
 

 

Review: Recent advances using severe plastic deformation 

to improve the properties of battery materials 

 

Mohammad Zohrevand a, Nafiseh Hassanzadeh b,*, Reza Alizadeh a, Terence G. Langdon c 

 

a 
Department of Materials Science and Engineering, Sharif University of Technology, Tehran, Iran 

b Faculty of Materials Science and Engineering, K. N. Toosi University of Technology, Tehran, Iran 

c Materials Research Group, Department of Mechanical Engineering, University of Southampton, 

Southampton SO17 1BJ, United Kingdom 

* Corresponding author's email: n.hassanzadeh@kntu.ac.ir 

Abstract 

Severe plastic deformation (SPD) techniques are capable of achieving improved properties in 

materials by modifying the microstructures through the application of large plastic strains. 

Generally, a more uniform and refined microstructure is obtained after SPD while specific 

crystallographic textures may also develop depending on the material and processing route. In 

this study, the SPD procedures employed so far for the processing of battery materials are 

reviewed, where this is mainly for Zn-, Li-, Mg- and Al-based batteries. Among the various 

SPD techniques, high-pressure torsion (HPT), equal-channel angular pressing (ECAP), 

accumulative roll bonding (ARB), friction stir processing (FSP) and deformation-driven 

metallurgy (DDM) are all of special interest for conveniently processing battery materials. This 

review demonstrates that there is an important potential for making use of SPD techniques in 

the production of battery materials having improved properties and especially in the application 

of these procedures for fabricating metallic electrodes.  
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1- Introduction 

Over the last two decades the aggravation of environmental pollution through the 

consumption of fossil fuels, together with the growing demands for energy supplies as the result 

of the continuous growth of the global economy, have augmented the necessity for developing 

new, clean and efficient energy resources [1–3]. Electricity, as an environmentally friendly and 

highly efficient kind of end-use energy, can be stored in electrochemical energy-storage 

systems, such as batteries, with a variety of time and size scales. These devices have now made 

their way into every facet of modern life, including in smart grids, electric vehicles and smart 

portable devices [2,4]. 

Lithium-ion batteries (LIBs) and metal-air batteries (MABs) with desirable performance 

and excellent energy density have gained most attention among the other existing batteries 

[5,6]. In fact, LIBs are the dominant type in the battery market for portable electronics due to 

their high specific capacity and voltage, excellent cycling performance and little self-discharge. 

Nevertheless, there are some disadvantages for the LIBs including their high cost, the general 

lack of sufficient high quality lithium and cobalt sources and the challenge of attaining high 

capacities (> 200 mAhg-1). In addition and more importantly, LIBs have serious problems in 

passing safety criteria for their use in electric vehicles [7,8]. MABs are also considered as other 

types of rechargeable batteries which generate electricity via redox reactions between the active 

metal anode and oxygen at the cathode. These batteries are of considerable interest and 

importance due to their low cost, intrinsic safety due to their aqueous electrolytes and their 

high theoretical energy density which originates from the infinite supply of oxygen [9,10]. 

Overall, it is readily appreciated that optimizing and improving the properties of each category 

of these batteries is now crucial. Accordingly, there has been extensive research in the field of 

energy storage on all battery components, including anode, cathode, current collector and 

electrolyte [11–13] For these objectives, various processes have been utilized such as reducing 

the dimensions of the active materials, composite formation, doping and functionalization, 

morphology control, coating and encapsulation as well as direct electrolyte modification 

[6,11,14–17]. 

According to the electrochemical aspects of reactions in batteries, metal and its derivatives 

(pure metals, alloys, metal oxides and composites) are an integral component in all types of 

batteries [15,18]. Fig. 1 shows the price, volumetric capacity and charge density of various 

metals for energy storage devices. Among them, Li, Mg, Zn and Al elements are of special 

importance for use in batteries with superior properties, such as high charge density and 
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volumetric capacity. The challenges and advantages of using each of these metals in the 

structure of batteries will be discussed in the next sections. 

 

Fig. 1. The price, volumetric capacity and charge density of different metals for energy storage 

technologies [19]. 

 

The parts of the anode, cathode and current collector face many challenges, such as 

corrosion, hydrogen generation, forming passivation layers, dendritic formation, electrode 

deformation and energy loss due to self-charging [20,21]. It is interesting to note that recently 

the use of metallurgical methods, such as alloying [22], heat treatment [23] and plastic 

deformation [24], have been employed to improve the electrochemical properties of metal 

materials in the field of batteries [25–27]. In this review, attention is focused on the use of 

plastic deformation, and more specifically on severe plastic deformation (SPD), for developing 

and improving battery materials.  

Processing by SPD is a novel technology that can be utilized to prepare bulk ultrafine- or 

nano-grained polycrystalline materials using methods based on the application of plastic 

deformation to extremely large strains without incurring any reduction in the overall 

dimensions of the work-pieces [28–31]. Whilst in earlier years the main purpose of the 

application of SPD was to improve the mechanical properties of materials through grain 

refinement, it is now clear that these processing techniques can also affect the electrochemical 

behavior [25,32–35]. In addition to the general effects of SPD on the microstructure of metals, 

which mainly consist of producing a more uniform microstructure by grain and particle 

refinement, SPD can be used also for mixing metals with other materials through the high shear 
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stresses generated during SPD, and this gives the promise of new methods for producing 

composite or nanocomposite electrodes [12,29,36]. 

There have been many high-quality reviews on the different battery types in terms of the 

cathode and anode materials, electrolytes, battery safety and the battery applications 

[1,6,11,18,21,37]. However, there is at present no comprehensive review examining the 

potential for using SPD to improve the battery properties even though this will open new 

windows for researchers who are working on SPD and batteries. Accordingly, the present 

review was initiated to provide a comprehensive and up-to-date overview of all research 

conducted to date where any kind of SPD processing has been applied to battery components 

to improve the basic properties. Thus, the main goal is to describe strategies that may be 

employed to enhance battery efficiency. Accordingly, this review starts with a brief 

introduction to common SPD methods used in the enhancement of battery materials and then 

continues with reference to new advances and research regarding the application of SPD to 

battery materials. Specifically, the review mainly covers the four kinds of batteries of Zn-, Li-, 

Mg- and Al-based batteries and then finally the overall conclusions are followed by a brief 

summary of future perspectives. 

 

2- A brief description of SPD techniques  

It is important to note that, even since ancient times, the application of severe and high 

strains has been common in metalworking processes. For example, repeated folding and 

forging formed the basis for the production of the famous Bai-Lian steels in China over two 

thousand years ago [38] and essentially the same procedure was used later for producing Wootz 

steels in India and Damascus steels in the Middle East [39,40]. More recently, repeated rolling 

and folding was used in the 20th century as a well-known technique for the processing of 

polymers, fuel cells and the production of superconductors and superplastic composites [41]. 

During this time there appeared the first detailed scientific book on these plastic deformation 

methods [42] and this further contributed to the growing importance of this field in the 

development of advanced materials. 

Processing by SPD refers to any forming process conducted under high hydrostatic 

pressure that can be utilized to put a very high strain on a bulk solid without causing any 

substantial change in the overall dimensions of the sample [43]. The SPD processes are widely 
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used for the production of fine-, ultrafine- and nano-grained-materials. This type of grain 

refinement, which is associated with the creation of diverse types of lattice defects and distinct 

microstructural features, produces enhanced mechanical and functional properties such that, by 

comparison with the unprocessed materials, the characteristics of these SPD-processed 

materials are invariably superior [41,44]. Furthermore, SPD approaches are currently utilized 

not only to modify existing materials but also they are now integrated with theoretical research 

and used to develop and synthesize novel materials and metastable phases with advanced 

properties [36,45]. 

Various SPD procedures are currently available for different shapes of the samples, 

including rod, plate, tube and sheet materials, and in different types such as bulk batch and 

continuous billets, one-step and multi-step processing and the SPD of surfaces and thin cross-

sections [46]. Classic SPD methods such as high-pressure torsion (HPT), equal-channel 

angular pressing (ECAP), accumulative roll bonding (ARB), twist extrusion (TE) and multi-

directional forging (MDF) are generally the most popular techniques to produce ultrafine-

grained (UFG) metallic materials [41]. In addition to these techniques, there are now over 100 

SPD methods or their modifications where among the most important are friction stir 

processing (FSP) [47] and deformation-driven metallurgy (DDM) [48]. The following sections 

provide brief descriptions of the principles and methods of the major SPD processes that are 

used in the processing of battery materials. 

 

2.1. High-pressure torsion (HPT) 

In the HPT procedure the material, often in the shape of a disc, is strained by torsion under 

the application of a high pressure between two anvils that serve as the plunger and support as 

shown in Fig. 2a [49]. The imposed shear strain, 𝛾, can be calculated as γ = 2πrN/h, where r is 

the distance from the disc center, N is the number of rotations and h is the disc thickness. The 

outstanding feature of HPT is its ability to impose extremely large strains which can be applied 

to even rigid and brittle materials at low temperatures under high hydrostatic pressures which 

are typically up to about 10 GPa. In general, among all SPD methods it is found that processing 

by HPT produces the finest possible grain size for each material [46]. Another advantage of 

HPT is the easy control of the processing parameters such as strain, strain rate, temperature and 

pressure [41]. However, as a disadvantage, the size of the deformed samples in HPT is smaller 

than those used in other methods such as ECAP, ARB and MDF which leads to some 
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limitations in industrial applications. In general, an HPT facility is more complex and more 

expensive than the facilities required for other SPD approaches [41,46] but nevertheless the 

unique accompaniment of a high compressive hydrostatic stress with continual shear straining 

in HPT is beneficial not only for grain refinement but also for achieving powder consolidation 

and solid-state reactions [50]. 

 

2.2. Equal-channel angular pressing (ECAP) 

Processing by ECAP is one of the most popular SPD methods and it is generally used for 

the refinement of polycrystalline materials to the submicron or even nanometer length scales 

depending on the material and processing conditions [51]. An ECAP die is illustrated in Fig. 

2b and it is made up of two equal-cross-section channels with a certain intersection angle, , 

which is usually, but not always, equal to 90° and an outer angle of curvature, , where the 

two parts of the channel intersect [51]. A billet with a round or square cross-section is pressed 

through the die and undergoes simple shear deformation. Since there is no change in the overall 

cross-sectional dimensions of the sample, this process can be repeated to introduce a very high 

strain.  In practice, the strain imposed in each pass is directly dependent upon the values of the 

two angles  and  [52]. Materials processed by ECAP possess a significant potential for 

technical applications since they concurrently exhibit both high strength and moderate 

ductility. Furthermore, this method is the most important SPD procedure for use in industrial 

applications due both to the demonstrated potential for scaling up the sample size [53–56] and 

because of the possibility of producing a continuous and uninterrupted production by 

combining ECAP with the conventional Conform process [57,58]. 

 

2.3 Accumulative roll bonding, friction stir processing and other SPD methods 

The other SPD methods are not used as frequently as ECAP and HPT for the processing of 

battery materials but, since they were used in some reports, they are described briefly here.  

Accumulative roll bonding (ARB) is an SPD method that was established for the semi-

continuous production of bulk UFG materials. In the most common method as illustrated in 

Fig. 2c, ARB consists of a multi-step rolling process in which a 50% reduction in thickness is 

followed by cutting the sample into two pieces, surface cleaning and stacking these pieces, and 
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then subjecting to further rolling so that the diffusion bonding is continued [59,60]. This 

procedure can be conducted at an elevated temperature which assists in the deformation and 

bonding but the rolling temperature must be lower than the recrystallization temperature to 

avoid microstructural coarsening [61]. 

Friction stir processing (FSP) was developed from the principles of friction stir welding 

(FSW) and it is another SPD technique by which microstructural refinement, homogenization 

and densification can be obtained simultaneously in metallic materials [62]. In this process, 

localized severe plastic deformation is obtained by inserting a rotating tool with pin and 

shoulder into a single piece of material as in Fig. 2d [63]. In addition to surface grain 

refinement, FSP has been used also for the fabrication of surface composites [63,64]. 

As a novel, high performance and low-cost method, deformation-driven metallurgy 

(DDM) can be used to achieve an excellent balance between strength and ductility and also to 

overcome some of the disadvantages of the other SPD methods [65]. In DDM, milled powders 

or disk shape samples are placed in a tubular mold and then compacted and densified at a 

certain stress by a special processing tool. Then the processing tool rotates at a certain rotational 

velocity for several seconds as shown in Fig. 2e [66] thereby imposing severe plastic strain on 

the material [48,67].   
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Fig. 2. Schematic illustration of (a) HPT [49], (b) ECAP [68], (c) ARB [59], (d) FSP [69] and  

 (e)  DDM [66] processes. 

 

(a) (b) 

(c) 

(e) (d) 



9 

 

3- SPD for improving Zn-based batteries 

Rechargeable aqueous Zn-ion batteries (ZIBs), having quite inert metal anodes and non-

flammable, safe, low cost and environmentally friendly electrolytes, are promising candidates 

for substituting alkali metal batteries (e.g., Li, Na, K). Metallic Zn is the most commonly used 

anode in these batteries because of several advantages including high theoretical capacity (820 

mAh g-1, corresponding to 5855 mAh cm-3, vs. 2061 mAh cm-3 for Li), low redox potential  

(-0.76 V vs. the standard hydrogen electrode, SHE), natural abundance, relatively low cost and 

intrinsic safety. However, Zn anodes suffer from several issues which are schematically 

summarized in Fig. 3a and the most important problems are now discussed.  

The first issue is the low thermodynamic stability of Zn in aqueous electrolytes due to the 

lower standard electrode potential of Zn/Zn2+ than H2/H
+ which leads to the occurrence of a 

hydrogen evolution reaction (HER) and corrosion. This continuously consumes the Zn metal 

and electrolyte, thereby producing a decrease in the Coulombic efficiency (CE) and a short life. 

Furthermore, H2 generation in a sealed battery produces a pressure increase and consequently 

there may be electrolyte leakage and even a battery explosion. The second major issue is that 

during cycling the Zn anode constitutes a hostless electrode and the Zn ions perform 

stripping/plating at the electrode/electrolyte interface. Also, the electrical field and the Zn ions 

distribute inhomogeneously at the interface which promote a dendrites growth due to the rough 

and non-uniform deposition of the Zn ions. Consequently, irreversible failure may happen or 

the separator may be damaged leading to an internal short-circuit. The third important issue is 

the formation of a rigid and tight solvation shell because of the strong electrostatic interactions 

of Zn ions, an effect which causes slower Zn diffusion kinetics and increases the probability of 

side reactions. Furthermore, water and dissolved oxygen in aqueous electrolytes increase the 

corrosion rate of Zn and hence convert the active Zn to electrochemically inert by-products 

such as ZnO and Zn4SO4(OH)6.5H2O. The accommodation of passive side products on the 

electrode surface will lead to passivation which increases the electrode polarization and 

decreases the CE and life time of the battery [70–73].  

Accordingly, much research has been conducted in recent years to address the issues 

associated with Zn anodes and these results were recently reviewed [1,4] with the most 

important proposed strategies summarized schematically in Fig. b. One of the most effective 

strategies is designing textured Zn metal anodes to thereby selectively expose a specific 
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crystallographic plane of the Zn electrode to the solution. These strategies and concepts are 

now examined. 

 

 

Fig. 3. Schematic representation of the problems (a) and strategies used to overcome the issues (b) associated 

with Zn anodes in aqueous electrolyte, together with schematics of Zn plating on different Zn anodes through 

cycling (c) [70]. (d) Classification of strategies for designing (002)-textured Zn anodes [71].  

 

Considering the intrinsic crystallographic anisotropy of Zn with a hexagonal close-packed 

(HCP) structure, it has been demonstrated that various crystallographic planes show different 

electrochemical behaviours during cycling. The Zn ions have a tendency to deposit at the 

protuberances of the electrode surface, leading to a continuous dendrite growth. In this respect, 

even protuberances at the atomic scale can be important. For example, the arrangement of 

surface atoms on the (100) plane is in an irregular pattern whereas it is in a quite smooth pattern 

for the (002) plane. This smoothness is beneficial for the planar deposition of Zn2+ on the anode 
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surface and also it means it is less susceptible to dendritic growth [2,5]. Specifically, when the 

(100) and (101) planes are the preferred planes of the Zn substrate, Zn flakes are prone to grow 

at a large angle (~ 70-90o) with the substrate during cycling and therefore Zn dendrites will 

form. However, when (002) is the preferred crystal plane of the substrate, the Zn flakes are 

prone to deposit at much smaller angles (~ 0-30o) with the substrate so that there is a uniform 

deposition of Zn as in Fig. c [70].        

Amongst different crystallographic planes of Zn, the (002) plane has the lowest surface 

energy and highest chemical stability. Therefore, the required energy for breaking the atomic 

bonds and the consequent dissolution of atoms placed in these planes is higher by comparison 

with other planes. Consequently, surfaces with more exposed (002) planes are less prone to 

corrosion and H2 evolution and therefore there is less generation of by-products. By 

comparison with the expensive and strict production conditions for single crystal materials, a 

highly (002)-textured Zn anode with a fairly adjustable structure and easy preparation 

procedure is highly promising for the development of aqueous Zn-based batteries [2,3].   

The controlled fabrication of (002)-textured Zn anodes remains at an early stage of 

development.  Various strategies have been proposed for designing (002)-textured Zn anodes 

as reviewed recently [71] and as summarized in Fig. 3d. Among different strategies to produce 

textured zinc anodes, it is important to now focus on the use of SPD as a form of mechanical 

processing since SPD can be used to control the texture and transform commercial Zn foil into 

a (002)-textured Zn foil. In practice, the texture evolution during SPD is dependent on both the 

deformation modes and the intrinsic crystallographic features. Specifically, among the three 

slip planes of Zn shown in Fig. a, the basal plane deforms more easily than the other systems 

[72].  

The microstructures and textures of commercial Zn foils are often quite different and this 

presents a significant challenge in attaining a stable and reproducible electrochemical 

performance, where this is especially important for use in commercial applications. In a recent 

study [72], a cold-rolling approach (Fig. 4b) was employed and it was suggested that this 

provided an effective and low-cost route for the mass production of Zn foils with a preferred 

(002) texture. In this investigation, two different commercial Zn foils (99.99%) with different 

initial microstructures but with similar thicknesses of 200 µm were examined and named as 

Zn-1 and Zn-2. Fig. c shows the XRD patterns of the Zn-1 and Zn-2 foils in different as-

deformed and annealed states. The coexistence of the (002), (100) and (101) textures in 
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commercial Zn foils is usual. Thus, by increasing the deformation degree, the relative intensity 

of the (002) peak decreased at first and then gradually increased for both the Zn-1 and Zn-2 

samples. For a deformation degree of 360%, the Zn-1 foil showed almost only one (002) peak 

revealing the anisotropic arrangement of the crystal planes and the formation of a strong (002) 

texture. However, for the Zn-2 sample, even after 1600% deformation, strong (002), (100) and 

(101) peaks were present in the XRD pattern. The sharp contrast in the formation of a preferred 

(002) texture in the Zn-1 and Zn-2 samples was attributed to the effect of grain size. It is well 

known that the initial grain size of the Zn foils strongly affects the texture evolution during 

SPD and the measured average grain sizes for the Zn-1 and Zn-2 samples were ~30.8 and ~20.7 

µm, respectively. Thus, it was revealed that the optimum grain size for the formation of the 

(002) texture in Zn foils with maximum intensity was around 30 μm. Therefore, an annealing 

treatment was performed for the Zn-2 foil before cold-rolling at the optimized temperature and 

time in order to control the grain sizes at ~30 µm. As is evident in the XRD pattern of the 

annealed Zn-2 sample in Fig. c, a strong (002) texture was formed even after a deformation 

degree of only 130%. The EBSD orientation maps in Fig. d also show the gradual transfer of 

grains from a random orientation distribution to a (002) dominant orientation where this is 

consistent with the XRD results.  

Fig. e and f show the electrochemical features of Zn symmetric batteries in a 2 M ZnSO4 

aqueous electrolyte for the Zn-002 and Zn-101 electrodes. It should be mentioned that the Zn-

1 and annealed Zn-2 samples after 360% of deformation were designated as Zn-002. Also, the 

Zn-1 and annealed Zn-2 samples after respective deformation degrees of 50% and 20% were 

designated as Zn-101. The battery with Zn-002 electrodes cycled steadily for 2800 h (1400 

cycles) at 0.1 mA cm-2 and for 100 h at 10 mA cm-2, whereas the life-spans for the battery with 

the Zn-101 electrodes were only 60 h and 40 h, respectively. The quick failure of the Zn-101 

electrodes was ascribed to the dendrite-induced internal short-circuit. Thus, the established 

strategy in this work could unify the various textures of commercial Zn foils into a strong (002) 

texture and this would assist in the development of Zn anodes with high reversibility for 

aqueous Zn-based energy storage systems. 
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Fig. 4. (a) Crystallographic slip planes of Zn, (b) schematic representation of the cold-rolling process, (c) XRD 

patterns of different Zn foils under various deformation degrees, (d) EBSD orientation maps for the annealed 

Zn-2 foil after various degrees of deformation, (e) plating/stripping cycling profiles at 0.1 mA cm-2 /0.1 mAh 

cm-2, and (f) plating/stripping cycling profiles at 10 mA cm-2 /10 mAh cm-2 [72]. 
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In another study [74], Zn electrodes with preferentially exposed (002) planes were 

produced by large rolling deformation through three heating–rolling processes on zinc where 

this is appropriate for scale-up. Theoretical and experimental studies revealed that the 

fabricated anodes were free of dendrites and by-products on their surfaces and the hydrogen 

evolution was very low in contrast to the (100) planes. As is evident in Fig. a, an uneven surface 

with Zn dendrites and by-products was observed for the Zn (100) electrode. Nevertheless, the 

surface of the Zn (002) electrode in Fig. 5b is smooth with nearly no bubbles after more than 

ten cycles of Zn stripping/plating. The enhanced properties of Zn (002) were also confirmed 

by the lower corrosion current, increased ionic conductivity and the higher electroactive surface 

area compared with Zn (100). The (002)-textured Zn symmetric batteries delivered a high CE 

of 97.71% with long life-spans of more than 500 h. The growth process of the Zn dendrites 

was further studied by in situ optical images which revealed the dendrite formation and an 

inhomogeneous Zn deposition on the Zn (100) electrode surface under a current of 5 mA after 

240 s. Also, it was observed that uniform and compact Zn deposits were formed on the Zn 

(002) surface. This design strategy may also be suitable for improving the stability and 

reversibility of other metallic anodes.  

 

 

Fig. 5. (a) Zn (100) and b) Zn (002) electrodes after ten cycles of Zn stripping/plating, (c) and (d) in situ optical 

images of the Zn deposition after electrochemical performance of Zn/Zn symmetrical batteries using Zn (100) 

and Zn (002) electrodes under a current of 5 mA [74]. 

 

In other research on zinc anodes [75], ARB was employed as an effective method for 

creating uniform crystallographic textures on macroscopic materials. It was demonstrated that, 
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through repeated rolling in ARB, the (002) texture was increased significantly from lower than 

10% in conventional foils to values higher than 90%. The highly (002)-textured Zn foils 

exhibited a considerable enhancement in their plating/stripping performance by almost two 

orders of magnitude compared to the commercial foils. Upon cycling, a compact and horizontal 

deposition of Zn occurred on the textured (002) anode and this contrasted with a porous Zn 

deposition with random orientation which formed on the commercial Zn foils. Additionally, 

pouch-type 𝑍𝑛‖NaV3O8 full batteries were tested and showed outstanding reversibility. Thus, 

it was reasonably concluded that, in order to achieve crystallographic uniformity, the ARB 

method under a suitable temperature and accumulated strains could be applied to other metals, 

such as Li, Na, K, Mg, Ca and Al, that are critical for the production of the next-generation 

rechargeable batteries. As a validation study, ARB was preliminarily tested for Li and Na foils 

with their body-centred cubic (BCC) crystal structures and it was demonstrated that it was an 

effective approach for achieving uniformly textured films. 

 

4- SPD for improving Li-based batteries 

Lithium-ion batteries (LIBs) have gained considerable attention amongst various energy 

storage systems and they are very relevant to modern industrial interests. These batteries are 

critical for portable electronics and they now play a critical role in the on-going electrification 

revolution. The constituents of LIBs are the anode, cathode, electrolyte, separator, current 

collectors and the casing. The most frequently used materials as current collectors are Cu and 

Al. The working mechanism of LIBs is based on the fundamental concept of a rocking-chair 

where Li ions can shuttle back and forth between anode and cathode during battery cycling. 

The anodes, as a key part of the LIBs, work via three known mechanisms including insertion, 

alloying and conversion reactions. The first mechanism is based on the insertion of Li ions into 

the material matrix with some small reversible structural changes, where this is usually 

revealed by commercial anodes such as carbon, Li4Ti5O12 and TiO2.  The conversion reaction 

usually happens in a transition metal compound MaXb, where M refers to a transition metal and 

X denotes P, S, O, F, etc. such as Fe2O3, CuO and MoS2. In this type of anode, the transition 

metal is completely reduced to metal nanoparticles. Alloy-type anodes are semi-metal or 

metallic elements (or compounds) such as Si, Sn, Ge, Al or Zn, in which appropriate elements 

(A) are alloyed with Li to form LixA. The theoretical capacity of this family of anodes is 

ultrahigh but unfortunately the alloying/dealloying processes are associated with large volume 
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changes.  The critical factors for a superior anode material are a low electrochemical potential 

for high output voltage, a stable structure during cycling, an outstanding reversibility of Li-ion 

plating/stripping or insertion/deinsertion, a high electronic/ionic conductivity, high safety, low 

cost and eco-friendliness [76–80].  

The Li metal foil is one of the most promising anode materials for Li-based batteries due 

to its low redox potential (-3.04 V vs. SHE) and extremely high theoretical capacity (3860 mAh 

g-1, 2277 mAh cm-3). Lithium metal is a conversion-type hostless anode in which the Li ions 

are reduced to Li metal and deposit on the Li substrate during charging and conversely the Li 

is stripped and converted to Li ions during the dischargeing process. However, the major 

problem limiting its wide practical application is a poor cyclic stability since the Li 

plating/stripping processes occur in an uncontrollable manner. The Li growth kinetics and also 

the inhomogeneous electrode surface promote a dendritic Li deposition during battery cycling. 

These dendrites can be easily broken off from the electrode to produce a “dead lithium” while 

the fractured Li surface continues to react with the electrolyte and consumes both electrolyte 

and Li. This phenomenon produces a low Coulombic efficiency and a short life-span. 

Furthermore, the dendritic growth increases the risks of internal short circuits and thus 

introduces serious safety issues [1,4,5,81].      

Crystallographic orientation (surface texturing) of the Li metal plays a critical role in Li 

plating/stripping features, and thus in the cyclic stability of the Li-based electrodes, although 

this field of research remains largely unexplored. The surface energies and surface diffusion 

energy barriers for various crystalline planes are different. Therefore, during cycling the 

nucleation and growth of Li is affected by Li texturing. Similar principles of texturing in Zn-

based batteries, as discussed in the previous section, have been suggested as also applicable in 

Li-based batteries [82,83]. 

There is an investigation where Li {100} and Li {110} were prepared by simple mechanical 

approaches as illustrated in Fig. a, where the ~200 μm Li foil with ~50 μm thick {100} surface 

texturing and the ~200 μm Li foil with ~100 μm thick {110} surface texturing were fabricated 

[72]. Electrodes with Li foil of {110} texturing consistently showed a superior cyclic stability 

by comparison with Li {100} or pristine Li foils without specific texturing. The 

charge/discharge behaviors of Li {100} and Li {110} electrodes are shown in Fig. b. The 

symmetric cells were examined at a capacity of 1 mAh cm-2 in a carbonate electrolyte (1.0 M 

LiPF6 in EC/DEC). A stable voltage hysteresis was observed for both Li {110} and Li {100} 
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until 250 cycles. Thereafter, the hysteresis of Li {100} increased quickly from 180 mV to 323 

mV from the 250th to the 350th cycle, and a voltage fluctuation was observed after ~350 cycles. 

By contrast, the voltage hysteresis of Li {110} increased slowly from 141 mV (at 1st cycle) to 

203 mV (at 400th cycle) without any noticeable fluctuation. Full cells made of Li anodes and 

LiFePO4 cathodes were also constructed. As shown in Fig. c, the cell with Li {110} delivered 

a capacity retention of 96.1% (125.0 mAh g-1) after 400 cycles at 1 C, whereas it was only 

36.7% (49.8 mAh g-1) after 250 cycles at 1 C for the cell with Li {110}. These experimental 

findings and the computational modeling revealed that the improved electrochemical properties 

of Li {110} could be attributed to its low surface energy and low surface diffusion barrier. 

Therefore, dense Li plating and uniform stripping occur during cycling [83]. 
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Fig. 6. (a) schematics of preparing Li {110} and Li {100} via mechanical processes, (b) charge/discharge 

behaviors of Li {100} and Li {110} symmetric cells at 1 mA cm-2 with a capacity of 1 mAh cm-2, (c) cycling 

performances of the full cells with Li {100} and {110} anodes and LFP cathode at 1C [83]. 

 

There is now a general consensus that Li foil anodes with thicknesses of < 50 𝜇𝑚 are vital 

for practical Li-based batteries. For fabricating thin Li foils, metallurgical rolling (MR) is by 

far the most affordable technique in the battery industry. However, rolling thin Li foils is 

restricted by two limiting factors. First, the intrinsic soft and roller-sticking character of Li is 

problematic. The minimum thickness of Li foil which can be prepared by MR without 

encountering significant problems is ~ 200 𝜇𝑚 and further thinning of the foil will lead to a 
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sticking of Li to the surface of the roller and a rupturing of the foil as shown in Fig. a. In 

addition, the handling of very thin Li foil is difficult. Second, Li with the BCC crystal structure 

tends to be textured with the (100) plane parallel to the direction of rolling. Since this plane is 

the most loosely packed atomic plane, this situation is not desirable for achieving batteries with 

high cycling performance [82].  

A recent investigation reported that doping Li with 8.9 at% Sn yields a Li-Li22Sn5 two-

phase alloy with improved processability and this makes it feasible to roll Li foils towards <

35 μm as shown in Fig. b [71]. The reason for selecting Sn was its high abundance and 

processability at ambient temperature. XRD and pole figures revealed the formation of Li22Sn5 

grains with a strong (822) texture in the thin Li-Sn foil which engender the preferential 

deposition of (110)-textured Li in the subsequent stripping/platting cycles and improved 

cyclability. The reason for in-built Li (110) epitaxy could be ascribed to the crystallographic 

lattice match of  > 99 % between the Li (110) and Li22Sn5 (822) planes. The enhanced 

processability is attributed to the “soft-in-rigid” structure, in which rigid Li22Sn5 supports the 

soft Li metal as in Fig. c. Schematic illustrations of MR-based procedures of neat Li and Li-Sn 

foils are presented in Fig. d. The textured thin Li-Sn was named as T-Li-Sn. Moreover, a partial 

de-alloying step was performed electrochemically to extract part of the metallic Li by a cut-off 

capacity of 5 mAh cm-2 at 1 mA cm-2 without affecting the Li22Sn5 phase. This partially de-

alloyed T-Li-Sn was named PD-T-Li-Sn. The galvanostatic plating-stripping performance of 

the samples is presented in Fig. e and Fig. f. A noticeable overpotential was visible for both the 

Li and T-Li-Sn after 400 h. By contrast, PD-T-Li-Sn showed a steady cycle performance after 

500 h with a ~ 8 mV overpotential. This suggests the facilitated nucleation of Li by the exposed 

Li22Sn5 (822) plane in PD-T-Li-Sn. Fig. g-h illustrates the relation between the crystallography 

and electrochemistry in different samples. Diverging growth routes for Li could be ascribed to 

the Li(110)-Li22Sn5(822) epitaxy, such that there is no epitaxy in neat Li, buried epitaxy in T-

Li-Sn and fully activated epitaxy in PD-T-Li-Sn. Dense and planar deposition of Li was formed 

in PD-T-Li-Sn because exposing the textured Li22Sn5 alloy controls the Li growth to align 

along the (110)-plane and thereby leads to its improved electrochemical performance. 
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Fig. 7. (a) Sticking of Li to the surface of roller, (b) improved processability of Li by doping it with Sn, (c) soft-

in-rigid co-continuous structure of Li-Sn alloy (8.9 at% Sn), (d) schematic illustrations of MR-based processing 

of neat Li and Li- Sn foils, (e and f) voltage profiles of various samples in symmetric cells, (g-i) schematic 

illustration of Li deposition growth pattern in different samples [82].  

 

  Graphene is one of the highly explored nanomaterials owing to its unique features with 

versatile applications in different areas, especially in the preparation of electrode material for 

LIBs [77,84–86]. An investigation used the HPT technique for distributing graphene on the 

grain boundaries of the Li metal and preparing a nanocrystalline lithium/graphene composite 
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[76]. The prepared material served as a dendrite-free anode with high electrochemical 

performance.  

The problems associated with Li anodes, combined with the inadequacies of the global 

lithium reserves, have led to the development of anode-free Li metal batteries (AFLMBs). 

These batteries are constructed from a fully lithiated cathode with a bare current collector at 

the anode side. In AFLMBs, all of the Li+ is initially stored in the cathode material. During the 

first charging cycle, the Li+ is extracted from the cathode followed by the movement of ions to 

the anode and the in situ plating of Li+ on the bare current collector. During discharging, the 

inverse reactions occur. Eliminating Li-metal anodes gives advantages in terms of cost, safety 

and easy fabrication by comparison with a typical Li metal battery [11,12]. Nevertheless, the 

formation of dendrites lowers the cycle performance in Li half cells and full cells.  

The surface of the current collector plays a key role in improving the cycling behaviour of 

AFLMBs. One of the strategies for surface modification of the Cu current collector is using 

carbon materials for surface coating of the collector. In a recent study, multi-walled carbon 

nanotube-reinforced Cu matrix composites (Cu-CNTs) were fabricated by DDM based on the 

principles of SPD processing as presented in Fig. a [12]. The DDM technology encourages the 

formation of ultrafine-grained microstructures and the homogenous distribution of CNTs in the 

current collector. Refined grains were produced in the composite owing to the pinning effects 

of the CNTs. Thus, these fine grains have more grain boundaries with higher energies than in 

the interiors of the grains and these boundaries serve as preferential nucleation sites for Li 

deposition. During cycling, the large numbers of nucleation sites offered by the grain 

boundaries produce a uniform and compact deposition of Li ions on the surface of the Cu-CNTs 

current collector as schematically illustrated in Fig. b. 

 

 

 

 

 

 



22 

 

 

Fig. 8. (a) Schematic of the DDM preparation procedure, (b) comparison of Li deposition on Cu foil and Cu- 

CNTs composite current collector, during cycling [12].  

 

As a competitive anode material for LIBs, Al has attracted attention because of its low cost, 

high theoretical capacity (993 mAh g-1), abundance in the Earth’s crust and moderate 

electrochemical potential that prevents the LiBCC dendritic growth even at high rates. Moreover, 

the availability of Al as a foil eliminates the requirement for binders, conductive additives and 

costly Cu current collectors, and also it removes the need for the use of common procedures 

for powder anode materials such as slurry mixing, casting and drying [14,15]. Al anodes 

encounter a phase transformation during cycling (𝐿𝑖 + 𝐴𝑙 ↔ 𝛽 − 𝐿𝑖𝐴𝑙) which is associated 

with an almost 97% volume change. This obstacle associated with the Al anodes leads to 

pulverization and cracking of the anode and therefore a fast capacity fading.  

To overcome this issue, an impressive strategy was introduced recently in which the 

pulverization of the Al anodes was reduced by grain refinement and strengthening of the Al 

foil by using cold rolling and annealing treatments. It has been shown that low-purity (99.5%) 
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Al foil demonstrates higher resistance against plastic deformation during cycling by 

comparison with high-purity (99.99%) Al foil. The greater chemo-mechanical stability of the 

low-purity foil was ascribed to its higher hardness and smaller grain size (90 Hv and 1.7 μm) 

compared to the high-purity foil (30 Hv and 73 μm). This introduced approach improves the 

structural stability of the Al anode during the battery cycling [87].  

Alloy anodes are also an impressive group of materials for use as the anode in LIBs because 

of their advantages such as high capacity, easy preparation and convenient doping. In a recent  

investigation [88], a common Ge-Cu eutectic alloy nano-sheet was prepared by HPT and 

subsequent high-energy ball milling. Evaluations revealed that the tap density, conductivity, 

and cycle performance of the processed samples were considerably enhanced compared to the 

original Ge-Cu nanostructure, thereby directly confirming the effectiveness of using HPT.  

Despite the high theoretical capacity of alloy anodes, they suffer from large volume 

changes and high capacity loss. One strategy for accommodating these large volume changes 

is utilizing eutectic alloys. The interdigitated eutectic alloy (IdEA) foils, first described 

elsewhere [89], are promising anode frameworks in which anisotropic cold rolling of a binary 

eutectic alloy is utilized to produce nanostructured electrodes. In these systems, plastic 

deformation of metal alloys is performed by extensive cold-rolling which leads to an elongation 

in the rolling direction and a refinement in the transverse dimension. Applying this procedure 

to two-phase metal alloys leads to a foil morphology of interdigitated sub-micron domains of 

the two constituent phases. The first developed IdEA frameworks were Al-Sn and Al-Zn-Sn 

alloys in which SPD was used for concurrently reducing the size of tin domains while 

simultaneously dispersing them in an electrically conductive framework. Therefore, both the 

pulverization of the active material and the consequent electrical contact loss is effectively 

minimized. The Zn-Sn alloys were also studied within the IdEA framework [90] with 

outstanding potential properties for use as commercial anodes including remarkable volumetric 

capacity, high safety and easy manufacturing.  

Since IdEA anodes are metallic foils, there is no need to use an additional current collector 

in the battery system and this significantly reduces the amount of inactive components in the 

anode. Moreover, the slurry casting and drying processes, which are commonly used in the 

fabrication of traditional anodes, are not required in the development of IdEA foil anodes. This 

potentially eliminates 80% of the costs for processing electrodes. Further investigations are 

now needed to explore alternative alloy compositions as IdEA alloys for use in the anode of 
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LIBs. Furthermore, this simple and inexpensive approach can be used for a wide range of alloy 

systems with various working ions such as Li, Na or Mg [17,18].  

Metal oxide electrode materials have been rarely prepared by SPD techniques. In a recent 

investigation [91], the HPT method was used for the preparation of Fe3O4 and lamellar graphite 

nano-sheet composites for use as the anode in LIBs. Electrochemical measurements revealed 

the effectiveness of HPT for fabricating the anode material. In another study [92], lithium-rich 

manganese-based oxide with the chemical description of Li1.2Mn0.54Co0.13Ni0.13O2 was 

prepared by the co-precipitation method. Then Cu doping and the HPT approach were used for 

modifying the Li-rich material and the effect of these two processes on the electrochemical 

performance of the prepared cathode material was investigated. Although this approach 

appeared to be significant, processing by HPT was not recognized as an effective method in 

this study. 

 

5- SPD for improving Mg-based batteries 

Magnesium-based batteries have been the subject of many investigations because they are 

one of the possible choices for the next generation of power sources. These batteries have less 

safety problems when Mg metal is utilized as an anode material due to its dendrite-free 

deposition. Furthermore, the presence of Mg minerals in the Earth's crust is far greater than the 

known lithium reserves thereby allowing for the production of low-cost Mg-based batteries 

[93–95]. The air- and seawater-activated magnesium batteries have gained popularity due to 

their high theoretical operating voltage (3.10 V), high energy density (6.8 kWh kg-1), high 

specific capacity (2.2 Ah g-1), highly negative standard electrode potential (−2.37 V vs. 

standard hydrogen electrode (SHE)), nontoxicity and simple structure [96,97]. However, there 

are some critical issues which impede the further application of Mg and its alloys, including 

severe self-corrosion due to a negative differential effect (NDE), inhibited discharge activity 

by the passive layer on the anode surface and the so-called "chunk effect" that reduces the 

utilization efficiency [98,99]. 

The strong dependence of the corrosion and electrochemical properties of magnesium 

alloys on the texture, grain size and distribution of secondary phase particles has drawn 

attention to the potential of using SPD methods for modifying the microstructural features 

[27,100–102]. Usually, SPD methods are implemented with Mg alloys together with 

appropriate alloying and/or heat treatment [24,27]. The research results shown in Table 1 
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present the electrochemical values of Mg-based anodes obtained from polarization curves. The 

average discharge potential and efficiency of anodes are also given in Table 1 as these are two 

important parameters in evaluating the anode performance in battery applications.  

 

Table 1. Summary of the electrochemical data, efficiency and average discharge potential for some 

SPD-processed Mg alloys 

Alloy Condition icorr 

(µA/cm2) 

Ecorr 

(V) 

Efficiency 

(%) 

Average 

discharge 

potential (V) 

Reference 

AP65 Homogenized 16.2 ± 3.2 –1.511 82.5 –1.635 ± 0.004 [103] 

Rolling 

(63% reduction) 

20.6 ± 3.7 –1.544 88.9 –1.690 ± 0.005 

AZX311 As-cast 7.38 ± 0.02 –1.507 59.2 ± 0.6 — [99] 

ECAP  

(12 passes) 

22.24 ± 5.27 –1.483 63.3 ± 0.9 — 

AP65 As-cast  70.1 ± 3.3 –1.536 78.8 ± 1.1 –1.592 [24] 

Rolling and 

annealing 

240.4 ± 4.6 –1.586 84.7 ± 1.0 –1.686 

AZ61-In As-cast 46.23 ± 5.11 –1.679 54.2 ± 1.1 –1.058 ± 0.011 [26] 

ECAP 

(12 passes) 

13.89 ± 0.89 –1.591 58.2 ± 0.5 –1.279 ± 0.016 

AP65–0.2Ce–0.2Y Homogenized 33.2 ± 1.3 -1.482 58.9 ± 0.6 –1.051 ± 0.015 [104] 

Extrusion 18.9 ± 1.4 -1.522 69.3 ± 0.9 –1.118 ± 0.014 

 

It was reported that 63% thickness reduction by rolling with the Mg–6Al–5Pb–1Zn–

0.25Mn alloy (designated as AP65) uniformly refined the grains and favored the formation of 

nanometer subgrains that were distributed homogeneously in the microstructure [93]. As a 

result of the active dissolution of the AP65 plate at 180 mA cm-2, this has a greater negative 

discharge potential and anodic efficiency when compared to other samples with 0, 38 and 63% 

thickness reduction. Also, examining the corroded surface during the initial discharge stage 

reflected the performance of the AP65 electrode at a large current density. Optical micrographs 

and surface morphologies of different AP65 alloys, having different rolling reductions, 

discharged at 180 mA cm-2 for 5 s after removing the corrosion products are shown in Fig. 9. 

The sheet with a 63% reduction exhibits dispersed nanoscale sub-grains and uniform grain 

sizes (Fig. 9g). As a result, it dissolves uniformly and many round pits are consistently 

distributed throughout the electrode surface. Local corrosion occurs on the other specimens at 

the beginning of discharge. The magnified pit morphologies shown in Fig. 9f and l make this 

phenomenon clearer, which corresponds, respectively, to the inhomogeneous microstructures 
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of the rolled plates with 38% and 86% reduction. The angular forms of these pits are indicative 

of grain spalling and explain the relatively poor anodic efficiencies of both specimens. In 

another study on the AP65 alloy [24], the results obtained show that the microstructure of the 

alloy plays a vital role in determining the discharge performance. It was concluded that hot 

rolling could refine the grains of the AP65 alloy and promote the compositional uniformity of 

the magnesium matrix, thereby producing an enhanced utilization efficiency. In addition, it was 

shown that a following annealing treatment at 150 °C for 4 h decreases the high density of 

dislocations induced by hot rolling without inducing considerable grain growth and this leads 

to a greater discharge activity and higher utilization efficiency than for the as-cast alloy.  

In another investigation on an indium-containing AZ61 alloy (designated as AZI) [26], it 

was observed that the electrochemical activity and utilization efficiency of the as-cast AZI 

alloy were enhanced by ECAP processing. The SPD-induced broken Mg17Al12 particles and 

refined microstructure were desirable for the consistent dissolution of the Mg matrix. 

Furthermore, 12 passes of pressing reduced the segregation of metallic particles during the 

discharge process. The results showed that the discharge activity and anode efficiency were 

increased with the number of ECAP passes.  

The Mg–AgCl seawater-activated batteries were assembled in another investigation [99] 

to evaluate the discharge performance of different Mg anodes processed for different numbers 

of ECAP passes. Among the four investigated conditions, the as-cast Mg–3.22Al–0.74Zn–

0.32Mn alloy, the as-cast Mg–2.86Al–0.66Zn–0.25Mn–0.93Ca alloy (AZX311), AZX311–8p 

and AZX311–12p, it was found that the AZX311–12p anode exhibited the strongest discharge 

activities as shown in Fig. 10a and the highest anodic efficiencies. Also, the AZX311–12p 

anode produced the largest power density of 88.1 mW cm-2 at 100 mA cm-2 as in Fig. 10b. It 

was concluded that the addition of Ca to AZ31, as well as increasing the number of ECAP 

passes, led to grain refinement and the formation of nano-sized (Mg,Al)2Ca precipitates and 

these are both beneficial for the activated and uniform dissolution of the matrix. 
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Fig. 9. Optical micrographs (a,d,g, and j) and surface morphologies of the AP65 magnesium alloys 

with different rolling reductions, discharged at 180 mA cm-2 for 5 s in 3.5 wt% NaCl solution after 

removing the oxidation products: (b,c) 0 %, (e,f) 38 %, (h,i) 63 % and (k,l) 86 % [103]. 

 

 

 

(a) (b) (c) 

(d) (e) (f) 

(g) (h) (i) 

(j) (k) (l) 
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Fig. 10. Discharge properties of the Mg–AgCl batteries with different anodes [99]. 

 

A comprehensive investigation was conducted to examine the influence of microstructure 

on the electrochemical behavior and discharge performance of the extruded lean Mg–0.3Bi–

0.3Ag–0.3In alloy using extrusion ratios (ER) of 9 and 36 [98]. The surface morphologies of 

the investigated anodes discharged at 1 and 10 mA cm-2 for 10 h and after removal of the 

discharge products are presented in Fig. 11. It is apparent that in the case of the current density 

of 1.0 mA cm-2 the surface of the ER9 anode exhibits several deep discharge pits, strip ditches 

and other unreacted areas as in Fig. 11a indicating an uneven reaction process. By contrast, the 

ER36 anode exhibits a relatively uniform dissolution with shallow and homogeneous discharge 

pits as shown in Fig. 11d. At a current density of 10 mA cm-2, the ER36 anode discharge 

morphologies remain comparatively flat and relatively even by comparison with the rough and 

uneven surface of the ER9 sample. Also, partially enlarged regions of both samples in Fig. 11b, 

e, h, and k reveal the existence of some fiber structures and large discharge craters on the ER9 

sample at both current densities of 1 and 10 mA cm-2, where this is due to the connection of 

hydrogen pores formed by the intense hydrogen evolution (HE) reaction, and the exfoliation of 

alloy pieces without discharging, respectively. Nevertheless, the ER36 sample exhibited a 

notable absence of fibrous structure and discharge craters. Instead, the sample displayed the 

presence of hydrogen gas pores and circular-like discharge cavities on its surface at 1 and 10 

mA cm-2, respectively. These observations indicate a decrease in hydrogen evolution and the 

mitigation of the chunk effect (CE) due to the refined and relatively random grain structure of 

the ER36 sample. The ER36 alloy has a refined grain structure that has undergone full dynamic 

recrystallization (DRX) and this leads to a decreased texture intensity and kernel average 

misorientation (KAM) value. Additionally, this alloy demonstrates a low density of 

dislocations and twins. 
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Fig. 11. The surface and 3D morphologies of the ER9 (a,b,c,g,h,i) and ER36 (d,e,f,j,k,l) anodes, 

discharged at different current densities for 10 h, after removing the discharge products: (a,b,c,d,e,f) 1.0 

mA cm-2 and (g,h,i,j,k,l) 10 mA cm-2 [98]. 

 

6- SPD for improving Al-air batteries 

Among different metal-based batteries, aluminum-air batteries have been considered as 

one of the most potential metal-air batteries in commercial applications due to their higher 

volumetric energy density (8.04 Ah cm-3) than Mg (3.83 Ah cm-3), Li (2.06 Ah cm-3) and Zn 

(5.85 Ah cm-3). Additionally, Al is the most abundant metallic element with excellent 

recyclability and safety. However, severe self-corrosion of Al anodes in alkaline electrolytes 

and the formation of passive corrosion products such as Al2O3 and Al(OH)3 mean that there is 

a low Coulombic efficiency, capacity loss and a decrease in the electrochemical activity of the 
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battery. Recently, SPD methods have been successfully used to alleviate the undesirable 

parasite reaction for primary Al-air batteries [18,20,34]. As with the Mg alloys discussed 

earlier, microstructural refinement and homogenization of Al alloys are generally beneficial 

for the improvement of both discharge performance and corrosion resistance.  

Among the different SPD processes, ECAP has been of particular interest for processing 

Al anodes. For example, a UFG Al anode fabricated by ECAP demonstrated enhanced battery 

performance in alkaline electrolytes due to the active dissolution of the Al anode. However, in 

an NaCl electrolyte the fine grain size of the pure Al anode offered no improved performance, 

mainly due to the blockage of the oxide film and local corrosion. At a current density of 10 mA 

cm-2, the capacity and energy density of the sample processed by 7 passes of ECAP were 

increased by 41.5% and 55.5%, respectively [105,106]. In another study [107], it was reported 

that a Zn addition to Al helps to reduce the formation of an Al2O3 oxide film. Furthermore, it 

was shown that processing the material by 6 ECAP passes facilitates the occurrence of a slow 

and uniform corrosion on the surface.  

Recently the effects of the ECAP process on the electrochemical behavior and corrosion 

morphologies of pure Al, Al–Zn and Al–Zn–In alloys were investigated [99]. The results 

indicated that the increased grain boundary area boosted the electrochemical activities, leading 

to a potential shift in the negative direction. According to the schematic representation of the 

process as shown in Fig. 12, the ECAP technique can speed up the creation of an Al(OH)3 film 

in pure Al and an Al2ZnO4 film in Al–Zn and Al–Zn–In alloys. A thicker Al(OH)3 layer 

demonstrated greater corrosion resistance while growth of the Al2ZnO4 film will hinder 

formation of the Al(OH)3 film leading to a faster corrosion rate. Although the ECAP-processed 

Al–Zn–In alloy showed a slightly greater corrosion rate than the non-processed sample, it 

exhibited a uniform corrosion morphology and this is preferable to localized corrosion in all 

practical applications for the Al-air batteries. 
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Fig. 12. Schematic representation of the electrochemical behavior of the pure Al (a,b), and Al–Zn and 

Al–Zn–In alloys (c,d), in the ECAP-processed (b,d) and non-processed (a,c) conditions [108]. 

 

In addition to ECAP, FSP was also used to optimize the electrochemical properties and 

discharge performance of commercial purity Al (C-Al) as the anode of Al-air batteries [64]. 

Fig. 13a shows the discharge behavior of the C-Al anode and FSP-Al anode at a current density 

of 20 mA cm-2. It is clear that for the FSP-Al anode it took about half the time of that required 

for the C-Al anode to reach a relatively stable value ranging from 1.095 to 1.120 V. Also, the 

I-V and I-P discharge curves shown in Fig. 13b of the Al-air batteries made with different 

anodes, using 4M NaOH as the electrolyte, indicate that by comparison to C-Al batteries the 

FSP-Al batteries consistently display a higher cell potential and power density values. As a 

result, the FSP-processed anode can be discharged stably with various current densities. In 

addition to the grain refinement introduced by FSP, the observed improvement of the Al-air 

battery performance can be related to the reduction and fragmentation of the Al-Fe particles. 

 

 

 

 

(a) (b) 

(c) (d) 

ECAP-processed pure Al non-processed pure Al 

non-processed Al–Zn and Al–Zn–In ECAP-processed Al–Zn and Al–Zn–In 
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Fig. 13. The discharge behavior (a) and the I-V and I-P discharge curves (b) of the Al-air batteries 

with different anodes (commercial purity Al and FSP-processed Al) in the 4 M NaOH electrolyte 

[64]. 

 

Recently, DDM has been used as a novel and one-step solid-state fabrication route to 

improve the mechanical properties and electrochemical behavior of Al alloys and composites 

through grain refinement [67]. In another investigation, the DDM technique was used to tailor 

the properties of an Al–5Li–5Mg–5Zn–5Cu alloy via microstructure refinement and 

homogenization [58]. This light-weight high-alloy aluminium (HAA) was introduced as an 

anode with improved properties for the Al-air aqueous batteries as in Fig. 14a. Three kinds of 

anodes were evaluated in this investigation, including the as-cast alloy (as-cast HAA), the 

DDM-processed alloy (DDM HAA) and high purity 99.999% Al (5N pure Al). The XRD 

patterns of different anodes are shown in Fig. 14b which clearly demonstrate the phase 

evolution after DDM processing. It can be observed that the intensity of the peak related to 

Al2O3 gradually declines, thereby indicating that this undesirable oxide film in the as-cast 

material was broken by DDM. In addition, intensity of the T1 (Al2CuLi) phase increases after 

DDM whereas the intensity decreases in the θ (Al2Cu) phase. This means that under severe 

plastic deformation the θ partial phases react with lithium-rich phases to generate the T1 phase. 

This T1 phase is more anodic than the θ phase and this may aid in the stability of the discharge 

process. 

(a) (b) 
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Fig. 14. (a) Schematic illustration of the primary Al-air batteries. (b) XRD patterns, and (c) charge-

discharge curves at current densities of 20, 40, 80, and 120 mA cm-2, for the 5N pure Al, as-cast HAA 

and DDM HAA samples. (d) Variations of power and energy densities for the 5N pure Al and DDM 

HAA samples [66]. 

 

Fig. 14c and d exhibit the discharge characteristics of different anodes with current 

densities of 20, 40, 80 and 120 mA cm−2. In primary Al-air batteries, the DDM HHA sample 

demonstrated a more stable discharge plateau and greater voltage than the as-cast sample as 

well as the pure Al. A uniform and homogenous microstructure as a consequence of particle 

fragmentation and dynamic recrystallization inhibited the formation of the hydroxides-eutectic 

skeletons to isolate the anodes from the alkaline electrolytes. Also, the power and energy 

densities were 88.3 mW cm-2 and 2.73 Wh g-1, respectively, and these values are clearly 

superior to those of pure Al. 

In another study [20], two kinds of carbonaceous nanomaterial-reinforced aluminum 

matrix composites prepared by the DDM technique were compared. Graphene nanoplatelet 

(GNPs) and fluorinated GNPs (F-GNPs) were used as two carbonaceous nanomaterials. The 

(a) (b) 

(c) (d) 
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results indicated that the presence of F-GNPs contributed to grain refinement since the 

lubrication effect of this phase was better than the GNPs in enhancing the flow intensity of the 

thermo-plasticized materials towards a higher strain rate during the DDM process. Due to the 

solid-state mechanical blending, carbonaceous nanoparticles may be extensively fragmented, 

thinned and redistributed into the Al matrix during the DDM process based on the fundamental 

principles of processing by SPD. These carbonaceous phases will be rapidly released during 

the discharge process owing to the dissolution of the aluminum matrix, and they will be 

collected at the surface of the composite anodes to generate a carbonaceous nanomaterial-rich 

zone. The carbonaceous phases exfoliated from the composite anodes can be regarded as an 

equivalent carbon-based coating.  Instead of the dynamically produced passivation layer on 

pure aluminum, this gel layer prevents severe polarization during the discharge process to thus 

maintain a stable voltage plateau.  

In this research, since the performance of these composite anodes was compared with pure 

Al, it is not possible to specifically interpret the effect of the DDM process in improving the 

anode properties. Briefly, in Al-air cells this composite anode achieves a 424% increase in 

effective energy density during intermittent discharge, with a significant anode energy 

utilization of 37.5% and an intermittent discharge efficiency of 95.3% as shown in Fig. 15. 

This method is important for overcoming the self-corrosion difficulties of alkaline aqueous Al-

air batteries, where this is vital for the design of strong anodes in order to accomplish high-

power-density performances for practical applications. These composite anodes may also be 

used in nonaqueous-system rechargeable Al-ion batteries. 

 

 

 

 

 

 

 

Fig. 15. Intermittent discharge efficiency of the DDM-processed composites (Al–Mg–GNPs and Al–

Mg–F–GNPs) as well as 5N pure Al [20]. 
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In other recent research [34], the advantage of the HPT method, including the rapid 

preparation and benchmarking of Al alloys at low temperature, led to the use of this procedure 

for processing of Al–2Fe, Al 5052, Al 1050, Al 6063, Al–3Mg, Al 99.99% bulk (4NBulk) and 

Al 99.99% powder (4NPowder) materials as potential anodes for Al-air batteries. Mass loss 

measurements and polarization plots in a 4 M KOH electrolyte demonstrated that the most 

electronegative alloy showing superior anticorrosive performance in alkaline electrolytes was 

Al–3Mg. Thus, the HPT-processed UFG Al–3Mg alloys were employed as the anode in Al-air 

batteries with an alkaline gel electrolyte and the electrochemical characterization was 

performed. This material showed a lower corrosion rate than the coarse grain alloy due to its 

greater homogenous microstructure since this served to lower the severity of the localized 

corrosion. Also, the UFG Al–3Mg anode demonstrated exceptional battery performance, 

exhibiting energy density and specific capacity above 1254 Wh kg-1 and 940 mAh g-1 values, 

respectively. Furthermore, the anode maintained operation for almost 70 hours and the device 

had a maximum potential of 1.7 V. Hence, the HPT-processed UFG Al–3Mg alloy 

demonstrated exceptional performance as the anode of Al−air batteries, thereby utilizing an 

aqueous electrolyte without the use of any anticorrosive additive. 

 

7- Summary and overall perspective 

In summary, processing by SPD is clearly very helpful in preparing battery materials with 

improved properties, especially in the case of metallic electrodes. The very large strains 

imposed in SPD lead to the formation of a more homogenous microstructure by comparison 

with non-processed materials and this can significantly affect the performance of the material 

when used in batteries.  Moreover, in some cases it is apparent that SPD can be used to produce 

a specifically preferred crystallographic texture in a bulk battery material, thereby prohibiting 

many serious problems such as dendrite formation and thus helping to achieve an improved 

battery behavior which is not reachable in a not-textured material. In this review, it is shown 

that many SPD techniques have been used to date for processing battery materials, mainly 

including ARB, ECAP, HPT, FSP and DDM. While most of the current literature is focused 

on SPD processing of anode materials, there are also some reports on SPD processing of other 

battery components such as current collectors and cathode materials. It is reasonable to 

conclude that significant progress has been made in evaluating the significance of using SPD 

processing for the production of battery materials but much additional research is now needed 
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to more fully substantiate the results obtained to date. It is also apparent that most of the reports 

on SPD processing of battery materials are confined to the metallic components of batteries 

based on Zn-, Li-, Mg- and Al-based batteries. In the following, the main conclusions and 

perspectives for each type of battery are examined with an emphasis on the results achieved 

using SPD techniques.  

 Zn-based batteries:  

Rechargeable aqueous Zn-based batteries are of particular interest because of having quite 

inert metal anodes and non-flammable, safe, low cost and environmentally friendly 

electrolytes. However, they have their own limitations as well, among them there is the low 

thermodynamic stability of Zn in aqueous electrolytes, dendrite growth due to the rough and 

non-uniform deposition of the Zn ions, formation of a rigid and tight solvation shell, and also 

the accommodation of passive side products on the electrode surface. There are some strategies 

suggested in the literature to overcome these challenges, where one of the most effective 

strategies is designing textured Zn metal anodes to thereby selectively expose a specific 

crystallographic plane of the Zn electrode to the solution. This can be very beneficial and 

helpful from different aspects. For example, the Zn ions have a tendency to deposit at the 

protuberances of the electrode surface, leading to a continuous dendritic growth. It has been 

reported that deposition would be more smooth and uniform and less prone to dendritic growth 

where the (002) plane is the preferred crystal plane of the substrate. In addition, due to the 

intrinsic crystallographic anisotropy of Zn, its various crystallographic planes show different 

electrochemical behaviours during cycling. Amongst various crystallographic planes of Zn, the 

(002) plane possesses the lowest surface energy and highest chemical stability. Thus, surfaces 

with preferred (002) texture are less prone to corrosion and therefore less Zn dendritic growth. 

The engineering fabrication of (002)-textured Zn anodes remains at an early stage of 

development. Amongst various techniques for designing (002)-textured Zn, SPD is an 

effective, low-cost and easy route. Until now, rolling and ARB have been reported for unifying 

various textures of commercial Zn foils into the preferred (002) texture which could help in the 

development of Zn anodes with improved stability and reversibility. It is noted that these 

techniques could be applied also to other metals, such as Li, Na, K, Mg, Ca, Al, etc., which are 

critical for the development of metallic electrodes for the next-generation rechargeable 

batteries. Moreover, it appears that other SPD techniques such as ECAP, HPT and FSP would 

be helpful for engineering the microstructure and texture of Zn anodes.  
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 Li-based batteries: 

Various investigations have been carried out using SPD for improving the properties of 

battery materials in Li-based batteries, especially in the case of the LIBs. An examination of 

the published results confirms the high potential of SPD techniques for the preparation of anode 

materials for these batteries and especially for fabricating functional nanostructured metals. 

Until now, SPD techniques including rolling, HPT and DDM have been reported for achieving 

grain refinement and modifying the structure of various components of LIBs including Li 

anodes, Al anodes, alloy anodes such as Ge-Cu eutectic alloy, Cu current collector and some 

cathode materials.  

Most of the research on using SPD in LIBs has focused on processing Li anodes. Thus, Li 

foil is one of the superior anode materials for Li-based batteries, although dendritic Li growth 

during battery performance leads to an electrode pulverization and poor cycling stability and 

to internal short circuits and safety problems. The crystallographic texture of the Li metal plays 

a critical role in the Li plating/stripping features, and thus in the cyclic stability of the Li-based 

electrodes, although this field of research remains largely unexplored. Since the nucleation and 

growth of Li is affected by Li texturing, Li {110} shows improved electrochemical properties 

owing to its low surface energy and the lower tendency of Li dendritic growth on these planes. 

Rolling and annealing treatments have been reported for engineering the Li texture. However, 

rolling thin Li foils is restricted by the intrinsic soft and roller-sticking nature of Li and also its 

tendency to be textured with the {100} plane which is not desirable for cycling performance. 

Doping Li with elements such as Sn improves its processability and enables the fabrication of 

thin Li foils which are vital for industrial applications. Doping Li with other elements may be 

beneficial and needs further investigation. Also, HPT has been successfully used to make 

nanocrystalline lithium/graphene composites that served as a dendrite-free anode with high 

electrochemical performance. 

 Mg-based batteries: 

The air- and seawater-activated magnesium batteries have gained considerable attention in 

recent years due to their high theoretical operating voltage, high energy density, high specific 

capacity, highly negative standard electrode potential, nontoxicity and simple structure. 

However, these batteries suffer from severe self-corrosion, inhibited discharge activity by the 

passive layer on the anode surface and the so-called "chunk effect" that reduces the utilization 

efficiency. The electrochemical behavior and discharge performance of Mg and its alloys as 
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battery anodes are significantly dependent on texture, the distribution of secondary phase 

particles and grain size, and it is readily apparent that all of these microstructural parameters 

can be altered by SPD. Reviewing the studies reported to date shows that the extrusion, rolling 

and ECAP processes  produce grain refinement and uniform second phase distribution, and this 

enhances the anodic efficiency, utilization efficiency and average discharge potential. In 

addition to the type of deformation, the amount of deformation also can affect the battery 

properties. For example, it has been reported that the discharge activity and anode efficiency 

were increased with the number of ECAP passes. This mainly originates from the increased 

uniformity of the microstructure, from both the viewpoints of grain size and particle size, which 

leads to a more uniform dissolution. This is of special interest and importance for enhancing 

the properties of Mg-based anodes in primary aqueous Mg-air batteries and Mg/seawater 

batteries.  

 Al-based batteries: 

Due to the high volumetric capacity, significant charge density, low cost and excellent 

recyclability, Al is one of the most attractive anode materials for the metal-air batteries in 

commercial applications. However, severe self-corrosion of Al anodes in alkaline electrolytes 

and the formation of passive corrosion products such as Al2O3 and Al(OH)3 restrict their 

extensive use as a battery material. As with Mg-based alloys, here also SPD can be very useful 

for reducing the corrosion rate by making the microstructure finer and more uniform. In this 

regard, it has been found that the increased grain boundary area in an SPD- processed Al anode 

can boost the electrochemical activities, leading to a potential shift in the negative direction. 

Also, SPD can affect the kinetics and also the quality of the film formed on corroded Al anodes 

such that it improves the corrosion resistance.  SPD can also be used to prepare and process 

Al-based composite anodes with improved properties. Among different SPD techniques, 

ECAP, FSP, DDM and HPT have been used for processing Al anodes and a review of the 

available data shows that ECAP and DDM are the most popular techniques. It was shown that, 

due to their homogeneous microstructure, the SPD-processed Al anodes exhibit more negative 

open circuit potential, lower corrosion rate in alkaline electrolytes and uniform corrosion 

morphology. Furthermore, an enhancement in battery characteristics has been reported for 

these anodes which includes a stable discharge performance, higher power density and 

improved efficiency. 
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8. Conclusions 

This review is designed to present an overview of research where SPD processing was used to 

produce battery materials. The research mainly focusses on the four families of Zn-, Li-, Mg- 

and Al-based batteries and the main conclusions can be summarized as follows: 

1. The SPD-processed (002)-textured Zn electrodes are beneficial for achieving a 

smoother and more uniform ion deposition and also a reduced corrosion rate.  

2. Considering the intrinsic difficulty of processing soft pure Li by the SPD techniques, 

SPD is mostly used to process Li-based alloys or composites. The Li {110} planes show 

improved electrochemical properties owing to their low surface energy and the lower 

tendency of Li dendritic growth on these planes.  

3. Regarding Mg-based batteries, SPD can be very beneficial to make the dissolution 

process more uniform, due to the increased uniformity of the microstructure from both 

the viewpoints of grain size and particle distribution.  

4. Processing by SPD can positively affect the performance of Al anodes due to the 

resultant grain refinement and the more uniform distribution of second phases. Also, 

SPD may reduce the corrosion rate of Al anodes by modifying the corrosion film. 
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