min. Our previous works demonstrated that 60-min 

sonicated samples exhibited the best catalytic properties [4].

Effect of HIUS on the size of the crystallites can be seen in transmission electron 

spectroscopy (TEM) images in Fig. 4.1. The size of the crystallites in the ultrasonically treated 

samples has significantly increased. The crystallites are highlighted by the arrows in the images. 

Additional evaluation of the crystallites’ sizes was done by applying of Scherrer and 

Williamson-Hall approaches to powder X-ray diffraction (PXRD) patterns.   
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Fig. 4.1: TEM images of initial (a) and HIUS treated in ethanol (b) AlNi (50 wt.% Ni) alloy.

The PXRD patterns of initial and HIUS treated in presence of ethanol AlNi (50 wt.% Ni) 

alloys are shown in Fig. 4.2. All detectable peaks could be indexed as either Al3Ni2 or Al3Ni 

intermetallic phases found in the standard reference data (JCPDS: 00-014-0648) and (JCPDS: 

00-002-0416). 

Fig.4.2: The XRD patterns of initial and HIUS treated in organic solvents AlNi (50 wt.% Ni) alloys.

50 nm 50 nm

a b
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The patterns in Fig. 4.2 indicate that the materials before and after modification have 

absolutely identical XRD patterns. However, it is clearly seen that the reflection peaks became 

sharper after ultrasound treatment of AlNi alloy, indicating the crystallite size’s change. The 

crystallite sizes of both Al3Ni2 and Al3Ni intermetallic phases were determined by X-ray line 

broadening. 

Scherrer analysis was used to evaluate crystallite size of Al3Ni2 and Al3Ni intermetallics 

with respect to corresponding reflecting planes. The crystallographic parameters obtained from 

the Scherrer method are summarized in Table 4.1 and 4.2. The values indicate that HIUS 

treatment of AlNi alloy results in gradual Al3Ni2 and Al3Ni crystallite sizes’ increase in all 

crystallographic directions including edge - (100), (020) and basal - (001), (002) planes. Thus, 

the average crystallite growth for Al3Ni2, as well as Al3Ni intermetallics was calculated to be      

~ 40 % with respect to specific crystallographic plane. Although, Scherrer method does not 

provide any information in the case when in addition to size broadening strain-induced 

broadening occurs. For this reason we applied Williamson-Hall (WH) method for XRD 

reflection peak analysis. 

Table 4.1: Structure and geometric parameters of Al3Ni2 intermetallic phase in initial and HIUS treated 

in ethanol AlNi (50 wt.% Ni) alloy.

Intermetallic
Phase 2 (hkl)

Scherrer method
D (nm)

Williamson - Hall method      (UDM)      
D (nm)

Initial Ethanol Initial Ethanol
Al3Ni2 18.0 (001) 79.6 125.8 87.8 131.7
(trigonal) 25.3 (100) 95.5 126.4
P-3m1 31.3 (101) 102.4 141.0 (-0.56892×10-4) (0.15315×10-4)
Vcell(0.0721nm3) 62.7 (103) 114.0 142.5

Table 4.2: Structure and geometric parameters of Al3Ni intermetallic phase in initial and HIUS treated 

in ethanol AlNi (50 wt.% Ni) alloy.

Intermetallic
Phase 2 (hkl)

Scherrer method
D (nm)

Williamson - Hall method      (UDM)      
D (nm)

Initial Ethanol Initial Ethanol
Al3Ni 22.0 (011) 80.8 117.1 56.3 113.2
(orthorh.) 22.8 (101) 60.7 123.2
Pnma 24.1 (020) 84.8 123.1 (-8.19925×10-4) (-0.87570×10-4)
Vcell 29.5 (210) 95.1 110.8
(0.2329nm3) 37.3 (002) 81.8 124.2
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The WH analysis of Al3Ni2 XRD reflection peaks is shown in Fig. 4.3(a-c). Great scatter 

of the points on Fig. 4.3a for the untreated sample is a direct indication of uneven microstrain 

distribution in grain boundaries throughout the sample. Nevertheless, the scattering of the points 

away from the linear fit is becoming less after HIUS treatment. Interestingly, along with 

scattering decrease for ultrasonically treated phases microstrain value (Table 4.1) is found to 

be closer to zero as oppose to untreated phases. These results indicate overall microstructuring 

and strain relaxation in grain boundaries. Further, the average crystallite size for all phases was 

estimated from the y-intercept Fig. 4.3(c). The values are in a good agreement with those 

obtained for the Al3Ni2 reflection planes using Scherrer method with the same tendency 

observed: crystallite size is increasing after ultrasound treatment. Similar analysis was carried 

out for Al3Ni intermetallic compound present in AlNi alloy and is shown in Fig. 4.4(a-c). As in 

case of Al3Ni2 intermetallic phase, the obtained data are in a good agreement with ones obtained 

using Scherrer method. The scattering became less after HIUS treatment along with closer to 

zero microstrain values (Table 4.2). Thus, both Al3Ni2 and Al3Ni intermetallic phases 

underwent strain relaxation and crystallites became approximately twice larger in size. 
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Fig. 4.3: The Williamson – Hall analysis of Al3Ni2 intermetallic phase present in initial and HIUS 

treated in ethanol AlNi (50 wt.% Ni) alloys assuming UDM. Fit to the data, the strain ( ) is extracted 

from the slope and the crystallite size D is extracted from the y – intercept of the fit (a, b).  Bar plot of 

Al3Ni2 intermetallic crystallite size (c).
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Fig. 4.4: The Williamson – Hall analysis of Al3Ni intermetallic phase present in initial and HIUS treated 

in ethanol AlNi (50 wt.% Ni) alloys assuming UDM. Fit to the data, the strain ( ) is extracted from the 

slope and the crystallite size D is extracted from the y – intercept of the fit (a, b).  Bar plot of Al3Ni

intermetallic crystallite size (c).
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Detailed evaluation of XRD patterns using Scherrer and WH method showed that 

acoustic cavitation and associated with it sonomechanical effects (shock waves, interparticles’ 

collisions) lead to growth of the presented crystallites. According to hot spot theory cavitation 

bubbles are filled with plasma with temperature up to thousands of Kelvins and pressure up to 

hundreds of atmospheres [17-20]. It has been reported that temperature in solid / liquid interface 

in cavitated suspensions of metal particle can reach the values of up to 2400 K [7]. This 

temperature values are much higher than the liquidus temperature of AlNi (50 wt.% of Ni) alloy 

that is 1673 K. HIUS can serve as a thermodynamic driving force for a grain boundary reduction. 

Using our data on the crystallite size change we could estimate that grain boundary area is 

changed for the experimental time (60 min) in AlNi system to approx. 2x10-18 m2/s. This value 

doesn’t exceed the reported diffusivity values for the same material estimated at 1373 K [21, 22].

Thus, via sonication it is possible to significantly accelerate atomic diffusion in metals and alloys 

while macroscopically the reaction temperature remains 298 K. Since relatively strong attraction 

was measured for Al-Ni atoms in comparison to attractions between Al-Al and Ni-Ni atoms 

diffusion leads to clustering of the intermetallic phases. Thus, ultrasonically treated AlNi tends to 

form larger clusters of Al3Ni and Al3Ni2 phases due to grain boundary area reduction. 

4.4 Conclusions

Here we reported on the effect of high intensity ultrasound on crystal structure of AlNi 

alloy (50 wt.% of Ni). Upon analysis of the crystallite sizes of Al3Ni and Al3Ni2 intermetallic 

phases using Scherrer and Williamson–Hall methods we observed that ultrasonic treatment of 

metal particles suspensions led to an increase in crystallites’ sizes and reduction of microstrain in 

the system. After 60 min of HIUS modification the size of the crystallites increased by a factor of 

2. Thus, intensive sonication of solid particles can enhance the process of atomic diffusion. In 

AlNi particles atomic diffusion led to the clustering and phase separation of intermetallics. In the 

future, it will be interesting to investigate the diffusion processes depending on the duration and 

intensity of sonication as well as sonication medium.
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Abstract

Crystallographic property such as crystallite size has been used for evaluation of the 

temperature up to which high intensity ultrasound can heat metal particles depending on physical 

properties of sonication medium and particle concentration. We used > 100 μm metal particles as 

an in situ indicator for ultrasonically induced temperature in the particle interior. Based on 

powder X-ray diffraction monitoring of Al3Ni2 crystallite sizes after ultrasound treatment the 

average minimum temperature ( ) of sonicated particles in various sonication media was 

estimated. Additionally, it was found that crystallite size in ultrasonically treated metal particle 

depends on the frequency of interparticle collision. Through the adjustment of particle 

concentration, it is possible to either accelerate the atomic diffusion or force the melting and 

recrystallization processes. Overall, the energy released from collapsing cavitation bubble can be 

controllably transferred to the sonication matter through the appropriate choice of sonication 

medium and the adjustment of particle concentration.

5.1 Introduction

The cavitation phenomenon has been intensively studied for several decades unraveling 

the details on the mechanism of cavitation bubble formation, oscillating growth, and consequent 

collapse [1, 2]. Great number of research work has been dedicated to investigation of cavitation 

bubble physical properties such as internal temperature and pressure [3]. Experimentally 

measured values of temperature inside cavitation bubble were reported in the range of ~5000 K

depending on vapor pressure of the liquid that is being ultrasonicated [4, 5]. 
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The acoustically generated “hot spots” – localized areas of extremely high temperatures 

and pressures [6] can release significant amount of energy to initiate various bottom-up synthesis 

of colloids at highly non-equilibrium conditions [7, 8]. For example amorphous iron, carbon and 

nanoalloys were sonochemically prepared from organometallic compounds that were 

decomposed inside the collapsing bubble [9-11]. 

Besides sonochemical processes that use collapsing bubble as a microreactor [12] for 

high-temperature synthesis, sonomechanical processes can also trigger highly non-equilibrium 

nanostructuring [13-17]. In suspensions of particles bubble collapse induces shock waves, 

intensive turbulent flow, and interparticle collisions. It was shown that in concentrated (20 wt.%) 

suspensions of ~10 μm particles the surfaces of sonicated particles can locally melt in the 

temperature range of 2600-3400 °C and form fused agglomerates of particles [18]. However, 

which temperature is inside ultrasonically treated particles is still unknown. Weather acoustic 

cavitation can affect microstructure of both the surface and the interior of μm-sized particles and 

can be used for top-down synthesis of nanomaterials is an interesting question.

Energy release/transfer from collapsing cavitation bubble depends on sonication medium 

[1, 2]. Varying sonication medium it is possible to adjust ultrasonic conditions for a particular 

synthesis. For instance, the thermal impact of continuously imploding cavitation bubbles on the 

surrounding liquid or sonicated matter itself depends on the physical properties of sonication 

medium such as vapor pressure or viscosity [19]. The main obstacle in precise evaluation of 

energy transfer from collapsed bubble is the absence of reliable characterization methods or a 

material which would serve as an indicator for such transition. 

Recently, we showed that high intensity ultrasound (HIUS) treatment of AlNi (50 wt.% 

Ni) alloy particles suspension in ethanol led to noticeable changes in crystallographic properties 

[20]. Specifically, we observed present in AlNi alloy Al3Ni2 intermetallic crystallite growth and 

microstrain reduction due to thermally accelerated atomic diffusion. As oppose to metallurgical 

industry where temperature forced grain growth is leading to undesirable metal materials 

softening [21], in catalysis, for example, growth of crystallites may be quiet beneficial [22]. 

Since it is undoubtedly clear that grain boundary reduction is forced thermally, induced 

by temperature gradient crystallite growth to a particular value requires a defined amount of 

energy, thus, the crystallite size may serve as an indicator of the energy transfer efficiency from 

collapsing cavitation bubble with respect to sonication medium. In other words, we suggest that 

through powder X-ray diffraction (PXRD) based monitoring of the crystallite size in metal 
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particles it is possible to estimate the average minimum temperature ( ) to which metal 

particles can be heated in the cavitated medium. These findings might be of a great interest in the 

areas of sonochemical synthesis, ultrasonic food processing, or ultrasonically induced 

nanostructuring for various applications. 

In present study we report on the temperature effect of acoustic cavitation during HIUS 

treatment of Al3Ni2 phase in AlNi (50 wt.% Ni) alloy particles depending on physical properties 

of sonication medium. Based on PXRD monitoring of Al3Ni2 intermetallic crystallite sizes after 

ultrasound treatment we made an attempt to estimate the average minimum temperature 

( ) of sonicated AlNi alloy particles in various sonication media. Al3Ni2 intermetallic

phase identification was performed by Rietveld refinement of PXRD patterns. Crystallographic 

parameter such as crystallite size was evaluated using uniform deformation model (UDM) based 

Williamson – Hall (WH) method [23-25]. Keeping in mind that pressure can influence the 

crystal structure of solids; we plan to address the aspects of ultrasonically induced pressure 

effects on metal particle in our ongoing studies.  

5.2 Experimental section

Aluminum – Nickel (50 wt.%

purchased from Fluka. Anhydrous ethanol, ethylene glycol, and decane were purchased from 

Sigma Aldrich. All chemicals were the highest purity grade available and were used as received 

without further purification. The water was purified before use in a three stage Milipore Milli-Q

Plus 185 purification system.

0.1 g ml-1 Al/Ni alloy powder was sonicated in ethanol, ethylene glycol, decane, or 

ethanol/water and ethylene glycol/water mixtures for 60 min with a Hielscher UIP1000hd, 

(Hielscher Ultrasonics GmbH, Germany) operated at 20 kHz with a maximum output power of 

1000 W. The apparatus was equipped with an ultrasonic horn BS2d22 (head area of 3.8 cm2) and 

a booster B2-1.8. The maximum intensity was calculated to be 140 W cm 2 at mechanical 

homemade thermostatic cell connected to a thermostat (Huber GmbH, Germany). The 

temperature was monitored during the treatment and kept at 333 K After HIUS treatment metal 

particles were separated from supernatant by centrifugation at a speed of 10 000 rpm for 1 hour

and washed with absolute ethanol followed by drying under vacuum at room temperature. To 

investigate the effect of particle concentration, various amounts (0.025-0.125 g ml-1) of AlNi 
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particles were sonicated in decane for 60 min. For evaluation of ultrasonic irradiation time effect, 

4 g of AlNi particle suspensions in decane were ultrasonically treated during 5, 10, 15, 20, 25, 

30, 40, 60, and 90 minutes. As a reference experiment, to ensure the effect of acoustic cavitation 

on crystallographic properties, AlNi particle suspension was subject to 60 min of intensive 

stirring (13 000 rpm). No change in crystallographic parameters was observed. 

For the annealing procedure 4 g of AlNi (50 wt.% Ni) alloy powder was placed in the 

preheated to required temperature muffle oven (Heraeus, Germany)for two hours and kept there 

for 60 min. The procedure was carried for six AlNi alloy powder samples at the following 

temperatures: 500, 550, 600, 650, 700 and 1000 °C. 

Powder X – ray diffraction (PXRD) analysis of the samples was performed using Stoe 

STADI P X – et using an in 

Crystallographic parameter such as crystallite size was calculated using Scherrer and 

Williamson-Hall methods [20]. Present in AlNi alloy particles Al3Ni phase was not used for the 

calculations since it can be easily oxidized in aqueous sonication medium [22]. 

Scherrer method relies on utilizing the following equation:  =    (1)

where k is shape factor (a constant equals to 0.94), is the X-ray wavelength  (1.54056 Å for 

CuK radiation), is the instrumental corrected peak width at half-maximum intensity, is the 

peak position, and D is the effective crystallite size normalized to the reflecting planes. It is 

important to note that to avoid any misleading; only not overlapping peaks were chosen for data 

processing. 

According to WH method strain-induced broadening arising from crystal imperfections 

and distortion are related by: (2)

Assuming that the size and strain contributions to the line broadening are independent of each 

other, the observed line breadth can be written as the sum of the two terms:

hkl s D (3)

Substitution of Eq. (1) and Eq. (2) into Eq. (3) results in the following:=  + (4 ) (4)

After rearranging, Eq.(4) becomes:
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=  +  (4 ) (5)

The WH equation represents uniform deformation model (UDM) where the strain is 

assumed to be uniform in all crystallographic directions, thus considering the isotropic nature of 

the crystals, where all the material properties are independent of the direction along which they 

are measured. Plotting values of as a function of 4 allows estimating microstrain 

(slope of the fitted line) and the average crystallite size D (y-intercept of the fitted line). 

5.3 Results and discussion 

Fig. 5.1 schematically represents Al3Ni2 crystallites growth in AlNi (diameter is approx. 

suspensions of metal particles cavitation induced shock waves and interparticle collisions can 

create the temperature gradient [26] that propagates in a particle and forces crystal growth. Since 

it is known that intensity of cavitation depends on sonication medium, different crystallite size 

can be expected in different sonication media. Thus, change in crystallographic properties might 

serve as an indicator of energy transfer between collapsing cavitation bubbles and sonicated 

matter. To provide the information on the heat transfer from collapsing cavitation bubbles to the 

sonicated matter we used sonication media with various physical properties – vapor pressure and 

viscosity. Namely, we treated AlNi alloy particles with HIUS in water / ethanol and water / 

ethylene glycol mixtures and in decane. 

In order to calibrate thermal effect of acoustic cavitation on crystallographic property such as 

crystallite size we annealed the metal particles for 1 hour at various temperatures: 500, 550, 600, 

650, 700, and 1000 °C. The chosen annealing duration is equivalent to the HIUS treatment time.

Using annealing procedure we simulate thermal effect of HIUS. Fig. 5.2a shows dependence of 

Al3Ni2 intermetallic crystallite size on the annealing temperature. We calculated the crystallite 

sizes of the samples by applying Williamson-Hall approach for the PXRD data analysis. It can be 

seen, that in the temperature ranges between 500 °C and 700 °C the size of crystallites in Al3Ni2 

phase increases with temperature increase and reaches its maximum value of 250 nm at approx. 

700 °C. Annealing of the samples at the temperature above 1000 °C does not lead to the 

formation of the crystallites larger than 250 nm. We use the obtained crystallite size vs. 

temperature dependence as a calibration curve for the estimation of the possible temperature up 

to which HIUS can heat metal particles. Using crystallite size data for the annealed samples as 
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the reference allowed us to estimate minimum average temperature of metal particles ( )

after 1 hour of US treatment depending on sonication medium. 

Figure 5.1: Schematic representation of Al3Ni2 crystallites change in AlNi particles upon HIUS treatment 

and energy transfer between collapsing cavitation bubbles and sonicated matter.

Upon PXRD based Al3Ni2 crystallites size calculations we revealed that atomic diffusion 

was being accelerated depending on sonication medium. As it can be seen in Fig. 5.2b crystallite 

size of the 1-hour-sonicated Al3Ni2 intermetallic phase is increasing in the row: 95 nm (ethylene 

glycol) < 130 nm (ethanol) < 200 nm (water) < 225 nm (decane). Crystallite size of the untreated 

powder is approximately 90 nm. Previously [20], using our data on the crystallite size change we 

could estimate average grain boundary sliding for the experimental time of 1 hour in AlNi 

system to approx. 2x10-18 m2/s. This value indicates the event of solid-state diffusion. Thus, we 

posit that acoustic cavitation reveals itself in creating temperature gradient that is responsible for 

solid-state atomic diffusion and crystal growth in metal particles. 
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As we can see from the Fig. 5.2b the largest crystallites were obtained for the samples 

sonicated in decane. Calculated value for the Al3Ni2 crystallite size of the 1-hour-sonicated in 

decane sample indicates that the particles were continuously heated by collapsing cavitation 

bubbles to a temperature of ~ 580 °C (Fig. 5.2c). Thus continuous collapse of cavitation bubbles 

in decane generated enough energy to create temperature gradient sufficient for acceleration of 

the atomic diffusion in the metal particles as if they were annealed at 580 °C. 

Figure 5.2: Al3Ni2 intermetallic phase crystallite size after annealing AlNi particles for 1 hour at 

different temperature (a). Al3Ni2 intermetallic phase crystallite size after 1 hour of HIUS treatment (b) 

and estimated ( ) (c) in various sonication media.

Interestingly, ( ) varies depending on the sonication medium and increases in the 

row ethylene glycol < ethanol < water < decane. Knowing the initial temperature and 
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determined ( ) after sonication it is possible to compare the efficiency of energy transfer 

from collapsing cavitation bubbles to metal particles using the following equation [27]:

Heat(transferred) (6)

Where m is the mass of sonicated sample, is the temperature difference before and after 

sonication, and Cp is the heat capacity of the sample. Since the mass and heat capacity of the 

sample are constant we can estimate the difference in energy transfer efficiency for two 

sonication media:

( )  ( )   =      (7)

According to the Eq.7 greater temperature difference would result in higher efficiency of the 

energy transfer. For example, using this equation we estimated that energy transfer between 

collapsing cavitation bubble and AlNi alloy particles is ~ 17 % more efficient in decane than in 

ethylene glycol and ~ 13 % than in ethanol.

In order to explain the difference in energy transfer efficiency and ( ) values, a

closer look should be given to the effect of cavitation depending on the physical properties of 

sonication media.  It has been reported before that temperature inside the cavitation bubble and 

strength of the bubble collapse to a high extent depends on vapor pressure of the sonication 

medium [4, 19]. Higher vapor pressure of the medium results in lower temperature inside the 

cavitation bubble and weaker collapse. In our case it would mean less efficient energy transfer to 

the HIUS treated metal particles and, accordingly, lower ( ) values. 

In order to investigate the effect of vapor pressure of medium on energy transfer 

efficiency we sonicated metal particles in the media of various vapor pressures – water / ethanol 

mixtures and calculated ( ) values using Al3Ni2 intermetallic crystallite size (Fig. 5.3a

(inset)) as an indicator of the temperature change (Fig. 5.3a). Indeed, we observed gradual 

decrease in ( ) values upon vapor pressure increase.
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Figure 5.3: Estimated of the particles HIUS treated in sonication media with variable volume 

percent of ethanol in ethanol/water mixtures (a) and ethylene glycol in ethylene glycol/water mixtures (b), 

as well as used for the temperature estimation their corresponding Al3Ni2 intermetallic phase crystallite 

sizes (insets).

Another physical property that could influence the efficiency of energy transfer to 

sonicated matter is viscosity. Higher viscosity of the sonication medium hinders interparticle 

collisions and thus might inhibit the energy propagation from collapsing cavitation bubble. For 
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this reason we treated the particles with HIUS in the media of various viscosity – water / 

ethylene glycol mixtures. As expected, upon monitoring Al3Ni2 intermetallic crystallite size 

(Fig. 5.3b (inset)) and correlating it with ( ) we observed (Fig. 5.3b) that by increasing 

viscosity of sonication medium the efficiency of energy transfer to the sonication matter is 

decreasing which is resulting in lower ( ) values. 

Additional important parameter that can influence interparticle collisions ( ) is the 

particle concentration of the HIUS treated suspensions. To evaluate the effect of concentration 

we ultrasonicated the different quantities of particles in decane and monitored the Al3Ni2

intermetallic crystallite size change (Fig. 5.4). Crystallites in the 1-hour-sonicated samples were 

larger for the more concentrated suspensions. The maximum size of the crystallites

(approx. 225 nm) was observed at 10 wt.% concentration of particles. Thus, in more 

concentrated suspensions more frequent interparticle collisions lead to higher temperature in an 

ultrasonically treated particle. 

Figure 5.4: Plot of Al3Ni2 intermetallic phase crystallite size depending on the concentration of AlNi 

particles in decane suspensions for HIUS treatment.

Interestingly, we observed decrease in crystallite size when metal particle loadings 

exceeds 10 wt.%. Thermodynamically the process of crystallite reduction can only occur upon 

Al3Ni2
Intermetallic
phase

HIUS accelerated
atomic diffusion

HIUS induced
melting
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re-melting and following solidification. Moreover, in order to produce smaller grains the melt 

must be solidified extremely fast limiting the time, which is necessary for crystallite growth to a 

particular size [28]. Thus, HIUS treatment of the concentrate suspensions (> 10 wt.%) results in 

the significant increase of ( ) that even exceeds the melting point of the phases in AlNi 

alloys (1638 °C). Our results are in a good agreement with earlier reports which showed that 

metal particles could weld together due to frequent and strong interparticle collisions caused by 

cavitation [18, 29]. Though, in case of suspensions with lower particle content interparticle

collisions are less frequent and released upon cavitation bubble collapse energy is spent to 

accelerate the atomic diffusion. Using crystallite size vs. temperature calibration curve for the 

annealed samples we estimated that in the region with particle loadings from 3 up to 10 wt.% the 

temperature change is 58 ºC yielding an increase in ( ) of ~ 8 ºC with each wt.% of 

particles added to sonicated decane suspension. 

Another proof of possible re-melting of AlNi particles was revealed when decane 

suspensions of AlNi particles were subject to variable ultrasonic treatment duration (Fig. 5.5).

Figure 5.5: Plot of Al3Ni2 intermetallic phase crystallite size depending on duration of HIUS treatment of 

10 wt.% AlNi particles suspension in decane.

Namely, based on crystallite size evaluation we observed repeating of accelerated atomic 

diffusion / re-melting cycles depending on the time of HIUS treatment. Thus, on one hand we 

confirmed that the average minimum temperature ( ) can reach the value of ~ 580 °C 

( ) 580°C 
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during ultrasound treatment and repeatedly exceed it up to the value of 1638 °C or higher. On the 

other hand, Fig. 5.5 confirmed the periodic nature of cavitation bubbles collapse [2] where 

energy must be repeatedly spent on accumulation of significant number of cavitation bubbles 

until reaching its critical value. Overall, the energy released from collapsed cavitation bubble can 

be controllably transferred to the sonication matter through the appropriate choice of sonication 

medium based on its physical properties such as viscosity and vapor pressure as well as through 

the adjustment of particle concentration and sonication time to either accelerate the atomic 

diffusion or force the melting processes.  

5.4 Conclusions

Here we reported on applying PXRD based crystallographic properties evaluation method 

as a tool for providing information about energy transfer between collapsing cavitation bubbles 

and sonicated matter. We revealed that during HIUS treatment average minimum 

temperature ( ) depends on physical properties of the sonication medium such as vapor 

pressure and viscosity and increasing in the row ethylene glycol < ethanol < water < decane. 

Based on the obtained data we estimated that energy transfer from collapsing cavitation bubble 

to sonicated particle is ~ 17 % more efficient in decane than in ethylene glycol. Additionally, we 

showed the influence of particle concentration during ultrasonication. Thus, for suspensions with 

10 wt.% particle loading or less we only observed the process of atomic diffusion, while HIUS 

treatment of more concentrated suspensions (>10 wt.%) led to re-melting processes indicating 

that ( ) is exceeding the particle melting point.
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Abstract 

Ultrasonically induced shock waves stimulate intensive interparticle collisions in 

suspensions and create large local temperature gradients in AlNi particles. These trigger phase 

transformations at the surface rather than in the particle interior. We show that ultrasonic 

processing is an effective approach for developing the desired compositional gradients in nm-

thick interfacial regions of metal alloys and formation of effective catalysts toward the hydrogen 

evolution reaction. 

 

6.1 Introduction 

The hydrogen evolution reaction (HER) is an important technological process for the 

production of molecular hydrogen through water splitting.
1
 Catalysts for the HER reversibly bind 

hydrogen to their surface.
2
 Rapid HER kinetics was observed when utilizing expensive metal 

catalysts.
3–5

 Recently, it was shown that near-surface and surface alloys potentially can have 

excellent catalytic properties for hydrogen production.
6,7

 However, up to now such alloys were 

prepared by time and energy consuming deposition–annealing procedures using transition metals 

and the Pt(111) surface.
7,8

 In this paper, we propose a novel and efficient ultrasound-assisted 

approach to the manipulation of the metal alloy surface at the atomic level. We use shock impact 

of billions of collapsing cavitation bubbles during ultrasonic processing for near-surface phase 

transformation in AlNi particles, the transformation which can hardly be achieved by 

conventional methods. 

 

6.2  Results and Disscussion 

According to Nørskov et al.,
2
 the free energy of hydrogen adsorption (ΔGH*) on a catalyst 

surface is a reliable descriptor of catalytic activity for a variety of compounds. The value of 

ΔGH* close to zero indicates that hydrogen intermediates are bound neither too strongly nor too 

weakly to the catalyst surface. In order to disclose which intermetallic phase in AlNi alloys could 

potentially be active in HER, we calculated the free energy of hydrogen adsorption for AlNi 

intermetallics (see the ESI† for details of our density functional theory (DFT) calculations). 

 

http://pubs.rsc.org/en/content/articlehtml/2015/gc/c5gc00047e#cit1
http://pubs.rsc.org/en/content/articlehtml/2015/gc/c5gc00047e#cit2
http://pubs.rsc.org/en/content/articlehtml/2015/gc/c5gc00047e#cit3
http://pubs.rsc.org/en/content/articlehtml/2015/gc/c5gc00047e#cit6
http://pubs.rsc.org/en/content/articlehtml/2015/gc/c5gc00047e#cit7
http://pubs.rsc.org/en/content/articlehtml/2015/gc/c5gc00047e#cit2
http://pubs.rsc.org/en/content/articlehtml/2015/gc/c5gc00047e#fn1
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Fig. 6.1 demonstrates that the HER can proceed nearly thermo-neutrally at the (100)-

planes of Al3Ni2. In contrast, a value of ΔGH* for the Al3Ni (010) surface plane is more negative 

due to pronounced surface reconstruction upon hydrogen adsorption and, hence, this plane can 

be considered equally inactive as pure Ni. 

Fig. 6.1: Calculated free energy diagram for hydrogen evolution at a potential U = 0 relative to the 

standard hydrogen electrode at pH = 0. Values for Pt and Ni are taken from ref. 33. Al3Ni2(100) shows a 

high potential for the hydrogen evolution reaction.  

The obtained results, therefore, indicate that the Al3Ni2(100) phase in our intermetallic 

system is expected to be the most active for electrocatalysis. By measuring the particles’ activity 

in HER, we can evaluate how accessible the surface of the Al3Ni2(100) phase is for H-

adsorption. 

In order to experimentally evaluate the predicted activity of the intermetallics during 

water splitting, we tested the functioning of bulk commercial Al3Ni2 and Al3Ni compounds in 

HER. The HER current/potential profiles are shown in Fig. 6.2a. 

It is well known that hydrogen production at the surface of efficient electrocatalysts must 

be characterized with closer to zero overpotential and high current density output. As predicted 

by our DFT calculations, our experimental results clearly show that the beneficial phase for 

water splitting is Al3Ni2, whereas the Al3Ni phase binds H too strongly. However, the measured 

electrocatalytic characteristics of the unstructured bulk Al3Ni2 are not as spectacular as predicted 

by DFT calculations, probably due to the low accessibility of the active Al3Ni2(100) planes for 

hydrogen adsorption. Therefore, the decisive question is whether it is possible to find an efficient 

method for structuring of the Al3Ni2 phase. 

http://pubs.rsc.org/en/content/articlehtml/2015/gc/c5gc00047e#fig1
http://pubs.rsc.org/en/content/articlehtml/2015/gc/c5gc00047e#cit33
http://pubs.rsc.org/en/content/articlehtml/2015/gc/c5gc00047e#fig2
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Fig. 6.2: HER current–potential profiles for the initial and ultrasonically modified AlNi (50 wt.% Ni) 

alloys, bulk commercial Al3Ni and Al3Ni2 phases, as well as AlNi alloy annealed at 1173 K (a). 

Galvanostatic HER profile for ultrasonically modified AlNi (50 wt.% Ni) alloy (b). 

 

Recently, it has been argued that structuring of near-surface regions in metal alloys is of 

great importance for achieving enhanced catalytic activities of intermetallic compounds.
6
 High 

electrocatalytic activity was observed
7,8

 for structured compounds with enhanced accessibility of 

potentially active crystal planes. Thus, the relatively poor (higher onset overpotential and lower 

apparent current density values) electrocatalytic behavior of Al3Ni2 can be enhanced by 

structuring of the AlNi alloys containing the Al3Ni2 hexagonal phase. Upon controlled 

structuring of intermetallic phases in the AlNi alloy, we do achieve preferential orientation of the 

http://pubs.rsc.org/en/content/articlehtml/2015/gc/c5gc00047e#cit6
http://pubs.rsc.org/en/content/articlehtml/2015/gc/c5gc00047e#cit7
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(100) hexagonal crystal planes
9
 at the surface and, thus, the enhancement of the Al3Ni2 activity 

toward HER. 

According to the AlNi binary phase diagram
10

 (Fig. S1, ESI†) and the previous work on 

electrocatalytic application of AlNi compounds
11–14

 the best AlNi candidates for the catalyst 

preparation are AlNi alloys with nearly 50 wt.% of Ni. The Rietveld refinement of the powder   

X-ray diffraction (PXRD) patterns of the investigated samples showed that this alloy is a mixture 

of Al (2 wt.%), Al3Ni (43 wt.%), and Al3Ni2 (55 wt.%). However, during alloy preparation from 

melt, the desirable clustering of Al3Ni2 at the surface of Al3Ni is kinetically restricted due to the 

preferable nucleation of the Al3Ni phase on the surface of the already formed Al3Ni2 phase. At 

the same time, the formation enthalpies are ΔH ≈ −65 kJ mol
−1

 and ΔH ≈ −45 kJ mol
−1

 for 

Al3Ni2 and Al3Ni, respectively.
15 

This means that the Al3Ni2 phase is thermodynamically more 

stable than the Al3Ni phase. Indeed, according to the equilibrium phase diagram at 1124 K, the 

Al3Ni phase can be transformed into the Al3Ni2 phase (𝐀𝐥𝟑𝐍𝐢
𝟏𝟏𝟐𝟒𝐊
→    𝐀𝐥𝟑𝐍𝐢𝟐 + 𝐋𝟏𝟓,𝟑 𝐚𝐭.  % 𝐍𝐢).

10
 Thus, 

in principle, it should be possible to trigger the desirable phase transformation by conventional 

heating. However, the obtained product is not electrochemically active (Fig. 6.2a, blue curve), 

since the highly active surface planes of the (100)-type remain undeveloped. Therefore, a novel 

technological solution is required for dedicated near-surface phase transformations in AlNi 

particles.
16–18

 

Technologically fast and controllable local heating of a surface can be achieved by the 

impact of micron-size high-energy cavitation bubbles.
19

 Collapsing of cavitation bubbles that are 

generated in ethanol by high power ultrasound (HPUS) at 20 kHz induces shock waves and 

intensive turbulent flow.
20–22

 In suspensions cavitation triggers intensive interparticle collisions 

that result in an extremely rapid local rise of the surface temperature of the sonicated particles 

followed by quenching down to the surrounding medium temperature of 333 K. In this paper, we 

investigate the HPUS-induced structuring of the intermetallic phases by using ~ 140 μm particles 

of AlNi alloys suspended in ethanol (for details see ESI†). The catalyst preparation 

route via ultrasonication is sketched in Fig. 6.3 and explained in the ESI,† Fig. S3. 

http://pubs.rsc.org/en/content/articlehtml/2015/gc/c5gc00047e#cit9
http://pubs.rsc.org/en/content/articlehtml/2015/gc/c5gc00047e#cit10
http://pubs.rsc.org/en/content/articlehtml/2015/gc/c5gc00047e#fn1
http://pubs.rsc.org/en/content/articlehtml/2015/gc/c5gc00047e#cit11
http://pubs.rsc.org/en/content/articlehtml/2015/gc/c5gc00047e#cit15
http://pubs.rsc.org/en/content/articlehtml/2015/gc/c5gc00047e#cit10
http://pubs.rsc.org/en/content/articlehtml/2015/gc/c5gc00047e#fig2
http://pubs.rsc.org/en/content/articlehtml/2015/gc/c5gc00047e#cit16
http://pubs.rsc.org/en/content/articlehtml/2015/gc/c5gc00047e#cit19
http://pubs.rsc.org/en/content/articlehtml/2015/gc/c5gc00047e#cit20
http://pubs.rsc.org/en/content/articlehtml/2015/gc/c5gc00047e#fn1
http://pubs.rsc.org/en/content/articlehtml/2015/gc/c5gc00047e#fig3
http://pubs.rsc.org/en/content/articlehtml/2015/gc/c5gc00047e#fn1
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Fig. 6.3: Schematic illustration of the catalyst preparation procedure. First 10 wt.% suspensions of alloy 

particles (~ 140 μm) are sonicated in ethanol at a frequency of 20 kHz and an intensity of 140 W cm
−2

 for 

1 h. This processing results in the activation of the catalyst surface (change in the crystal structure, phase 

composition, and morphology). After that the modified particles are centrifuged and dried in an Ar 

atmosphere. The dried particles are deposited on a substrate and their electrocatalytic activity is 

evaluated. 

Indeed, the HPUS treatment of AlNi particles causes remarkable modification of the 

morphology and surface composition in the AlNi alloys. The compositional and morphological 

changes are clearly visible, when comparing the energy-dispersive X-ray spectroscopy (EDS) 

results, the 
27

Al solid state nuclear magnetic resonance (NMR) spectra, X-ray photoelectron 

spectroscopy (XPS) data and the scanning electron microscopy (SEM) images. The SEM 

pictures (Fig. 6.4b) show the surface roughening after the HPUS treatment. This surface 

modification is clearly revealed in comparison with the relatively smooth particle surface before 

the treatment (Fig. 6.4a). Furthermore, EDS analysis of the surface composition of the particles 

before and after sonication shows a mixture of phases near the surface of pristine particles 

(Table S2, ESI†). In contrast, after the HPUS treatment (Fig. 6.4c and d), EDS detects the 

presence of a solitary Al3Ni2-phase at the surface. Additional evidence of the microstructure 

refinement in the alloys after the HPUS treatment is provided by selected area electron 

diffraction (SAED) (see inserts in Fig. 6.4a and b). The ultrasonically induced clustering of 

intermetallic phases in the modified AlNi particles is also schematically illustrated in Fig. 6.4a 

and b. 

http://pubs.rsc.org/en/content/articlehtml/2015/gc/c5gc00047e#fig4
http://pubs.rsc.org/en/content/articlehtml/2015/gc/c5gc00047e#fig4
http://pubs.rsc.org/en/content/articlehtml/2015/gc/c5gc00047e#fn1
http://pubs.rsc.org/en/content/articlehtml/2015/gc/c5gc00047e#fig4
http://pubs.rsc.org/en/content/articlehtml/2015/gc/c5gc00047e#fig4
http://pubs.rsc.org/en/content/articlehtml/2015/gc/c5gc00047e#fig4
http://pubs.rsc.org/en/content/articlehtml/2015/gc/c5gc00047e#fig4
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Fig. 6.4: Scanning electron microscopy images taken from the surface of AlNi (50 wt.% Ni) before (a) and 

after (b) ultrasonication. The inserts show selected area electron diffraction patterns, which demonstrate 

the tendency to form larger intermetallic crystals after the HPUS treatment. The sketches illustrate the 

random phase distribution in the initial AlNi particles and the preferential clustering of the Al3Ni2 phase 

upon the HPUS treatment. Energy dispersive X-ray analysis of the metal surface after ultrasonication 

proves the formation of Al3Ni2 at the surface, where aluminum to nickel ratio is 3 : 2 (c, d). 
27

Al MAS 

NMR spectra (blue) of the sample sonicated in ethanol (f) as well as pristine AlNi (e) and their 

corresponding simulated spectra (red) are shown below, respectively. In addition, the relative intensities 

of each resonance are indicated (see also Table S1, ESI†). The asterisks denote spinning sidebands.       

X-ray photoelectron spectra of the initial (g) and modified samples (h). 

The EDS results, as well as the 
27

Al solid state NMR spectra (Fig. 6.4e and f) and XPS surface 

analysis (Fig. 6.4g and h), provide clear evidence of the spatial re-distribution of the phases 

within metallic particles after the treatment. Due to the skin effect (see ESI†) the penetration 

depth of rf fields into conducting and magnetic materials is limited. Thus the 
27

Al NMR spectra 

(Fig. 6.4e and f) enhance the surface content of the AlNi alloy before and after ultrasonication. 

Both materials exhibit five different resonances (Fig. 6.4e and f) which are assigned on the basis 

of the observed chemical shift. The main contribution arises from metallic Al (5.7/5.9 wt.%), 

Al3Ni (52.6/50.1 wt.%), Al3Ni2 (40.9/43.1 wt.%), and Al(OH)3 (0.8/0.9 wt.%) before and after 

sonication. While the Al as well as Al3Ni ratios are slightly higher compared to the results of the 

http://pubs.rsc.org/en/content/articlehtml/2015/gc/c5gc00047e#fn1
http://pubs.rsc.org/en/content/articlehtml/2015/gc/c5gc00047e#fig4
http://pubs.rsc.org/en/content/articlehtml/2015/gc/c5gc00047e#fig4
http://pubs.rsc.org/en/content/articlehtml/2015/gc/c5gc00047e#fn1
http://pubs.rsc.org/en/content/articlehtml/2015/gc/c5gc00047e#fig4
http://pubs.rsc.org/en/content/articlehtml/2015/gc/c5gc00047e#fig4
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PXRD analysis, the Al3Ni2 ratio is lower. This indicates a slight enrichment of Al and Al3Ni at 

the surfaces of the alloy particles compared to the bulk composition. Interestingly, sonication 

increases the surface content of Al3Ni2 from 41 to 43 wt.%. In parallel the percentage of Al3Ni 

decreases from 52.6 to 50.1 wt.% leading to a decreased Al3Ni/Al3Ni2 ratio from 1.3 to 1.15. 

This finding supports the hypothesis that Al3Ni transforms slowly in Al3Ni2 during sonication. In 

contrast, the PXRD patterns showed that the sonication negligibly affected the bulk ratio of the 

phases in the samples. Furthermore, XPS surface analysis showed the increased concentration of 

Ni
0
 at the surface (Fig. 6.4h) upon sonication of AlNi alloy particles in ethanol that also might 

confirm the formation of the more Ni-enriched Al3Ni2 phase compared to Al3Ni that covers the 

unmodified surface (Fig. 6.4g). 

The formation of the Al3Ni2 phase on the alloy surface is possible if cavitation bubbles 

can heat the surface to above 1124 K. At this temperature the catalytically inactive Al3Ni phase 

is transferred into the beneficial Al3Ni2 phase. The spectroscopic surface analysis before and 

after the HPUS treatment reveals the formation of the Al3Ni2 phase and, thus, proves local 

surface heating up to ~ 1124 K. 

The development of the ultrasonically induced temperature gradient within the particles 

can stimulate additional crystal growth. We analyzed the PXRD patterns (Fig. S4, ESI†) and 

calculated the crystallite sizes before and after the HPUS treatment using the Williamson–Hall 

(W–H) method
23–25

 (for details, see ESI†). According to our estimations, the Al3Ni2 and Al3Ni 

crystallites in the HPUS-treated AlNi are nearly twice as large (131 nm for Al3Ni2; 113 nm for 

Al3Ni) as pristine particles (87 nm for Al3Ni2; 56 nm for Al3Ni). By assuming diffusion-

controlled crystal growth during the treatment period (1 h), we estimate the diffusion rate in the 

AlNi (50 wt.% of Ni) to be about 2 × 10
−18

 m
2
 s

−1
. The reference experiments (heating the 

particles in an oven for 1 h at different temperatures (for details see Fig. S5, ESI†)) showed that 

the observed atomic diffusion proceeds at an average temperature in the particle interior that is 

about T ≈ 823 K. 

Surface structuring via ultrasonication increases the accessibility of the DFT-predicted 

beneficial Al3Ni2(100) phase for H adsorption, which in turn should enhance the catalytic 

efficiency toward HER. In fact, we did observe outstanding improvement of the electrocatalytic 

properties (Fig. 6.2a) of AlNi particles after ultrasonication. The onset overpotential vs. SHE is 

significantly lowered to −0.25 V as compared to −0.65 V for pristine AlNi alloy particles. At the 

same time, the apparent current density values are strongly enhanced. For example, a drastic 

(more than 200-fold) increase in the current density was observed at an onset overpotential value 

http://pubs.rsc.org/en/content/articlehtml/2015/gc/c5gc00047e#fig4
http://pubs.rsc.org/en/content/articlehtml/2015/gc/c5gc00047e#fig4
http://pubs.rsc.org/en/content/articlehtml/2015/gc/c5gc00047e#fn1
http://pubs.rsc.org/en/content/articlehtml/2015/gc/c5gc00047e#cit23
http://pubs.rsc.org/en/content/articlehtml/2015/gc/c5gc00047e#fn1
http://pubs.rsc.org/en/content/articlehtml/2015/gc/c5gc00047e#fn1
http://pubs.rsc.org/en/content/articlehtml/2015/gc/c5gc00047e#fig2
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of −0.4 V and was found to be 28.19 mA cm
−2

 (HPUS-treated) as compared to                        

0.13 mA cm
−2

 (initial). 

Another very important parameter for evaluating the material's electrocatalytic 

performance is the exchange current density (i0), which reflects the intrinsic rate of electron 

transfer between the electrocatalyst's surface and the analyte. Therefore, we replotted the HER 

current/potential profiles in the Tafel coordinates and calculated i0-values for both the pristine 

and the HPUS-treated AlNi alloy particles. The calculated i0-value of 17.37 mA cm
−2

 for the 

HPUS-modified alloy particles is three orders of magnitude higher than for the untreated ones 

(0.016 mA cm
−2

). All in all, our study shows that HPUS is a unique technological approach for 

producing the low-cost and efficient AlNi catalyst for water splitting. The ultrasonically 

generated AlNi catalyst is very robust and exhibits excellent stability in electrochemical use   

(Fig. 6.2b). 

 

6.2 Conclusions 

Using density functional theory, we first predicted that the Al3Ni2 phase is potentially 

effective in the hydrogen evolution reaction. However, bulk unstructured Al3Ni2 compounds 

demonstrated relatively low efficiency due to the low accessibility of the favorable (100) atomic 

plane. We propose structuring of AlNi alloys containing the Al3Ni2 phase as an efficient and low 

cost technological approach for enhancing the accessibility of the Al3Ni2(100) planes that are 

active in hydrogen adsorption. The formation of the Al3Ni2 phase on the surface of AlNi alloys is 

kinetically restricted, but we demonstrate that processing of the metal surface by ultrasonically 

generated cavitation bubbles creates large local temperature gradients in the metal particles. 

These stimulate the desired phase transformations at the surface rather than in the particle 

interior. In particular, we show that collapsing cavitation bubbles heat the surface above 1124 K, 

thus triggering the near-surface transformation of the catalytically inactive Al3Ni phase into 

beneficial Al3Ni2. In the particle interior, the estimated mean temperature reaches 824 K, which 

is well below the phase transition temperature, but still enough for substantial solid-state 

diffusion and crystal growth. This simple, fast, and effective ultrasonic approach toward directed 

surface modification can be extended to other intermetallic systems for sustainable energy 

generation. 

 

http://pubs.rsc.org/en/content/articlehtml/2015/gc/c5gc00047e#fig2
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6.3 Experimental 

The AlNi (50 wt.% Ni) alloy was prepared by melting Al (99.99 % purity grade) and 

nickel (99.99 % purity grade) foils (purchased from Sigma-Aldrich) using a Mini ARC melting 

device MAM-1 (Edmund Bühler Gmbh), TIG 180 DC. The HPUS treatment of AlNi alloy 

particles was performed using a Hielscher UIP1000hd, (Hielscher Ultrasonics GmbH, Germany) 

at an operating frequency of 20 kHz. Electrochemical characterization was accomplished in a 

three electrode cell using a 510 V10 Potentiostat/Galvanostat in the 1 M H2SO4 electrolyte. 

PXRD accompanied by Rietveld refinement, SEM and energy-dispersive EDS and solid 

state 
27

Al NMR
26

 were employed to verify the phase composition of the prepared AlNi alloys. 

TEM was used to obtain SAED patterns. DFT calculations were performed using the Vienna ab-

initio Simulation Package.
27–32

 Detailed information regarding sample preparation, ultrasound 

treatment, characterization methods, and calculations is available in the ESI.† 
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6.4 Supporting Information 

 

I. Aluminum-Nickel binary phase diagram 

Fig. S1 shows the aluminum-nickel binary phase diagram (Al-Ni BPD). The used 

composition is 50:50 wt.% (shown by the gray line).    

 

Fig. S1: Aluminum-nickel binary phase diagram (Ni weight percent ranging from 0 to about 70 wt.%) 

adopted from Ref.
1
 

II. Sample preparation 

Preparation of metal alloys 

Before melting, aluminum and nickel foils (1.0 mm thick, 99.999 % trace metals basis, 

Aldrich, Germany) of required weight were folded together and pressed into a rectangle-shaped 

pellet. Upon cooling of the melt, newly prepared alloy was pressed into a plate and folded back to 

the rectangular shape followed by re-melting. The entire procedure was repeated four times to 

ensure that aluminum and nickel have been completely mixed. Melting and cooling steps in alloy 

preparation were performed in argon atmosphere to prevent oxidation. The final alloy plate was 

processed in the milling machine (Rotormühle Fritsch Pulverisette 14) and meshed towards 
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obtaining an alloy powder with an average particle size of ~140 µm. The pure intermetallic 

phases, Al3Ni2 and Al3Ni (~150 µm), have been supplied by Goodfellow GmbH (Germany). The 

powder X-ray diffractions (PXRD) of the pure phases are shown in Fig. S2.  

 

Fig.S2: PXRD patterns of the pure phases. 

High Power Ultrasound (HPUS) treatment of metal alloys 

The sonication cell is shown in Fig. S3. 

 

Fig. S3: Photograph of the cell for HPUS treatment of the AlNi powdered alloys.  

 

Ultrasonic horn

Thermostatic

cell

Cooling

inlet/outlet

Gas outlet
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AlNi powder (4 g) was dispersed in 40 mL ethanol and sonicated for 60 min with a 

Hielscher UIP1000hd, (Hielscher Ultrasonics GmbH, Germany) operated at 20 kHz with a 

maximum output power of 1000 W. The apparatus is equipped with an ultrasonic horn BS2d22 

(head area of 3.8 cm
2
) and a booster B2-1.8. The maximum intensity was calculated to be 140 

W cm
−2

 at mechanical amplitude of 140 μm. To avoid overheating during sonication the 

experiment was carried out in a homemade thermostatic cell connected to a thermostat (Huber 

GmbH, Germany). The temperature was monitored during the treatment and kept at 298 K. 

After the HPUS treatment, the metal particles were separated from the supernatant by 

centrifugation at a speed of 10 000 rpm for 1 hour and washed with absolute ethanol followed 

by drying in vacuum at room temperature.
2
 

III. Sample characterization 

Electrochemical characterization 

For electrochemical measurements a three-electrode cell consisting of Ag/AgCl/ 

(saturated KCl) reference electrode (potential was converted to standard hydrogen electrode 

(SHE)), the Pt foil (6 cm
2
) counter electrode, and paraffin impregnated graphite electrode 

(PIGE) as a working electrode was employed. HIUS modified AlNi alloy particles were 

immobilized on PIGE with use of Nafion as a binder solution. Linear Sweep Voltammetry 

(LSV) measurements were performed on a 510 V10 Potentiostat/Galvanostat (MaterialMates, 

Italy) in the potential region -0.2V to-0.9V with a scan rate of 50mV/s and use of 1M H2SO4 as 

a supporting electrolyte. 

To determine lifetime performance of the ultrasonically treated catalyst for HER, 

galvanostatic responses were recorded at 60 mA/cm
2
 for 9 consecutive hours.  

27
Al Magic Angle Spinning Nuclear Magnetic Resonance (MAS NMR) 

The solid state 
27

Al NMR spectra were recorded on a Bruker AvanceII 300 tuned to a 

resonance frequency of 78.2 (7.04 T). All magic angle spinning (MAS) NMR experiments were 

carried out with a commercial 2.5 mm triple resonance MAS probe operating with spinning 

speed of 20 kHz. The chemical shifts are reported with respect to a solution of AlCl3 adjusted to 

a pH of 1 with HCl (δiso = 0 ppm). All spectra were acquired using a single pulse excitation with 

a pulse length of 1.5 μs and a recycle delay of 0.2 s. To assure a selective excitation of the 
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central transition, the corresponding nutation frequency was adjusted to 16.7 kHz based on the 

AlCl3 reference solution. 

27
Al MAS NMR spectroscopy was used to identify the individual intermetallic phases 

near the surfaces of the AlNi nanoparticles. The sensitivity towards the surfaces arises from the 

skin effect.
3
 It describes the ability of the radio-frequency (rf) field to penetrate into conducting 

and magnetic material, respectively. The skin depth, d, is proportional to ν0
-1/2

, µr
-1/2

 and ρ
1/2

 

with ν0 being the Lamor frequency, μr being the relative permeability and ρ being the electric 

resistance. While ν0 is constant for all experiments, ρ and μr might vary for the individual AlxNiy 

phases studied here. In particular, μr is 2-3orders of magnitude higher for ferromagnetic 

materials, as compared to Pauli paramagnets, such as metallic aluminum. However, due to the 

gradual changes observed for the pristine and sonicated materials no strong influence on the 

skin depth is expected rendering 
27

Al NMR into a semi-quantitative technique in this case. Thus 

a tentative interpretation of the spectral intensities in terms of phase composition should be 

possible. 

While metallic Al depicts a sharp resonance at 1640 ppm, Al3Ni is characterized by two 

broad peaks at 940 ppm and 640 ppm with an intensity ratio of 1:2. Al3Ni2 exhibits single 

resonance at 340 ppm. All three resonances depict a line shape typical for a second order 

quadrupolar broadening (Fig. 4e, f). The experimental 
27

Al isotropic chemical shift (δiso),   

nuclear quadrupole coupling constants (Cq), anisotropy (q), and the individual contributions 

from each AlNi phases in atomic percentage are tabulated in the Table S1.  

Table. S1: 
27

Al NMR chemical shift, nuclear quadrupole coupling constants (Cq), anisotropy (q) and 

the individual contributions (at%) from each phase of AlNi alloy. 

AlNi(50/50) Parameters Metallic Al Al3Ni-site 1 Al3Ni-site 2 Al3Ni2 Al(OH)3 

 δiso / ppm 1638.0 940.0 641.0 340.0 0.0 

 

 

Initial 

Cq / kHz -- 9151.73 9026.70 8822.00 -- 

q -- 0.55 0.59 0.67 -- 

at% 26.23 % 13.9 % 32.94 % 25.65 % 1.23 % 

 

 

Sonicated 

Cq / kHz -- 9787.72 8948.54 8956.11 -- 

q -- 0.57 0.60 0.69 -- 

at.% 27.01 % 15.57 % 29.01% 27.05 % 1.37 % 
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Electron microscopy 

Transmission electron microscopy (TEM) and selected area electron diffractions 

(SAED) were performed with a LEO 922 EFTEM instrument operating at 200 kV. 

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

measurements were carried outwith a Gemini Leo 1550 instrument at an operating voltage of    

3 keV. The results of surface chemical analysis for the pristine AlNi alloy (50 wt.% of Ni) are 

shown in Table S2.  

Table S2. EDS analysis of the surface of the initial AlNi (50 wt.% Ni) particles. 

Elements, atom.% Al Ni Al:Ni 

Analyzed area 1 21.40 28.10 1:1.3 

Analyzed area 2 32.70 22.87 3:2 

Analyzed area 3 28.75 44.65 2:3 

       

Powder X-ray-diffraction 

Powder X-ray diffraction (PXRD) measurements with intermetallic samples were 

carried out by the aid of a Stoe STADI P X-ray transmission diffractometer, equipped with a Cu 

sealed tube and built-in Ni filter (Cu Kα radiation, λ = 1.54056 Å). The phase composition was 

estimated using Rietveld refinement. 

The PXRD profiles, as functions of double Bragg angle, 2 are shown in Fig. S4. For 

extracting important crystallographic information, i.e. crystallite size, D, and average 

microstrain fluctuations, ε, we used the standard Williamson – Hall (W-H) approach.
4-6

  

In the W-H method, the measured widths, 𝛽ℎ𝑘𝑙, of diffraction peaks with Miller indices, 

hkl, (after applying instrumental correction), are presented in the following form: 

βhklcosθ =  (
kλ

D
) + (4εsinθ)  
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where shape factor k = 0.94. It is worth to mention that only non-overlapping diffraction peaks 

were used by us for this analysis. The classical W-H equation assumes that the microstrain 

fluctuations, ε,   are independent of crystallographic direction. 

 

Fig. S4: Powder X-ray diffraction patterns of the initial (solid line) and ultrasonically modified (dashed 

line) AlNi (Ni50 wt.%) with evidence for peak narrowing (insets).  

 

The temperature effect on crystal size of the intermetallics in AlNi particles 

Fig. S5 shows the dependence of the crystal sizes of Al3Ni2 and Al3Ni phases in the 

samples that were heated in oven for 1 h at different temperatures. We see that up to 700 °C the 

size of the crystals strongly depends on the applied temperature, while above this temperature 

some kind of saturation is reached. Placing the crystal size of the sonicated samples on this plot, 

we can estimate the effective temperature that is achieved within metal particles upon HPUS. 

Thus estimated average effective temperature in the sonicated particles was found to be about 

~550 °C (823 K).  

As is seen in the right-hand panel in Figure S5, above 800 °C (1073 K) the Al3Ni phase 

is disappeared, i.e. is transformed into the Al3Ni2 phase. Thus, ultrasonication is able to 

selectively convert the catalytically ineffective Al3Ni phase into beneficial Al3Ni2 phase in the 

interfacial region of the AlNi particles. 
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Fig. S5: Crystal size vs. particle temperature: the samples were heated at selected temperatures for 1 h. 

Duration of the heat treatment in the oven is equal to that for the particle treatment by HPUS. The 

crystal sizes for Al3Ni2 and Al3Ni phases, indicated by dashed lines, correspond to those measured by 

PXRD in the HPUS treated samples.    

DFT Calculations 

We performed density functional theory calculations using the Vienna ab-initio 

Simulation Package (VASP).
7
 Ionic cores were described within the projector augmented waves 

formalism.
8
 As we want to compare our free energies of hydrogen adsorption to literature values 

we used a similar setup and computational parameters as in Ref.
9, 10

 With this we obtain a free 

energy of -0.08 eV for hydrogen adsorption on Pt(111) which agrees with the literature value
9 

within 0.01 eV. We used a kinetic energy cutoff of 400 eV and 4x4x1 Monkhorst-Pack k-point 

meshes
11

 in all calculations. Hydrogen adsorption energies were calculated using a periodically 

repeated surface slab model. To minimize spurious interactions, the vacuum region between 

neighboring supercells was chosen to be 20 Å. Additionally, dipole corrections were used. All 

energies were calculated self-consistently using the RPBE exchange-correlation functional.
12

 We 

tested all possible hydrogen adsorption positions both on the Al3Ni(010) surface (both sides of 

the slab are equivalent) and on both sides of the Al3Ni2(100) surface. A local geometry 

optimization was performed in all cases. Optimizations were considered as converged when the 

forces on all atoms were smaller than 0.02 eV/Å. For both compounds the surface cell was 

repeated twice in the directions parallel to the surface and three times in the direction normal to 

the surface. In each case, the positions of the atoms in the bottom two surface layers were kept 
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fixed while the top layer was allowed to relax. We checked that letting the top two layers relax 

changes the hydrogen adsorption energy by less than 0.01 eV.  The hydrogen adsorption energy 

was calculated as ΔEH = E(surf+H) – E(surf) – 1/2E(H2).  For both compounds the energetically 

most favorable hydrogen position is on top of the highest lying Al atom of the surface cell. To 

obtain the free energy diagram shown in Fig. 1, we followed Ref.
8
 and calculated the free energy 

of the adsorbed state as ΔGH* = ΔEH + ΔEZPE - T ΔSH, where ΔEZPE is the difference of zero 

point energies between the adsorbed state and the gas phase state. The vibrational entropy of the 

adsorbed state is considered small so that ∆𝑆𝐻 ≅ −0.5 ∙ 𝑆𝐻2
0 , which is the entropy of H2 in the gas 

phase at standard conditions (see Ref.
9
 and references therein). The vibrational frequencies of H 

adsorbed on Al3Ni2 are 1816 cm
-1

, 454 cm
-1

 and 367 cm
-1

, which leads to a ΔEZPE of 0.03 eV and 

thus ΔGH* = ΔEH + 0.23 eV. This value is also taken for hydrogen adsorption on Al3Ni.
9,10
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Abstract 

High intensity ultrasound treatment has been used to generate electrocatalytically active 

(towards hydrogen evolution) surface on AlNi (50 wt.% Ni) alloy particles. Acoustic cavitation 

is responsible for the initiation of redox processes on the catalyst surface leading to changes in its 

composition. Cavitation impact on the surface composition of the metal alloy could be controlled 

by manipulating the sonication medium during ultrasound treatment. Evaluation of 

electrocatalytic performance, as well as surface composition studies of ultrasonically generated 

catalysts showed the advantageous use of sonication medium with reducing ability and high 

vapor pressure for the generation of highly efficient interface on Al-Ni alloy particles for water 

splitting reaction.  

 

7.1 Introduction 

 Hydrogen is the simplest molecule in our universe, yet it has the largest energy density 

over any other fuel [1] and is considered to be an excellent energy carrier [2, 3]. Over the last 

few decades it was successfully used as a fuel for propelling space ships and rockets into orbit. 

One of the biggest advantages of using hydrogen as a fuel is its non-contaminating nature – the 

only product during combustion reaction is water, which can be collected and used where 

necessary. Apart from rocket fuel and hydrogen fuel cells [4, 5], it is also widely used for 
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ammonia production [6] which is later converted into fertilizers for agricultural needs. The 

majority (~95 %) of hydrogen is produced today by steam reforming of fossil fuel [7] such as 

natural gas, petroleum, and coal. The second most popular method of hydrogen production is 

electrolytic water splitting [8] which accounts only for about ~4 % of the total production, due to 

the high overpotential (-1.48 V) of hydrogen evolution reaction (HER) [9]. Currently, the only 

material that can reduce such a large overpotential is platinum [10, 11]. Nevertheless, there have 

been extensive studies among researchers all over the world on the subject of finding less 

expensive catalyst than platinum, which could efficiently catalyze the process of HER [12-14]. 

One of the non-noble metal alternatives is Ni [15].  

It has been shown that nickel, nickel-based alloys, as well as aluminum-nickel 

intermetallic compounds are very promising electrocatalytic materials [12, 16, 17]. Although, 

quite often methods used for AlNi electrocatalyst formation or activation, namely sintering of 

metal powders at high temperatures and pressure [18], composite electrodeposition, and plasma 

spraying [19] of nickel powders are lengthy and complex. Laisa et al. [17-19] have shown that 

heating of AlNi powders above melting point of Al increased the electrocatalytic activity of the 

samples due to stimulation of diffusion of Al into Ni. It has been also reported [17] that the large 

surface roughness, grain sizes, and enrichment of Al3Ni2 phases in the activated AlNi alloys 

could be responsible for the formation of efficient AlNi-based electrocatalyst. 

 Among all methods used for formation of efficient electrocatalysts, there have been no 

reports on use of high intensity ultrasound (HIUS) for creation of electrocatalytically active 

materials towards HER. Previously we had shown that ultrasonically treated metal alloy particles 

in water can be used as an efficient hydrogenation/dehydrogenation catalyst [20, 21]. HIUS 

modification resulted in the development of high surface area and phase redistribution [22]  on 

the particle surface due to sonochemical and sonomechanical effects of acoustic cavitation [23]. 

We have also shown that HIUS treatment of metal particles in water resulted in the continuous 

surface oxidation of metals by the acoustic cavitation generated OH radicals. Formation of a 

metal oxide phase may have a positive influence on the formation of composites with high 

surface area and the high catalytic activity and the stability of the AlNi catalysts [22, 24]. 

However, for HER the oxide phase deactivates the surface of the AlNi catalyst.  

Recently, we have demonstrated [25] that HIUS treatment of AlNi particles in ethanol, 

which is known as a reducing agent and a scavenger of OH radicals [26], changes the crystal 
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morphology of the intermetallic phases but does not trigger oxidation of metal and, thus, 

passivation of electrode’s surface. In order to reveal the effect of reducing and oxidative ability 

of media on the ultrasonically driven activation of the metal surface we modified AlNi particles 

using various sonication media such as water, water-ethanol mixtures, and ethanol. We should 

note that all used in the present work sonication media possess different vapor pressures with 

water being the lowest and ethanol being the highest. Even though redox processes play 

definitely a key role in the modification pathways of metal surfaces we should not exclude an 

influence of vapor pressure of the sonication medium on the modification process. It has been 

reported that the use of sonication medium with higher vapor pressure results in a lower 

temperature inside the cavitation bubble and the collapse intensity is weaker [27, 28]. In 

addition, organic solutes react with OH radicals (generated in aqueous medium) leading to the 

generation of secondary reducing radicals.  

The aim of present study was to investigate effect of reducing / oxidative ability of the 

sonication medium during US treatment affects the efficiency of an inexpensive electrocatalyst 

AlNi (50 wt.% Ni) alloy particles towards HER . In order to control the properties of the 

sonication medium during high intensity US treatment, ethanol, water, and ethanol – water 

mixtures were used. Evaluation of electrocatalytic activity was performed by linear sweep 

voltammetry. Influence of the solvent during HIUS treatment on bulk compositional content of 

modified AlNi particles was analyzed by powder X-ray diffraction, while surface morphology 

and composition were investigated using scanning electron microscopy and X-ray photoelectron 

spectroscopy. 

 

7.2 Experimental section 

 Aluminum – Nickel (50 wt.% Ni) alloy powder with average particle size of ~140 μm 

was purchased from Fluka as well as anhydrous ethanol. All chemicals were the highest purity 

grade available and were used as received without further purification.  

AlNi alloy powder (4 g) was dispersed in 40 mL of ethanol, water, or ethanol/water 

mixtures and sonicated for 60 min with a Hielscher UIP1000hd, (Hielscher Ultrasonics GmbH, 

Germany) operated at 20 kHz with a maximum output power of 1000 W. The apparatus was 

equipped with an ultrasonic horn BS2d22 (tip surface area of 3.8 cm
2
) and a booster B2-1.8. The 
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maximum intensity was calculated to be 140 W cm
− 2

 at mechanical amplitude of 106 μm. To 

avoid overheating during sonication the experiment was carried in a homemade thermostatic cell 

connected to a thermostat (Huber GmbH, Germany). The temperature was monitored during the 

treatment and did not exceed 338 K. After HIUS treatment metal particles were separated from 

the solution by centrifugation at a speed of 10 000 rpm for 1hr and washed with absolute ethanol 

followed by drying under vacuum at room temperature. 

Powder X–ray diffraction (PXRD) analysis of the samples was performed using Stoe 

STADI P X – ray transmission diffractometer (CuKα radiation from the copper target using an in 

built nickel filter, λ = 1.54056 Å) 

Scanning electron microscopy (SEM) measurements were carried out with a Gemini Leo 

1550 instrument at an operating voltage of 3 keV.  

For electrochemical measurements a three-electrode cell consisting of Ag/AgCl/ 

(saturated KCl) reference electrode, the Pt foil (6 cm
2
) counter electrode, and paraffin 

impregnated graphite electrode (PIGE) as a working electrode was employed. HIUS modified 

AlNi alloy particles were immobilized on PIGE with use of Nafion as a binder solution. Linear 

Sweep Voltammetry (LSV) measurements were performed on a 510 V10 

Potentiostat/Galvanostat (MaterialMates, Italy) in the potential region -0.4 V to -1.1 V with a 

scan rate of 50 mV/s and use of 1M H2SO4 as a supporting electrolyte. 

BET analysis. The specific surface area of the samples was determined with 

Micromeritics ASAP 2000 surface area analyzer. All samples were evacuated at 120 °C for 8 

hours before nitrogen adsorption. 

XPS analyses were carried out using a M-probe apparatus (Surface Science Instruments). 

The source was monochromatic Al-K radiation (1486.6 eV) 

 

7.3 Results and discussion 

7.3.1. Electrochemical performance  

 Fig. 7.1 shows the current – potential HER profiles for AlNi (50 wt.% Ni) alloy particles 

modified with high intensity ultrasound in various sonication media: ethanol, water, and ethanol 

– water mixtures. The sonication times were 60 min for all experiments. Flat regions of the 
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curves show the absence of electron flow in the catalyst/electrolyte interface. Once the sufficient 

onset overpotential is reached, current increase is observed indicating initiation of 

electrocatalytic hydrogen formation process. Clearly, lower overpotential values for 

electrocatalyst are preferable. For the sample treated in ethanol we observed noticeable current 

increase when the potential reached about -0.7 V with formation of the first hydrogen bubble at 

as low as -0.6 V. Thus, HIUS treatment in ethanol has significantly lowered the overpotential 

required to initiate HER comparing to untreated AlNi alloy particles.  

Figure 7.1: HER current-potential profiles (a) and Tafel plots (b) for the initial and HIUS treated in 

different sonication media AlNi (50 wt. % Ni) alloy particles. (Legend is valid for both: (a) and (b) parts 

of the figure). 
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Table 7.1 summarizes the apparent current densities at selected potentials of -0.7 V and   

-1.1 V for the US treated in various sonication media AlNi alloy particles. We observed that 

electrocatalytic performance of the samples directly depends on sonication media used for AlNi 

alloy particles modification. More specifically, increase of the ethanol content in water – ethanol 

mixture leads to a significant enhancement of electrocatalytic properties. As it can be seen from 

Fig. 7.1a, use of solution that contains as little as 10 vol.% of water and 90 vol.% of ethanol 

during sonication drastically inhibits HER. Therefore, we realized that for creation of an efficient 

electrocatalyst pure ethanol should be used as a sonication medium and any water addition, 

which is responsible for the formation of electrocatalytically inactive Al2O3·nH2O phase, must be 

avoided.  

 

Table 7.1: Values for apparent current densities and exchange current densities for the initial and HIUS 

treated in different sonication media AlNi (50 wt.% Ni) alloy particles at selected potentials. 

Sonication 

medium 

(-0.70 V) (-1.10 V) Exchange 

current density 

i0 (mA/cm
2
) 

Apparent current 

(mA/cm
2
) 

Apparent current 

(mA/cm
2
) 

     

water 0.13 11.69 0.0078 

water (50 vol.%) – ethanol (50 vol.%) 0.13 9.27 0.0020 

water(10 vol.%) – ethanol (90 vol.%) 1.49 53.16 0.0427 

ethanol 10.11 147.43 2.26 

    

Initial AlNi alloy (without treatment) 0.47 33.67 0.0155 

 

In order to evaluate electrocatalytic performance of modified AlNi particles further, we 

replotted HER profiles in Tafel coordinates (Fig. 7.1b) and calculated exchange current density 

(i0) values (Table 7.1) which represent the intrinsic rate of electron transfer between analyte and 

electrocatalyst. The (i0) value for untreated AlNi alloy particles was calculated to be           

0.0155 mA/cm
2
, which is relatively low for the electrocatalyst to be considered as an efficient 

one. Nevertheless, HIUS treatment of AlNi alloy particles in ethanol resulted in nearly 146-fold 

increase in (i0) and was 2.26 mA/cm
2
. On the other hand HIUS treatment in water decreased the 

(i0) to almost half (0.0078 mA/cm
2
). Overall, our study has revealed that use of ethanol as a 

sonication medium for creation of an electrocatalyst with significantly improved properties 

toward HER is extremely promising.  
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7.3.2. Effect of high intensity ultrasound on composition and morphology 

 In order to evaluate whether there have been compositional changes (responsible for the 

observed enhancement in the efficiency) in AlNi alloy particles upon US treatment and how they 

could affect electrocatalytic performance, we performed PXRD analysis of the sonicated 

samples.  

Figure 7.2:The XRD patterns for the initial (a) and HIUS treated in different sonication media AlNi      

(50 wt.% Ni) alloy particles: ethanol (b); 90 vol.% ethanol / 10 vol.% water (c); 50 vol.% ethanol /        

50 vol.% water (d); water (e). 

Fig. 7.2(a-e) shows the PXRD patterns for the AlNi alloy particles sonicated in various 

media. In all patterns, we observed peaks which could be identified either as Al3Ni2 or Al3Ni 

intermetallic phases found in standard reference data (JCPDS: 00-014-0648) and (JCPDS: 00-

002-0416) with only one exception for the sample US treated in water (Fig. 7.2e) where in 

addition to the two intermetallic phases, Al2O3·nH2O phase was also detected. Extremely poor 

electrocatalytic performance of AlNi alloy particles sonicated in water can be attributed to the 

non-conductive aluminum hydroxide phase formation. It can be suggested that aluminum 
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hydroxide phase is formed due to sonochemical aspect of cavitation, viz., the formation of highly 

oxidative OH radicals. Further, the addition of ethanol as a scavenger of OH radicals should 

decrease the amount of Al2O3·nH2O. Indeed, Al2O3·nH2O was not detected in samples prepared 

in the presence of ethanol Fig. 7.2(b-d). 

Even though PXRD provides valuable information about bulk composition and such 

crystallographic properties as crystallite size and microstrain, additional surface analysis is 

needed. For this reason, we carried BET analysis to obtain information about surface area of the 

sonicated samples. Table 7.2 lists the surface areas for all samples. It can be seen from the table 

that an increase of the amount of water content in ethanol / water mixture results in significantly 

higher surface area values. We propose that additionally to partial oxidation of metals in the 

aqueous medium and the formation of the porous metal oxide, physical properties of water might 

also affect the modification process. In water, due to relatively low vapor pressure, the cavitation 

bubble collapse intensity is strong leading to the formation of higher number of pits and hence an 

increased surface area. However, formation of the oxide layer is responsible for the poor 

electrochemical performance of the catalyst. In addition, it is probable that hydrogen gas is 

trapped inside the pores leading to a lower activity - large contact area of newly formed 

hydrogen bubble preventing it from detachment off the electrocatalyst surface and letting new 

hydrogen bubble to grow [15].  

Table 7.2: Surface composition and surface area values for the initial and HIUS treated in different 

sonication media AlNi (50 wt.% Ni) alloy particles. 

Sonication 

medium 

Surface composition (at. %) Surface area 

(m
2
/g) Al AlOx Ni NiOx 

      

water - 36.52 - - 125.1 

water (50 vol.%) – ethanol (50 vol.%) - 33.98 - 0.23 47.9 

water(10 vol.%) – ethanol (90 vol.%) - 30.06 - 0.66 0.3 

ethanol 4.52 19.74 0.25 0.42 0.3 

      

Initial AlNi alloy (without treatment) - 16.67 0.08 0.73 0.2 

 

According to the results summarized in Table 7.2, AlNi alloy particles HIUS modified in water 

(surface area 125 m
2
/g) and in 50/50 vol. % ethanol / water mixture (surface area 48 m

2
/g) would 

not be expected to posses enhanced electrocatalytic properties in comparison to initial 

(unmodified) AlNi alloy particles due to surface passivation by metal oxide. This is in good 
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agreement with HER experimental data. Moreover, Fig. 7.3 (a-e) provides SEM images of initial 

and HIUS modified alloy particles, which demonstrate relatively smooth surface morphology of 

the initial particles, and the HIUS treated in ethanol samples. In contrast, the samples treated in 

water exhibit rough surface morphology due to the formation of metal oxide phase.  

 

Figure 7.3: SEM images for the initial (a) and HIUS treated in different sonication media AlNi (50 wt.% 

Ni) alloy particles: water (b); 50 vol.% ethanol / 50 vol.% water (c);90 vol.% ethanol / 10 vol.% water 

(d); ethanol (e). 

 

7.3.3. Effect of reducing / oxidative properties of sonication media 

To further investigate how reducing / oxidative properties of sonication media affect the 

composition of the surface of the AlNi alloy particles, we examined XPS spectra for all samples 

(Fig. 7.4(a-f)). Table 7.2 summarizes the surface compositional content of initial and modified 

alloy particles. Interestingly, the AlOx content decreases as we move from pure water to pure 

ethanol inversely proportional to electrochemical performance of these samples. Thus, a decrease 

in AlOx amount on the surface of the electrocatalyst improves its performance toward HER. In 

addition, we observed reduction of AlOx to Al (Fig. 7.4b), as well as reduction of NiOx to Ni 

(Fig. 7.4e) upon sonication of AlNi alloy particles in ethanol, which is known as s reducing 

agent. The concept of metal reduction during US treatment confirms previously reported data 

where reducing radicals generated during acoustic cavitation have been used to synthesize metal 
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nanoparticles [29]. We believe this is another possible reason that explains more efficient 

electrocatalytic performance toward HER.  

 

Figure 7.4: The Ni 2p and Al 2p XPS spectra for the initial (a,d), HIUS treated in ethanol (b,e), and 

HIUS treated in water (c,f) AlNi (50 wt.% Ni) alloy particles. 
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7.3.4. Effect of vapor pressure of sonication medium 

Considering the above discussion on the effect of acoustic cavitation on the composition 

and morphology of HIUS treated AlNi alloy particles, it can be suggested that the effect strongly 

depends on the nature of the sonication medium. In particular, we believe that vapor pressure of 

the sonication medium plays a key role in controlling the overall effect. It has been reported that 

a higher cavitation bubble temperature is obtained in low vapor pressure liquids [28]. This can be 

understood from Equation 1 [30] and experimental data observed in the literature [31]. Equation 

1, where T0 is the ambient solution temperature, Pm is the pressure in the liquid (a sum the 

hydrostatic and acoustic pressures) γ = cp/cv is the specific heat ratio of the gas-vapor mixture, 

and Pv is the pressure in the bubble at its maximum size, allows to calculate the maximum 

theoretical temperature within the bubble (Tmax). A higher vapor pressure means weaker bubble 

collapse leading to a lower bubble temperature. In addition to increasing the pressure inside the 

bubble, the presence of a higher amount of solvent vapor would lead to the consumption of heat 

energy generated during bubble collapse. Both of these effects would lower the bubble 

temperature. In addition, a higher pressure inside the bubble would cushion the collapse of the 

bubble, resulting in lower collapse intensity and hence the associated physical effects (shear 

forces, microjet, etc.) would be weaker. 

 

                                                                                   (1) 

 

Temperature impact on AlNi particles during US treatment will be stronger in water than 

in ethanol. In addition, in water, the physical forces would be stronger. Thus, effect of cavitation 

in water results in a higher surface area of AlNi alloy particles and favors oxidation processes to 

occur, which, overall, is negatively affecting electrocatalytic properties. Also, oxidizing radicals 

are produced in water. Replacing water with high vapor pressure sonication medium such as 

ethanol allows reducing cavitation impact on high surface area development as well as favors 

beneficial for electrocatalyst surface metal reduction processes.  
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7.4 Conclusions 

We have shown that the choice of a suitable sonication medium for high intensity US 

treatment of AlNi alloy particles is crucial for their application in electrocatalytic water splitting. 

While the use of water as a sonication medium allows creating efficient hydrogenation catalyst, 

switching to pure ethanol enables HIUS activation of the same AlNi alloy particles toward 

electrocatalytic HER with significantly improved electrocatalytic properties: reduced 

overpotential and improved exchange current density values. In particular, it has been shown that 

HIUS treatment in ethanol results in almost 146-fold increase in i0 value compared to untreated 

alloy particles. In addition, we have provided fundamental information about effect of cavitation 

on metal alloy’s surface composition and redox processes that occur during ultrasound treatment. 

In this work we mainly focused on the solutions with reducing / oxidative properties for HIUS 

treatment of AlNi alloy particles, although, the true effect of sonication media is rather complex 

and needs to be investigated further, for example, in terms of other physical properties.  
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