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Abstract 24 

Lithium-ion batteries are the state-of-the-art power source for most consumer 25 

electronic devices. Current collectors are indispensable components bridging lithium-26 

ion batteries and external circuits, greatly influencing the capacity, rate capability and 27 

long-term stability of lithium-ion batteries. Conventional current collectors, Al and Cu 28 

foils have been used since the first commercial lithium-ion battery, and over the past 29 

two decades, the thickness of these current collectors has decreased in order to 30 

increase the energy density. However to improve the performance further, alternative 31 

materials and structures, as well as specific treatments such as etching and carbon 32 

coating, have also been investigated to enhance the electrochemical stability and 33 

electrical conductivity of current collectors, for next-generation lithium-ion batteries 34 

with higher capacities and longer service lifetime. This work reviews six types of 35 

materials for current collectors, including Al, Cu, Ni, Ti, stainless steel and 36 

carbonaceous materials, and compares these materials from five aspects of 37 

electrochemical stability, electrical conductivity, mechanical property, density and 38 

sustainability. The effects of three different structures of foil, mesh and foam as well 39 

as two treatments of chemical etching and coating are also discussed. Future 40 

opportunities are highlighted at the end of this review.  41 

 42 
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1. Introduction 45 

The Lithium-ion battery (LIB) is currently the most commercially successful power 46 

storage and generation device due to its comprehensive superiority in power density, 47 

energy density, cost and safety [1]. LIBs store electricity in chemicals and convert 48 

chemical energy into electricity via electrochemical reactions, which have been 49 

regarded as a clean source of energy [2]. Their high energy and power densities 50 

enable LIBs to power not only portable devices, e.g. phones, tablets and laptops, but 51 

also electric vehicles, effectively reducing the consumption of fossil fuels and 52 

greenhouse gas emission [3-5]. Furthermore, the high energy conversion rate of LIBs 53 

enables them to be employed in electrical grid applications, allowing efficient storage 54 

of energy harvested from renewable sources, e.g. wind, solar and geothermal [6]. It is 55 

predicted that LIBs will continue to play an omnipresent role in our daily life.  56 

A typical LIB is composed of a cathode, an anode, a separator, electrolyte and two 57 

current collectors, as shown in Fig. 1a. Commonly used cathodes include LiCoO2, 58 

(LCO) LiMn2O4 (LMO), LiFePO4 (LFP), and LiNiMnCoO2 (NMC)  and the anode mainly 59 

used is graphite [7, 8], which more recently contains additional active components 60 

such as SiOx to improve the capacity [9]. During discharging, Li-ions stored at the 61 

anode move to the cathode, generating electrons and forming current flow. The 62 

process is reversed when the battery is being charged. Electrolytes consist of lithium 63 

salts, e.g. LiPF6, LiBF4, LiClO4, in some organic solvents, e.g. propylene carbonate 64 

(PC), ethylene carbonate (EC), ethyl methyl carbonate (EMC), dimethyl carbonate 65 

(DMC), diethyl carbonate (DEC), that act as the conductive pathway for Li-ions 66 

movement [10]. Separators, normally microporous layers consisting of either 67 

polymeric membranes or non-woven fabric mats, are placed between the cathode and 68 

anode to prevent physical contact [11]. Current collectors are bridging components 69 

that collect electrical current generated at the electrodes and connect with external 70 

circuits. Commercial current collectors are Al and Cu foils for cathodes and anodes, 71 

respectively [12].  72 

In 1998, Johnson and White systematically characterised some commercial LIBs 73 

produced by five dominant manufacturers [13], including Sony, Moli Energy, A & T 74 

Battery, Sanyo Electric and Matsushita Electric Industrial. Taking the average value 75 

from the five manufacturers, the weight percentages of cathode, anode, Al foil, Cu foil, 76 
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separator and other components are 29%, 13%, 5%, 13%, 5% and 35%, respectively. 77 

Fig. 1b shows the weight percentages of the main components in more recent LIBs 78 

[14]. The cathode and anode together make up the highest proportion, 40% of the total 79 

weight of LIBs. The two current collectors occupy the second-highest proportion with 80 

a percentage of 15%, the electrolyte accounts for 11% and separator has the lowest 81 

weight percentage of 4%. Other components, including case and tab, make up 30% 82 

of the total weight. One observation is that  the weight percentages of the current 83 

collectors in LIBs has reduced slightly from 18% to 15% over the past two decades. 84 

Current collectors can greatly influence the performance of LIBs. For example, 85 

improving the electrical conductivity, reducing contact resistance and increasing the 86 

corrosion resistance of current collectors are beneficial to increase the capacity, rate 87 

capability, efficiency and cycle stability of LIBs [15]. Considering current collectors are 88 

essentially non-active materials in LIBs, reducing the thickness of current collectors 89 

can reduce the weight percentage and thus increase the energy density of LIBs. 90 

Recent research pointed out that the thicknesses of Al and Cu current collectors are 91 

reduced down to 10 µm for the pursuit of high energy density [16]. Nevertheless, thin 92 

current collectors will sacrifice the electrical conductivity and heat transfer property of 93 

current collectors and in turn power density. Therefore, there is a trade-off between 94 

power and energy of LIBs in the design of these current collectors. Furthermore, as 95 

electrodes are adhered to current collectors, mechanical integrity is also required in 96 

current collectors in order to maintain a suitable bond to the electrodes during battery 97 

cycling, this adhesive strength also contributes to the internal contact resistance of the 98 

cell, and requires minimisation. More importantly, current collectors are indispensable 99 

components for the present LIBs, any improvements in current collectors are expected 100 

to benefit all LIBs. Fig. 1c displays a brief timeline of the development of current 101 

collectors for LIBs in both industry and academia over the past three decades. 102 

Many efforts have been made in reviewing cathodes, anodes, electrolytes and 103 

separators of LIBs. However, to our knowledge, few reviews on current collectors have 104 

so far been published and these only review limited materials or structures [17, 18]. 105 

This brings us to the need for a more comprehensive review of current collectors. This 106 

paper attempts to review the development of various current collectors for LIBs in the 107 

literature, including Al, Cu, Ni, Ti, stainless steel and carbonaceous materials. For Al 108 

and Cu current collectors, we have further classified them into different categories 109 



3 
 

according to structures and treatments, namely foil, mesh, foam, etched and coated 110 

current collectors. Research challenges and future directions for current collectors are 111 

discussed at the end of this review.  112 

 113 

 114 

Fig. 1 a) Schematic diagram of a typical Li-ion battery, b) the weight percentage of 115 

main components in LIBs [14], c) historical timeline of the development of current 116 

collectors for LIBs in both industry (yellow) and academia (red) [13, 16, 19, 20]. 117 

2. Main requirements for current collectors in lithium-ion batteries 118 

a) Electrochemical stability. Current collectors must be electrochemically stable 119 

against oxidation and reduction environments during battery charging and 120 

discharging. In practice, a high voltage is favourable for increasing battery energy 121 

density, which requires that cathodes and anodes have high and low 122 

electrochemical potentials, respectively, e.g. LiCoO2 cathode(~4 V vs Li/Li+) [21], 123 
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LiFePO4 cathode (3.45 V vs Li/Li+) [22], and graphite anode (0.01 – 0.25 V vs Li/Li+) 124 

[23]. However, it is challenging to keep current collectors stable when in direct 125 

contact with electrolytes at such high and low potentials. Any undesired reactions 126 

of current collectors may cause serious capacity fading and short service lifetimes 127 

[24]. Therefore, good electrochemical stability is a prerequisite for all current 128 

collectors. In this review, the electrochemical stability will be discussed first in each 129 

section. 130 

b) Electrical conductivity. All LIBs benefit from high electrical conductivity of current 131 

collectors [25]. During battery cycling, electrons generated at the electrodes travel 132 

through current collectors to external circuits. It is not only the conductivity of 133 

current collectors that is crucial for LIB performance but also the electrode/current 134 

collector interfacial conductivity. High electrical conductivity leads to low 135 

transformation of chemical/electrical energy into heat during discharging/charging 136 

process, contributing to high energy efficiency and capacity as well as avoiding the 137 

risk of high temperatures. 138 

c) Mechanical strength. Commercial electrodes in LIBs are fabricated by slurry 139 

casting on metal foil current collectors [26]. The current collector serves as a 140 

mechanical support for the electrode. Polymeric binder, usually polyvinylidene 141 

difluoride (PVDF), is used to improve the integrity of the electrodes and adhesion 142 

between electrodes and current collectors. Some electrodes undergo significant 143 

volume change during cycling, which may cause serious electrode pulverisation or 144 

delamination, particularly for thick electrodes. A typical example is Si anode which 145 

suffers from up to 400% volume expansion due to the formation of LiSi alloy [27]. 146 

Current collectors with suitable levels of mechanical strength are helpful to 147 

maintain the bonding of electrode active materials to the current collector and the 148 

integrity of the whole electrodes during cycling. 149 

d) Density. Conventional current collectors are non-active materials in LIBs as they 150 

do not participate in electrochemical reactions during cycling. However, the current 151 

collectors account for up to 20% of the total weight of LIBs. Using current collectors 152 

with low densities is therefore favourable for reducing the overall weight of LIBs 153 

and increasing the specific energy density of LIBs [28]. 154 

e) Sustainability and cost. The sustainable use of materials, in particular the critical 155 

elements and strategic materials is crucial for the future of the battery industry. The 156 

circular economic picture of cost, global availability and recyclability need to be 157 
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taken into consideration when we select and utilise materials for future current 158 

collectors. Although cost is one of the most important concerns for 159 

commercialization, what happens to the materials at end of the devices lide also 160 

needs consideration. The cost of current collectors may be reduced and the circular 161 

economy of battery technologies improved by recycling current collectors from end-162 

of-life LIBs [29].  163 

3. Materials for current collectors 164 

3.1 Al 165 

3.1.1 Electrochemical stability 166 

The electrochemical behaviour of Al in the electrolyte of LiPF6 in EC:DMC (1:1 vol.%)  167 

was reported by Myung et al. [30], as shown in Fig. 2a. A cathodic peak at 0 V vs Li/Li+ 168 

and an anodic peak at 0.6 V vs Li/Li+ represent the alloying reaction between Al and 169 

Li as well as the subsequent dealloying process, respectively. Two small anodic peaks 170 

at about 3.7 and 4.7 V vs Li/Li+ result from the formation of a passivation film on Al 171 

surface. Similar electrochemical behaviour of Al was reported previously [31]. The 172 

current remains at about 0 mA cm-2 as the potential moves to 5 V vs Li/Li+, indicating 173 

good electrochemical stability. The good electrochemical stability is attributed to a 174 

passivation film on Al surface, which consists of Al2O3 and AlF3. The structure of this 175 

passivation film was identified by Zhang and Devine [32]. As shown in Fig. 2b, the 176 

passivation film consists of an air-formed Al2O3 layer with a thickness of 1.2 – 2.4 nm 177 

on the bottom and a thin layer of AlF3 with an estimated thickness of 1 nm on the top. 178 

Myung et al. proposed a possible mechanism of the formation of AlF3 [30]. As shown 179 

in Eqs. 1 – 3, AlF3 is derived from the reaction between Al2O3 and HF which is 180 

generated from the decomposition of LiPF6. Some factors, e.g. elevated temperature, 181 

high potential and addition of H2O, can facilitate the decomposition of LiPF6, boosting 182 

the formation of the AlF3 passivation layer [33, 34],  183 

 𝐴𝑙2𝑂3 + 2𝐻𝐹 → 2𝐴𝑙𝑂𝐹 + 𝐻2𝑂 Eq. 1 

 2𝐴𝑙𝑂𝐹 + 2𝐻𝐹 → 𝐴𝑙2𝑂𝐹4 + 𝐻2𝑂 Eq. 2 

 𝐴𝑙2𝑂𝐹4 + 2𝐻𝐹 → 2𝐴𝑙𝐹3 + 𝐻2𝑂 Eq. 3 

 184 

The reactions stop when the AlF3 passivation film is formed completely.[35]. The 185 

electrochemical stability of Al is sensitive to both lithium salts and solvents. Similar to 186 
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LiPF6, LiB(C2O4)2 is another lithium salt which allows Al to form a passivation film of 187 

AlBO3 against corrosion [36]. Though Al shows excellent corrosion resistance in 188 

electrolytes containing LiPF6 and LiB(C2O4)2, it is not stable in electrolytes containing 189 

many other lithium salts, e.g. LiN(CF3SO2)2, LiC(CF3SO2)3, LiCF3SO3, and LiClO4, 190 

because the Al surface is only partially covered with AlF3 [37, 38]. To this end, an 191 

effective strategy is to use LiPF6, LiBF4, LiB(C2O4)2, or LiBF2(C2O4), as additives in 192 

electrolytes to allow the formation of passivation films on the Al surface [39-43]. In 193 

addition to lithium salts, solvents also have an effect upon the electrochemical stability 194 

of Al, this is known to be related to their dielectric constant [44]. Solvents with low 195 

dielectric constants are favourable, these exhibit limited solubility of the corrosion 196 

products, instead of forming a protective layer adhered to the Al surface. Solvents with 197 

high dielectric constants easily solvate the corrosion products removing them from the 198 

current collector surface, diffusing into the bulk electrolyte. An example is using methyl 199 

difluoroacetate (MFA) to replace EC:DMC (1:1 vol.%), which can improve the 200 

electrochemical stability of Al current collectors [45]. It is noted however that the high 201 

dielectric constant is beneficial for the dissociation of the lithium salts in the electrolyte, 202 

and promotes fast ionic diffusion. Therefore again a trade-off between stability and 203 

performance is observed. 204 

The formation of passivation films on the Al surface enables Al to serve as the current 205 

collector for cathodes. However, it is difficult to use Al for anodes because of the 206 

alloying reaction between Al and Li at low potentials close to 0 V vs. Li/Li+. An 207 

exception is Li4Ti5O12 anode. Al current collectors can be used for Li4Ti5O12 anodes 208 

due to their high potentials, about 1.5 V vs. Li/Li+ [46]. 209 

3.1.2 Al foil 210 

Al foils have been used as current collectors for cathodes since the first commercial 211 

LIB which was developed by the Asahi Kasei team led by Yoshino and produced by 212 

Sony in 1991 [47]. Apart from the excellent electrochemical stability already described, 213 

high electrical conductivity is another advantage of Al foil current collectors. Al is the 214 

fourth most conductive metal with an electrical resistivity of 2.65 x 10-8 Ωm at 20 ˚C, 215 

following Ag, Cu and Au [48]. A common question is raised regarding the effect of the 216 

insulating Al2O3 layer on the electrical conductivity of Al. Tian et al. measured the 217 

electrical resistivity of an Al wire using the four-probe technique [49]. The Al wire was 218 

not polished or subjected to any other treatments. Thus, an Al2O3 layer is expected to 219 
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form on the surface of the Al wire. The measured electrical resistance was 2.83 x 10-220 

8 Ωm [49], which is very close to the value of pure Al. Similar work was done by Brandt 221 

and Neuer who reported an electrical resistance of about 2.80 x 10-8 Ωm [50], 222 

indicating that the Al2O3 layer does not affect the electrical conductivity of Al current 223 

collectors. 224 

Low density and good mechanical properties also make Al foils stand out from other 225 

metals. Al has a low density of 2.70 g/cm3 [48], which is favourable for increasing 226 

battery gravimetric energy density. Early Al foil current collectors have a thickness of 227 

25 µm, which are normally manufactured by rolling thicker stock foils into thinner and 228 

thinner sheets [51]. The thickness of Al foil current collector was reduced down to 10 229 

µm in further development to achieve high energy density. The effect of the thickness 230 

of Al foils on LIB energy density can be seen by comparing two specific LIBs, Sony 231 

VTC5A and VTC6 [16]. Both of the two Sony LIBs have an identical 18650 size, NCA 232 

cathode, graphite and silicon composite anode. The VTC6 LIB has a thinner Al foil 233 

with a thickness of 12 µm, contributing to a higher gravimetric and volumetric energy 234 

density of 246 Wh kg-1 and 665 Wh L-1, respectively. While the counterpart (VTC5A 235 

LIB) has a 15 µm thick Al foil, resulting in a lower gravimetric and volumetric energy 236 

density of 196 Wh kg-1 and 552 Wh L-1, respectively. However, the enhanced energy 237 

density is at cost of power density. This is in part due to the thickness of the current 238 

collectors, because the electrical conductivity and heat transfer property of Al foils 239 

decrease with thickness, but also the thickness of the electrode films. This highlights 240 

the interconnected electrode and cell engineering requirements that are required to 241 

optimise the specific properties of a cell. The VTC5A LIB has a gravimetric and 242 

volumetric power density of 2.3 kW kg-1 and 6.5 kW L-1, respectively, higher than that 243 

of the VTC6 LIB (1.6 kW kg-1  and 4.2 kW L-1). The Al foil current collectors with a 244 

thickness in the range of 10 – 20 µm have an estimated yield strength around 7 MPa 245 

and tensile strength around 25 MPa at room temperature [52].  246 

The price of commercial Al foil current collectors varies significantly with different 247 

suppliers. To facilitate comparison with other materials in this study, we take the lowest 248 

online quotation from an identical supplier, Goodfellow Cambridge Ltd., Huntingdon, 249 

UK. The price of Al foil with a thickness of 20 µm and a high purity of 99% is about $ 250 

130 /m2. It is worth mentioning that the price of Al foil from industrial suppliers is much 251 

lower, with an estimated price of about $ 5 /m2 in 2011 [51].  252 
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3.1.3 Al mesh 253 

The high contact resistance is a major issue of Al mesh current collectors. Arora et al. 254 

reported the important role of the contact resistance between mesh current collectors 255 

and electrodes in battery performance by simulations [53]. The contact resistance 256 

mainly originates from the mesh current collector and ranges from 20 to 35 Ωcm2, 257 

depending on different cell specifications [53]. Hikmet conducted an experimental 258 

study of the contact resistance between an Al mesh current collector and a LiCoO2 259 

cathode [54]. The electrical resistance of an Al mesh/LiCoO2/Al mesh sandwich 260 

structure is 40 Ω, which is equivalent to the resistance of two Al mesh/LiCoO2 261 

interfaces. Given than the Al mesh current collector has a geometric surface area of 262 

1.76 cm2, the resistance of the Al mesh/LiCoO2 interface can be converted into 35.2 263 

Ωcm2, which agrees with Arora’s work. Hikmet also measured the contact resistance 264 

between a LiCoO2 cathode and an Al film current collector which was directly 265 

deposited on the LiCoO2 cathode. The deposited Al/LiCoO2 interface has a resistance 266 

of 1.32 Ωcm2, much lower than the Al mesh/LiCoO2 interface. The reason for this result 267 

was not discussed by the author. We believe it is probably because of the different 268 

electrode preparation process. Although the Al mesh and deposited Al film current 269 

collectors have an identical geometric surface area, the cathode film was simply 270 

pressed on the Al mesh current collector under heat, with poor adhesion resulting, 271 

whereas the Al film current collector was deposited on the cathode film, resulting in a 272 

higher contact area and thus lower contact resistance than the Al mesh current 273 

collector.  274 

Kanamura et al. compared the performance of LiNi0.5Mn1.5O4 cathodes on Al mesh 275 

and Al foil current collectors [55]. Both the Al mesh and foil current collectors produced 276 

very similar initial discharge capacities of about 130 mAh g-1, indicating a negligible 277 

effect of the current collector. From the 2nd to 50th cycle, the Al mesh current collector 278 

results in an average discharge capacity fade of 0.342 mAh g-1 per cycle, much higher 279 

than the Al foil current collector with an average capacity fade of 0.0819 mAh g-1 per 280 

cycle. The author ascribed the serious degradation in discharge capacity to the low 281 

mechanical strength of the Al mesh which cannot withstand expansion and shrinkage 282 

of the cathode during cycling. 283 

Al meshes have also been used as current collectors for other cathodes, e.g. 284 

LiAlyCo1−yO2 [56], LiNi0.5Mn0.5O2 [57], LiNi0.8Co0.2O2 [58], Li3Cr2(PO4)3 [59]. However, 285 
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the benefits and drawbacks of Al mesh current collectors were not well discussed in 286 

these studies.  287 

3.1.4 Al foam 288 

Al foams have been used as current collectors for LIBs due to the unique porous 289 

structures that enable high electrode mass loading. For conventional Al foil current 290 

collectors, high electrode mass loading is challenging because of the high risk of 291 

electrode delamination during cycling. An ultra-thick Al foam current collector with a 292 

thickness of 258 µm was used for LiNi0.33Mn0.33Co0.33O2 cathodes by Fritsch and his 293 

colleagues [60]. The Al foam current collector allows high electrode mass loadings of 294 

electrode active material up to 42 mg cm-2 and thus high capacities up to 7  mAh cm-295 

2, more than three times higher than commercial LiNi0.33Mn0.33Co0.33O2 cathodes with 296 

a thickness around 50 µm on a conventional Al foil current collector (~12 mg cm-2 297 

loading and ~2 mAh cm-2
 capacity) [61]. It should be noted that the electrode mass 298 

loading on Al foam current collectors also depends on loading techniques. The 299 

aforementioned high mass loading is achieved by slurry infiltration under vacuum. For 300 

example, another sample prepared by dip-coating on an Al foam current collector with 301 

a similar thickness, only has a mass loading of 7.8 mg cm-2 and low capacity of 1.24  302 

mAh cm-2. Although the two samples prepared by two different loading processes have 303 

different areal capacities, they have very similar gravimetric capacities in the range of 304 

160 – 170 mAh g-1, implying that that have a similar electrode efficiency. Therefore, Al 305 

foam current collectors can increase only absolute or areal capacity but not gravimetric 306 

capacity. Compared with Al foils, the Al foams also contribute to a much lower charge 307 

transfer resistance at the electrode/electrolyte interface, further improving the 308 

electrode performance [60]. 309 

Al current collectors with porous structures are also beneficial to increase Li-ion 310 

diffusion during cycling. Li-ion diffusion within electrodes has been regarded as the 311 

rate-determining step for LIB cycling, particularly at high current densities [62]. Du et 312 

al. prepared an Al current collector with tunnel-like pores for TiO2 anodes [63], as 313 

shown in Fig. 2c and d. The tunnel-pores provide not only a high surface area for TiO2 314 

loading but also a diffusion pathway for Li-ions during cycling. The enhanced Li-ion 315 

diffusion enables fast charging/discharging. The TiO2 anode on the porous Al current 316 

collector delivers a capacity of 95 mAh g−1 at a very high current rate of 100 C and 317 

remains stable after 8000 cycles. 318 
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3.1.5 Etched Al  319 

Chemical etching is a treatment for current collectors to achieve a rough surface and 320 

better performance. Nakamura et al. investigated the effect of the surface morphology 321 

of Al current collectors on the electrochemical performance of 322 

LiCo0.33Ni0.33Mn0.33O2 cathodes [64]. Two different Al current collectors, one with and 323 

the other one without surface treatment, were employed in the study. The treatment 324 

process was probably chemical etching, judging by the surface morphology of the 325 

treated Al current collector which is covered by numerous sub-micron-sized pores, 326 

although the author only mentioned this as ‘chemical treatment'. The surface-modified 327 

Al current collector leads to almost the same capacities as the normal Al current 328 

collector at current rates smaller than 1 C, but higher capacities at higher current rates, 329 

due to improved contact resistance. Besides this, the surface-modified Al current 330 

collector also contributes to higher capacity retention after 30 cycles. Yoon et al. 331 

investigated the effect of the surface morphology of Al current collectors on the 332 

electrochemical performance of LiCoO2 cathodes [65]. Two type solutions, i.e. a 333 

mixture of NaOH, Na2CO3, C6H11NaO7 and a mixture of NaOH, NaNO3, C6H11NaO7, 334 

were employed to obtain different Al surface morphology after different etching time 335 

between 10 – 70 s. The etched Al foil with the roughest surface exhibits the highest 336 

discharging capacity, particularly at high current rates, up to 4 times higher than a 337 

normal Al foil current collector. The superior electrochemical performance of the 338 

surface-modified Al current collector arises from the rough surface which increases 339 

the adhesion between the current collectors and electrodes as well as reduces the 340 

charge transfer resistance of the LiCoO2 cathode. The strong adhesion further avoids 341 

peeling of the electrode and maintains low contact resistance. Additionally, chemical 342 

etching slightly decreases the tensile strength but increases the surface hydrophilicity 343 

of Al current collectors [65]. 344 

Nakanishi et al. reported that the enhancement effect of etched Al current collectors 345 

on electrode performance is also affected by electrode type and active material particle 346 

size [66]. LiCoO2 cathodes with large particles on a normal and etched Al foil current 347 

collector show similar performance, while LiFePO4 cathodes with small particles 348 

exhibit highly increased discharge capacities when using an etched Al current collector 349 

to replace a normal Al foil current collector. However, based on these results, it is not 350 

possible to confidently solely ascribe the difference to either the effect of electrode 351 
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type or material particle size. The author also quantitatively measured the peel 352 

strength between the LiFePO4 cathode and current collectors. The etched Al current 353 

collector gives rise to a 7 times stronger bond to the cathode than the normal Al current 354 

collector.  355 

Due to enhanced adhesion and electrical conductivity of etched Al current collectors, 356 

Shin et al. proposed to use an etched Al current collector for LiCoO2 cathodes in 357 

ultrafast LIBs [67]. The LiCoO2 cathode on the etched Al current collector exhibits an 358 

initial capacity of 90 mAh g-1 at a high current rate of 10 C with 85% retention after 250 359 

cycles. For comparison, the LiCoO2 cathode on a normal Al current collector cannot 360 

work properly at such a high current rate. 361 

3.1.6 Coated Al  362 

Coating is an effective way to improve the conductivity of Al current collectors to 363 

achieve better electrode performance. Striebel et al. compared the performance of 364 

LiFePO4 cathodes on a carbon-coated and a bare Al current collector [68]. The 365 

LiFePO4 cathode on the carbon-coated Al current collector delivers a discharge 366 

capacity of 160 mAh g-1 at a low current rate of 0.2 C and has a 70% capacity retention 367 

at a high current rate of 5 C, while the LiFePO4 cathode on the bare Al current collector 368 

delivers a discharge capacity of 140 mAh g-1 at 0.2 C and only has a 15% capacity 369 

retention when the current rate increases to 5 C. The LiFePO4 cathode on the bare Al 370 

current collector also undergoes serious voltage drop from 3.4 to ~2.6 V vs. Li/Li+ as 371 

the charging rate increases from 0.2 C to 5 C, indicating that the bare Al current 372 

collector brings a large contact resistance. Replacing the bare Al current collector with 373 

the carbon-coated Al current collector gives rise to a contact resistance drop from 200 374 

to ∼40 Ωcm2 and thus a small voltage drop of 0.2 V when the charging rate increases 375 

from 0.2 C to 5 C. Furthermore, the formation of carbon coating on Al current collectors 376 

in flowing CH4 at 600 °C can remove the native oxide on the Al surface and thus 377 

improve electrical conductivity [69]. 378 

Coating can also improve the corrosion resistance of Al current collectors. Doberdò et 379 

al. used a carbon-coated Al current collector for LiNi0.33Mn0.33Co0.33O2 cathodes with 380 

carboxymethyl cellulose (CMC) as a binder and water as a solvent [70]. Though 381 

normal Al current collectors suffer from serious corrosion when in direct contact with 382 

this LiNi0.33Mn0.33Co0.33O2 cathode slurry due to its basicity, the carbon-coated Al 383 
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current collector shows good corrosion resistance. The thickness of the carbon coating 384 

is crucial for corrosion resistance. For the Al surface coated with a 2 μm carbon layer, 385 

small corrosion pits were still visible, while no evident trace of corrosion was observed 386 

on the Al surface coated with a 5 μm carbon layer. The LiNi0.33Mn0.33Co0.33O2 cathode 387 

on the 5 μm carbon-coated Al current collector delivers a capacity of 126 mAh g-1 at 1 388 

C after 50 cycles, higher than an identical cathode on a normal Al current collector 389 

(107 mAh g-1). 390 

Apart from carbon, other materials have also been coated on Al current collectors to 391 

improve electrode performance, e.g. graphene oxide [71], Mn and Al oxide composite 392 

[72], chromate [73] and graphene [74]. All of these coatings are reported to be 393 

favourable for improving either or both of the electrical conductivity and 394 

electrochemical stability of Al current collectors. Among them, the Mn and Al oxide 395 

composite and graphene coatings can also improve the adhesion between Al current 396 

collector and electrodes. 397 
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 398 

Fig. 2 a) Cyclic voltammetry of Al in 1 M LiPF6 in EC:DMC (1:1 vol.%) electrolyte 399 

(Reproduced with permission [30]. Copyright 2009 Elsevier), b) schematic drawing of 400 

passivation film formed on Al surface, c) and d) tunnel-like Al foam current collector 401 

(enlarged view: 1 ion transport in the electrolyte, 2 ion transport in the electrode, 3 402 

electrochemical reactions in the electrode, 4 electron transport in the electrode and 5 403 

electron conduction in the current collector) [63]. 404 

Table. 1 Al current collectors  405 

Type Electrode Current 
rate/C 

Capacity/ 
mAh g-1 

Capacity 
retention 
(cycles) 

Reference 

Foil LNMO 0.1 130 97% (50) [55] 

Foil NMC111 0.1 178 91% (30) [64] 

10 20 - 



14 
 

Foil LCO ~0.1 188 93% (50) [65] 

~2.7 25 - 

Foil LCO 0.2 142 - [66] 

1 138 - 

5 96 - 

Foil LFP 0.2 128 - [66] 

1 105 92% (240) 

5 0 - 

Foil LCO 1 120 71% (100) [67] 

10 0 - 

Foil LFP 0.2 140 - [68] 

5 20 - 

Foil NMC111 1 110 97% (50) [70] 

10 35 - 

Foil LMO 3 100 80% (100) [71] 

Foil LFP 0.1 158 - [72] 

1 145 84% (2000) 

5 116 - 

Foil LMO - 130 0% (50) [73] 

Foil LCO 0.1 150 - [74] 

1 130 4% (50) 

5 45 - 

Mesh LNMO 0.1 130 87% (50) [55] 

Mesh LNMO 0.1 174 ~100% (10) [57] 

0.5 145 90% (40) 

2 110 - 

Foam NMC111 0.2 166 90% (140) [60] 

2 55 - 

Foam TiO2 0.3 330 - [63] 

100 100 ~100% 
(8000) 

Etched NMC111 0.1 178 94% (30) [64] 

10 25 - 

Etched LCO ~0.1 190 96% (50) [65] 

~2.7 125 - 
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Etched LCO 0.2 140 - [66] 

1 138 - 

5 104 - 

Etched LFP 0.2 125 - [66] 

1 114 ~100% (240) 

5 80 - 

Etched LCO 1 135 85% (100) [67] 

10 90 85% (250) 

Carbon-coated LFP 0.2 160 - [68] 

5 110 - 

Carbon-coated NMC111 1 120 (2 µm) a 97% (50) [70] 

128 (5 µm) a 98% (50) 

10 51 (2 µm) a - 

60 (5 µm) a - 

Graphene oxide-
coated 

LMO 3 100 90% (100) [71] 

Mn and Al oxide 
composite-

coated 

LFP 0.1 162 - [72] 

1 150 95% (2000) 

5 120 - 

Chromate-
coated 

LMO - 115 87% (50) [73] 

Graphene-
coated 

LCO 0.1 160 - [74] 

1 135 55% (50) 

5 110 - 

Note: partial data were taken from published figures by approximation, ‘-‘ means data 406 

not given, as noted for other tables. 407 

a denotes current collectors with specific coating thicknesses. 408 

3.2 Cu 409 

3.2.1 Electrochemical stability 410 

The electrochemical behaviour of Cu in the electrolyte of LiPF6 in EC:DMC (1:1) is 411 

shown in Fig. 3a. An open circuit potential at 3.326 V vs Li/Li+ is initially observed, the 412 

first cathodic peak can be seen at about 3.1 V vs Li/Li+1
, which is suggested to 413 

correspond to the decomposition of LiPF6 to HF [75]. A large cathodic peak is observed 414 

between 1.5 – 3 V vs Li/Li+, which corresponds to the reduction process of the air-415 

formed Cu oxide film to metal, the electrolytic salt formation of Li2O, the reduction of 416 
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the solvent and the formation of the solid electrolytic interphase (SEI) layer on the Cu 417 

surface [30, 44]. A small cathodic peak and anodic peak at about 0.6 V and 0.7 V vs 418 

Li/Li+ represent underpotential deposition of Li on the Cu surface and subsequent 419 

dissolution of the deposited Li in the electrolyte, respectively [30, 44]. As Cu is 420 

polarized in the anodic direction, no other peak appears until approaching a high 421 

potential of 3.5 V vs Li/Li+. The anodic peak at about 3.7 V vs Li/Li+ has been identified 422 

as the dissolution of Cu into the electrolyte [30, 44]. Similar dissolution behaviours of 423 

Cu in other electrolytes of LiPF6 in EC:DEC (1:1 vol.%), LiCIO4 in EC:DEC(1:1 vol.%) 424 

and LiCIO4 in PC at high potentials were also reported by Iwakura et al. [76] and 425 

Kawakita et al. [77]. The dissolution of Cu can cause numerous pits with a 426 

characteristic shape which looks like a hole with the square aperture area advanced 427 

toward the inside of the substrate, as shown in Fig. 3b. Therefore, the dissolution of 428 

Cu is also named ‘pitting corrosion’ in many studies.  429 

A small amount of water and HF can boost the dissolution of Cu [78]. The mechanism 430 

was proposed by Dai and his colleagues [79]. As shown in Eqs. 4 – 5, Cu is first 431 

oxidized by water with the formation of Cu oxide. The Cu oxide further reacts with HF 432 

either generated from the decomposition of LiPF6 or introduced externally, producing 433 

CuF2. Both CuO and CuF2 have been proven to exist on the Cu surface after 434 

immersion in the electrolyte of LiPF6 in EC:DMC (1:1 vol.%) [30, 44]. Nevertheless, 435 

they do not form a substantial passivation film on the Cu surface. The dissolution of 436 

Cu can also be affected by electrolytes. It was found that Cu is more readily dissolved 437 

in the solvent of PC:EC:DMC (1:1:3 vol.%) than EC:DMC:DEC (2:2:1 vol.%) and 438 

EC:DMC:MEC (1:1:1 vol.%) at the same potentials [78]. However, the reason is still 439 

not clear.  440 

 𝐶𝑢 + 𝑥𝐻2𝑂 → 𝐶𝑢𝑂𝑥 + 2𝑥𝐻+2𝑥𝑒− Eq. 4 

 𝐶𝑢𝑂𝑥 + 2𝑥𝐻𝐹 → 𝐶𝑢𝐹2 + 𝑥𝐻2𝑂 Eq. 5 

Though the dissolution of Cu at high potentials hinders Cu serving as the current 441 

collector for cathodes, the stable electrochemical behaviour of Cu at potentials below 442 

3 V vs Li/Li+ as well as no alloying reactions with Li make Cu a good choice for current 443 

collectors at anodes because most anodes have low potentials. However, over-444 

discharging may raise the potential of anodes, causing severe Cu dissolution. The 445 

dissolved Cu ions will redeposit as Cu metal at anodes to form dendrites and pierce 446 
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the separator, resulting in capacity fading and short-circuit of LIBs [80]. Therefore, 447 

over-discharging should be avoided when using Cu current collectors for anodes.  448 

3.2.2 Cu foil 449 

Almost all commercial LIBs use Cu foils as current collectors for anodes since the first 450 

LIB produced by Sony [47]. The initial Cu foils were manufactured by rolling and 451 

therefore low levels of oil were present upon the surface, this caused adhesion issues, 452 

and therefore needed to be removed before use [81]. More recently Cu foils are 453 

manufactured by electrodeposition methods [82]. Apart from the good electrochemical 454 

stability aforementioned, Cu is the second most conductive metal with a resistivity of 455 

1.68 x 10-8 Ωm at 20 ̊ C [48], which is another advantage of using Cu current collectors. 456 

However, Cu is much heavier than Al with a density of 8.96 g/cm3 [48]. The high density 457 

of Cu results in Cu foil current collectors occupying more than 10% of the total weight 458 

of LIBs, about twice of the Al foil current collector for cathodes [13]. 459 

Similar to Al foil current collectors, Cu foil current collectors tend to be thinner and 460 

thinner for the pursuit of high energy density [16]. Two specific LIBs, Samsung 30Q 461 

and Sony VTC5A, have an identical battery size, cathode and anode, as well as very 462 

similar battery design. The Samsung 30Q LIB has a 10 µm Cu foil current collector, 463 

thinner than the Sony VTC5A (14 µm). The Samsung 30Q LIB has a gravimetric and 464 

volumetric energy density of 245 Wh kg-1 and 657 Wh L-1, respectively, higher than 465 

the Sony VTC5A (196 Wh kg-1 and 552 Wh L-1). However, the thinner Cu foil current 466 

collector and coated electrodes of the Samsung 30Q LIB results in a lower gravimetric 467 

and volumetric power density of 1.2 kW kg-1 and 3.2 kW L-1, respectively, compared 468 

with the Sony VTC5A having a gravimetric and volumetric power density of 2.3 kW kg-469 

1 and 6.5 kW L-1. This highlights, similar to the aluminium current collector and 470 

cathode, that the combination of electrode and cell design is important when 471 

optimising the performance properties of a cell.   472 

Special concern has been expressed over the mechanical strength of Cu foil current 473 

collectors because Cu foils may suffer from environmentally assisted cracking and 474 

structure degradation during repeated battery cycling under bending stress [34]. 475 

Recent work also reported that Cu foil current collectors for Sn-based anodes 476 

underwent structural degradation during cycling [83]. The mechanical properties of 477 

commercial Cu foil current collectors were systematically investigated by Zhu and his 478 
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colleagues [84]. The elastic modulus, tensile, fracture and yield strengths of Cu foils 479 

with a thickness of 8 – 35 µm are in the ranges of 45 – 75 GPa, 300 – 350 MPa, 260 480 

– 360 MPa and 40 – 180 MPa, respectively, which is higher than that of Al foils.  481 

At the time of writing, the cost of Cu foils with a thickness of 20 µm and a purity of 482 

99.9% is about $ 640 /m2, from the online quote of Goodfellow, much higher than that 483 

of Al foils.  484 

3.2.3 Cu mesh  485 

Li et al. used Cu meshes as current collectors for Li metal anodes [85]. To connect the 486 

Cu mesh current collector and Li metal anode, a circle‐shaped copper mesh with a 487 

pore diameter in the range of 60 – 170 µm was aligned with a Li metal foil and pressed 488 

with a punching machine until the Cu mesh was fully embedded in the Li metal. The 489 

Li metal anode on the Cu mesh current collector exhibits much better cycling 490 

performance than that on a conventional Cu foil current collector, with a high 491 

coulombic efficiency of 93.8% after 100 cycles against a low coulombic efficiency of 492 

30.9% after 70 cycles at a current rate around 0.5 C, respectively. When used in a Li/ 493 

Li4Ti5O12 cell, the Li metal anode on the Cu mesh current collector results in a higher 494 

cell capacity than a bare Li metal anode, particularly at high current rates. The 495 

enhanced performance of the Cu mesh current collector can be attributed to four 496 

aspects. 1) the presence of holes on the Cu mesh enhances the charge transfer 497 

kinetics and reduces the electrode/electrolyte interfacial resistance. Li anode on the 498 

Cu mesh current collector has a low electrode/electrolyte interface resistance of 27 499 

Ωcm2 after 10 cycles, while a bare Li anode shows a high interface resistance of 62 500 

Ωcm2. 2) The Cu mesh current collector can accommodate the volume change of Li 501 

anode to some extent during battery cycling. This unique function also makes Cu mesh 502 

a good current collector for Si-based anodes that suffer from severe volume change 503 

[86, 87]. 3) The high surface area of Cu meshes lowers the areal current density, 504 

leading to uniform charge distribution and thus smoothening the Li deposition and 505 

preventing Li dendrite formation [88]. 4) The thickness of the anode remains almost 506 

unchanged during cycling, providing good mechanical stability of the anode and 507 

integrity of cells.  508 
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3.2.4 Cu foam  509 

Cu foams can bring many benefits when used as current collectors, particularly for Li 510 

metal anodes that have high theoretical capacity but suffer from severe volume 511 

change and Li dendrite formation. The porous structure of Cu foams can greatly 512 

accommodate the volume expansion/contraction of Li metal anodes during cycling. 513 

Besides, Cu foams provide much higher surface areas than Cu foils, which lowers the 514 

local current density and in turn prevents Li dendrite formation. Therefore, Cu foams 515 

are ideal current collectors for Li metal anodes from this point of view. A typical 516 

example of using Cu foams as current collectors to improve Li anode performance is 517 

reported by Yun and his colleagues [89]. They fabricated Cu foams with a pore size in 518 

the range of 0.2 – 2 µm by chemical dealloying of CuZn. The as-fabricated Cu foam 519 

current collector results in a coulombic efficiency over 95% at 1 C after 150 cycles, 520 

much better than a conventional Cu foil current collector with a coulombic efficiency of 521 

80% under the same measurement conditions. Similar conclusions have also been 522 

drawn from other studies [90, 91]. 523 

Cu foam current collectors with pores neither too big nor small are appropriate for 524 

improving Li metal anode performance. Small pores, e.g. nano-sized pores, can 525 

prevent Li dendrite formation due to high surface area but suffer from the volume 526 

change of Li metal anodes. By contrast, large pores, e.g. micron-sized pores, can 527 

accommodate the volume change but only provide limited surface area. Liu et al. 528 

developed a hierarchical Cu foam current collector with both micron- and nano-sized 529 

pores for Li metal anodes, providing a good solution for this problem. The micron- and 530 

nano-sized pores are formed by physical dealloying and immersion in a NaOH and 531 

(NH4)2S2O8 mixed solution, respectively. The micron-sized pores effectively 532 

accommodate the volume change of the Li metal anodes during cycling and the nano-533 

sized pores increase total surface area and prevent Li dendrite formation [92]. The 534 

surface area of a hierarchical Cu foam containing both micron- and nano-sized pores 535 

can be up to 60 times higher than that of a Cu foam only containing micron-sized pores 536 

[93]. The as-produced hierarchical Cu foam results in a high coulombic efficiency more 537 

than 98% at 1 mA cm-2 after 200 cycles, better than a Cu foam only with micron-sized 538 

pores (90% after 200 cycles) and a conventional Cu foil (23% after 150 cycles). 539 

The pore geometry is also key for Cu foam current collectors. Wang et al. developed 540 

a Cu foam current collector with vertically aligned microchannels for Li metal anodes 541 
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[94]. The vertically aligned microchannels exhibit a tip effect, leading to preferential 542 

nucleation of Li inside the mouth of channels and preferential deposition on the 543 

microchannel walls and thus effectively restraining growth of Li dendrites. The tip effect 544 

essentially means the surface with a high curvature has high surface potential due to 545 

the distortion of the electrical field, which makes Li dendrites form more readily [95]. 546 

The geometry of the microchannels, i.e. radius, depth and spacing, can also affect 547 

battery performance. With optimised microchannel geometry, the Li anode on the 548 

vertically aligned microchannels current collector exhibits a high stable coulombic 549 

efficiency around 98.5% at 1 mA cm-2 within 200 cycles, much better than conventional 550 

Cu foil current collectors with a coulombic efficiency dropping from 98% in the 1st cycle 551 

to 50% after 80 cycles. Wang et al. fabricated Cu foam current collectors through a 552 

NaCl-assisted powder sintering process [96]. The produced Cu foam has 553 

interconnected micron-sized pores with a smooth inner surface, which provides high 554 

surface area and facilitates Li-ions diffusion, resulting in uniform Li deposition and 555 

effectively suppressing Li dendrite formation. The as-fabricated interconnected Cu 556 

foam contributes to a coulombic efficiency higher than 90% at 1 mA cm−2 after 400 557 

cycles. For comparison, the commercial Cu foams manufactured by electrodeposition 558 

only results in a coulombic efficiency of 50% at 1 mA cm−2 after 300 cycles.  559 

Cu foam current collectors can also bring many benefits to other anodes apart from Li 560 

metal anodes. For example, Cu foams with a porosity of 97% enable fabrication of 561 

thick graphite anodes with a thickness of up to 1.2 mm which is 10 times greater than 562 

conventional Cu foils [97]. The thick graphite anode greatly improves the energy 563 

density of LIBs but sacrifices the observed gravimetric capacity due to increased 564 

internal resistance. The gravimetric capacity of the graphite anode decreases from 565 

375 to 275 mAh g-1 as the electrode thickness increases from 0.3 to 1.2 mm. The 566 

author solely ascribed the reduced gravimetric capacity to increased electronic 567 

resistance, which is evidenced by the result that the voltage hysteresis between the 568 

charge and discharge is smaller for the thinner electrode. We believe not only the 569 

electronic resistance but also Li-ion diffusion reduces the gravimetric capacity of thick 570 

electrodes. Because the thick electrode is difficult for Li-ions to diffuse through and 571 

can cause Li-ion depletion in the electrolyte phase [98]. Additionally, Cu foams can 572 

effectively accommodate the volume change of Si and Sn anodes during battery 573 

cycling [99, 100]. When used as current collectors for Sn anodes, the phase 574 
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transformation of Sn into Cu6Sn5 takes place on the electrode/current collector 575 

interface. The newly-formed phase Cu6Sn5 enhances the bonding force between Sn 576 

anodes and Cu foam current collectors, further restraining the volume changes of 577 

active materials during cycling [100]. 578 

3.2.5 Etched Cu 579 

Cu current collectors with a rough surface are favourable to improving electrode 580 

performance [101, 102]. Nguyen et al. used an etched Cu current collector for 581 

amorphous Si anodes [103]. The rough surface of the etched Cu provides a high 582 

contact area and thus strong adhesion to the Si anode as well as good electrical 583 

conductivity. Meanwhile, the etched holes existing on the surface are filled up with Si, 584 

indicating a higher mass loading than Cu foils. With the help of a siloxane-stabilized 585 

electrode/electrolyte interface, the Si anode on the etched Cu current collector exhibits 586 

a discharge capacity up to 4255 mAh g-1, versus 2428 mAh g-1 for the Si anode on an 587 

unetched Cu current collector. The discharge capacities of the Si anodes on the 588 

etched and unetched Cu current collectors remain at 80% and 53% after 200 cycles, 589 

respectively. A similar study was conducted by Reyter and his colleagues who used 590 

etched Cu current collectors for Si powder anodes [104]. The etched Cu contributes 591 

to a high capacity up to 2410 mAh g-1 at 600 mA g−1 after 25 cycles versus 1630 mAh 592 

g-1 for an unetched Cu current collector. They also quantitatively compared the 593 

adhesion strength between the Cu current collectors and Si anodes through a scratch 594 

test. The minimum load in grams required to scrape through the Si anode to the etched 595 

and unetched Cu current collectors are 110 and 40 g, respectively, proving that the 596 

eteched surface provides a stronger adhesion to the Si anode.  597 

Selective etching on Cu current collectors can effectively alleviate the volume change 598 

of Si anodes during cycling. Cho et al. selectively etched Cu foils with discontinuous 599 

lines at regular spacings and subsequently deposited Si on the etched Cu current 600 

collectors to obtain discontinuous Si anodes [105]. The discontinuous Si anode 601 

exhibits better cycle stability than continuous Si anodes, i.e. Si deposited on a 602 

conventional Cu foil current collector. The enhanced cycle stability is attributed to the 603 

discontinuous lines that accommodate the stress generated by the volume change of 604 

Si anodes. Three different spacings between the discontinuous lines of 400, 800, 1700 605 

µm were made to investigate the effect of spacing, with the smallest spacing of 400 606 

µm resulting in the best performance. Cho et al. further developed trench-structured 607 
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Cu current collectors for Si anodes following a similar selective etching and deposition 608 

process [106]. Si film was deposited on either the whole surface of the etched Cu 609 

current collector or only the bottom of the trenches, termed wholly covered Si film 610 

anode or selectively covered Si film anode, respectively, as shown in Fig. 3c-e. The 611 

wholly covered Si anode exhibits an 18.5% increase in initial capacity compared to the 612 

continuous Si film anodes. The selectively covered Si film anode shows even better 613 

performance than the wholly covered one. The geometry of the etched trenches has 614 

modest effects on the Si anode performance, with a trench width of 45 μm and trench 615 

height of 14 μm resulting in the highest columbic efficiency and best cycle performance. 616 

3.2.6 Coated Cu 617 

Cu current collectors with various material coatings can provide many benefits. Kang 618 

et al. coated conventional Cu foils with a rough layer of carbon via an electric discharge 619 

method and used the carbon-coated Cu foils as current collectors for graphite anodes 620 

[107]. The carbon-coated Cu current collector shows reduced electrical and charge 621 

transfer resistance, resulting in higher capacity and better rate capability than 622 

conventional Cu foil current collectors. Wu et al. prepared carbon-coated Cu current 623 

collectors via chemical vapour deposition at 600 ˚C and subsequently used the as-624 

prepared current collectors for Li4Ti5O12 anodes [69]. In addition to improved electrical 625 

and charge transfer properties, the carbon-coated Cu current collector prepared at 626 

high temperature shows greater surface hydrophobicity than conventional Cu foils, 627 

which improves the surface adhesion to the Li4Ti5O12 anode. More importantly, 628 

Li4Ti5O12 anode is known to have a high voltage plateau at about 1.55 V vs Li/Li+ during 629 

cycling, which is challenging for Cu current collectors due to low corrosion resistance 630 

at high potentials. The carbon coating is expected to provide a protective film for Cu 631 

against corrosion, leading to improved cycle stability. Similar benefits can also be 632 

found from graphene-coated Cu current collectors [108]. The graphene coating on Cu 633 

current collectors brings up to 32% increase in the capacity of Li4Ti5O12 anodes due 634 

to enhanced electrical conductivity, charge transfer kinetics, adhesion to anodes and 635 

electrochemical stability. 636 

Coating is an effective way to make the surface of current collectors lithiophilic. Zhang 637 

et al. constructed a Cu current collector coated with vertically aligned CuO nanosheets 638 

via NH4OH etching for Li metal anodes [109]. The Li metal anode on the CuO-coated 639 

Cu current collector provides a high coulombic efficiency of 94% at a current density 640 
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of 1 mA cm−2 for 180 cycles, in contrast to a conventional Cu current collector with a 641 

coulombic efficiency less than 20% after 150 cycles. A prolonged lifespan of 700 h at 642 

0.5 mA cm−2 is also easily achieved. The enhanced performance arises from the 643 

lithiophilic CuO coating which can reduce the nucleation overpotential and guide 644 

uniform Li nucleation and deposition [110]. Ag is another lithiophilic material which has 645 

been used to coat Cu current collectors [111]. The Li metal anode on the Ag-coated 646 

Cu foil exhibits a stable coulombic efficiency of 98% for 50 cycles at a current density 647 

of 1 mA cm−2 versus 95% for 20 cycles for uncoated Cu foils. The Ag-coated Cu 648 

current collector results in an improved lifespan of up to 360 h at 1 mA cm−2, more 649 

than twice of the uncoated Cu foil current collector. Other materials, such as Ni and 650 

ZnO, can also be coated to make the Cu surface lithiophilic [112, 113]. It is worth 651 

mentioning that the Li metal anodes also benefit from the nanostructures of CuO and 652 

Ag which can facilitate fast Li-ion diffusion and reduce the local current density.  653 

Artificial SEI can also be directly coated on Cu current collectors to improve electrode 654 

performance. Luo et al. coated Cu current collectors with a thin layer of high-polarity 655 

β-PVDF for Li metal anodes [114]. The β-PVDF has all trans conformation with F and 656 

H atoms located on the opposite sides of the polymer backbone, serving as an artificial 657 

SEI to facilitate uniform Li deposition by the strong interactions between its polar 658 

functional groups and Li-ions. The β-PVDF-coated Cu current collector enables 659 

uniform Li deposition/stripping at high current densities up to 5 mA cm−2, Li-plating 660 

capacity loadings of up to 4 mAh cm−2, and excellent cycling stability over hundreds 661 

of cycles. 662 
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 663 

Fig. 3 Cyclic voltammetry of Cu in 1 M LiPF6 in EC:DMC (1:1 vol.%) electrolyte 664 

(Reproduced with permission [30]. Copyright 2009 Elsevier), b) pitting corrosion on Cu 665 

surface (Reproduced with permission [77]. Copyright 2001 Elsevier), c) fabrication 666 

process for continuous, wholly covered and selectively covered Si film anodes, d) 667 

etched Cu current collector, e) wholly covered Si film anode, f) selectively covered Si 668 

film anode, c-f from (Reproduced with permission [106]. Copyright 2017 Elsevier). 669 

Table. 2 Cu current collectors 670 

Type Electrode(s) Current 
rate/C 

Capacity/ 
mAh g-1 

Capacity 
retention 
(cycles) 

Reference 
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Foil LTO 1 155 - [69] 

20 65 - 

Foil Li/LFP 0.5 150 58% (300) [89] 

Foil Li/NMC11 50 a 150 60% (300) [90] 

Foil Li/LFP 2 110 33% (200) [91] 

Foil  Li/LFP 0.5 150 ~100% (50) [92] 

Foil Li/LFP 0.5 149 80% (100) [94] 

5 15 - 

Foil Si - 800 85% (40) [99] 

Foil Sn 100 a 300 75% (20) [100] 

Foil Si 0.035 a 2428 53% (200) [103] 

Foil Si 600 a 3250 50% (25) [104] 

Foil  Si 0.5 2021 10% (35) [106] 

Foil C/LFP 1 955 96% (400) [107] 

4 888 - 

Foil LTO 0.1 151 - [108] 

2 126 85% (200) 

10 84 - 

Foil Li/LFP 0.1 160 - [109] 

0.5 150 57% (300) 

5 120 - 

Foil Li/LFP 0.2 115 - [111] 

1 55 92% (200) 

2 30 - 

Mesh Li/ LTO 0.2 145 - [85] 

4 85 80% (500) 

10 60 - 

Foam Li/LFP 0.5 150 90% (300) [89] 

Foam Li/NMC111 50 a 150 90% (300) [90] 

Foam Li/LFP 2 120 75% (200) [91] 

Foam Li/LFP 0.5 151 ~100% (50) [92] 

Foam Li/LFP 0.5 149 90% (100) [94] 

5 45 - 

Foam Li/LFP 1 158 90% (200) [96] 

10 124 - 
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Foam Graphite 0.2 285 (1.2 mm) b - [97] 

335 (0.6 mm) b - 

370 (0.3 mm) b - 

Foam Si - 800 ~100% (60) [99] 

Foam Sn 100 a 850 59% (50) [100] 

Etched Si 0.035 a 4255 80% (200) [103] 

Etched Si 600 a 3250 74% (25) [104] 

Etched 
(wholely) 

Si 0.5 2267 48% (100) [106] 

Etched 
(selectively) 

Si 0.5 2758 71% (100) [106] 

Carbon-
coated 

LTO 1 160 - [69] 

20 80 - 

Carbon-
coated 

C/LFP 1 996 97%(400) [107] 

4 946 - 

Graphene-
coated 

LTO 0.1 155 - [108] 

2 132 97% (200) 

10 107 - 

CuO-coated Li/LFP 0.1 160 - [109] 

0.5 150 81% (300) 

5 125 - 

Ag-coated Li/LFP 0.2 125 - [111] 

1 72 98% (200) 

2 50 - 

Ni-coated Li/LCO 0.2 120 - [112] 

5 90 96% (250) 

10 30 - 

ZnO-coated Li/LCO 1 153 - [113] 

10 99 84% (1000) 

30 78 - 

β-PVDF-
coated 

Li/LFP 0.3 150 96% (40) 
47% (100) 

[114] 

Note: When current collectors are tested in full cells, the 2nd column is expressed as 671 

anode/cathode, as noted for other tables. 672 

a denotes a different unit of mA g-1 for current rate. 673 

b denotes specific electrode thicknesses. 674 
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3.3 Ni  675 

3.3.1 Electrochemical stability 676 

Zhuang et al. performed a cyclic voltammetry study of Ni in 1.2 M LiPF6 in EC:EMC 677 

(3:7 vol.%) electrolyte, in a potential range from 0.5 – 2.9 V vs. Li/Li+, as shown in Fig. 678 

4a [115]. A large cathodic peak can be seen at 1.85 V vs. Li/Li+ in the first cycle, which 679 

is probably due to the reduction of Ni oxide to Ni and the formation of the SEI on the 680 

Ni surface. A further shift of the potential in the cathodic direction probably results in 681 

underpotential deposition of Li on the Ni surface. No alloying reaction was observed 682 

as the potential moved close to 0 V vs. Li/Li+ [116]. The peaks in the anodic direction 683 

were not well explained by the authors, which may arise from the dissolution of 684 

deposited Li, oxidation of Ni and decomposition of the SEI. After the first cycle, the 685 

overall current density remains below 5 µA cm-2, indicating good electrochemical 686 

stability in this potential range. Therefore, it is possible to use Ni as current collectors 687 

for anodes. 688 

The electrochemical behaviour of Ni in the electrolytes of 1 M LiClO4 in ethylene 689 

carbonate (EC):diglyme (DG) (1:1 vol.%) and 1 M LiPF6 in EC:DG (1:1 vol.%) in a high 690 

potential range of 3 – 5.5 V vs Li/Li+ was investigated by Geoffroy et al. [117]. It was 691 

reported that Ni was stable in the electrolytes up to 4.5 V vs Li/Li+. However, different 692 

conclusions were drawn by other studies. Liu et al. reported that Ni corroded at a 693 

potential of 3.6 V vs Li/Li+ in LiPF6 in EC/DMC/DEC (1:1:1 vol.%) electrolyte [118]. 694 

Veith and Dudney proposed that Ni promoted the electrochemical degradation of 695 

electrolytes containing LiPF6 at potentials higher than 3.5 V vs Li/Li+ [119]. Overall, the 696 

electrochemical behaviour of Ni current collectors has not been well studied, 697 

particularly at high potentials, which hinders its application as current collectors for 698 

cathodes.  699 

3.3.2 Ni current collector 700 

Ni foils have been used as current collectors for many anodes, e.g. Si [120, 121], SnO2 701 

[122], graphene [123], Sn/graphene composite [124], Co3O4 [125], NiO [126] and Ni3S2 702 

[127], indicating a broad applicability. Compared with Cu foils, Ni foils have a very 703 

similar density of 8.90 g/cm3 and a higher resistivity of 6.93 x 10-8 Ωm at 20 ˚C [56]. 704 

The tensile strength of 20 µm thick Ni foils made by electrodeposition is 730 MPa 705 

[128], which is higher than that of Cu foils. The cost of Ni foils with a thickness of 20 706 

µm and a purity of 99.9% is about $ 795 /m2, from the online quote of Goodfellow. 707 
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Ni current collectors have a unique advantage when used as current collectors for Ni 708 

oxide and sulfide anodes, Ni can serve as not only the current collector but also a 709 

source of the metal precursor. Varghese et al. fabricated vertically aligned NiO 710 

nanowalls directly on a Ni foil using a plasma-assisted oxidation method [126]. The 711 

as-fabricated NiO anode exhibits a reversible capacity of about 638 mAh g-1 at a 712 

current rate of 1.25 C after 85 cycles, which is close to the theoretical capacity of 718 713 

mAh g−1 [129]. Similarly, Lai et al. grew Ni3S2 nanowires directly on Ni substrates (Fig. 714 

4b) [127]. The Ni3S2 anode delivers a reversible capacity of about 340 mAh g-1 at 0.1 715 

C after 100 cycles, which is about 65% of the theoretical capacity [130]. The direct 716 

fabrication of Ni oxide and sulfide anodes on the Ni foils provides a good bonding 717 

between anodes and current collectors and eliminates the need of using binders, 718 

resulting in improved electrode performance.  719 

Ni mesh [131, 132], foam [133-145] and etched Ni [146-148], have also been used as 720 

current collectors for LIBs. Table 3 summarizes various Ni current collectors 721 

developed for LIBs during the past two decades. Generally, the benefits from the mesh 722 

and foam structures as well as surface modification for Ni current collectors are quite 723 

similar to that for Al and Cu current collectors.  724 

 725 

Fig. 4 a) Cyclic voltammogram of Ni electrode in 1.2 M LiPF6 in EC:EMC (3:7 vol.%) 726 

electrolyte (Reproduced with permission [115]. Copyright 2005 Elsevier), b) SEM 727 

image of Ni3S2 nanoarrays grown on a Ni substrate (Reproduced with permission [127]. 728 

Copyright 2009 Royal Society of Chemistry). 729 

Table. 3 Ni current collectors 730 
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Type Electrode Current 
rate/C 

Capacity/ 
mAh g-1 

Capacity 
retention 
(cycles) 

Reference 

Foil Si 2 1700 59% (1250) [120] 

Foil Si 1 3700 ~100% (200) [121] 

2 3500 ~100% (200) 

Foil SnO2 0.1 1121 58% (100) [122] 

5 350 - 

Foil Graphene 0.17 400 - [123] 

2.67 280 - 

Foil Sn and 
graphene 
composite 

1 466 ~100% (4000) [124] 

2 300 - 

Foil Co3O4 1 1000 105% (20) [125] 

Foil NiO 0.62 800 92% (40) [126] 

1.25 638 97% (85) 

1.86 500 ~100% (50) 

Foil Ni3S2 0.1 400 80% (100) [127] 

Foil Si (100 nm) a 1 2600 77% (400) [147] 

Si (200 nm) a 1 1500 13% (500) 

Mesh SnSb 60 b 500 60% (50) [131] 

Mesh NiO 100 b 900 94% (20) [132] 

10000 b 700 86% (20) 

Foam C and Si 
composite 

0.07 700 50% (95) [133] 

Foam NiO 0.4 1.4 c ~100% (140) [134] 

Foam NiO 0.5 844 85% (200) [135] 

20 170 - 

Foam NiO 156 b 701 92% (65) [136] 

1310 b 200 - 

Foam NiO 1000 b 706 95% (70) [137] 

2000 b 548 80% (70) 

Foam NiS 0.15 591 93% (100) [138] 

5 394 - 

Foam Ni3S2 35 b 451 92% (80) [139] 

Foam Si 0.2 2500 80% (100) [140] 

4 803 - 
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Foam Si 0.025 2500 - [141] 

0.5 1300 88% (100) 

4 740 - 

Foam ZnCo2O4 500 b 1400 80% (50) [142] 

1000 b 1300 72% (50) 

2000 b 1100 49% (50) 

Foam ZnCo2O4 200 b 1986 - [143] 

400 b 1900 130% (300) 

5000 b 811 - 

Foam ZnCo2O4 100 b 1150 96% (60) [144] 

416 b 1150 78%(50) 

Foam Mn-doped 
Zn2GeO4 

100 b 1500 87% (100) [145] 

2000 b 500 - 

Etched Si 1 2400 75% (200) [146] 

Etched Si - 2650 66% (200) [147] 

Etched Si (0.67 µm)  

a 1 2250 84% (200) [148] 

Si (1.1 µm) a 1 2650 66% (200) 

Si (1.8 µm) a 1 2800 39% (200) 

Si (3.6 µm) a 1 1400 36% (60) 

a denotes specific electrode thicknesses. 731 

b denotes a different unit of mA g-1 for current rate. 732 

c denotes a different unit of mAh cm-2 for capacity. 733 

3.4 Ti 734 

3.4.1 Electrochemical stability 735 

The electrochemical behaviour of Ti in 1 M LiPF6 in EC:DMC (1:1 vol.%) electrolyte 736 

was systematically investigated by Myung et al. (Fig. 5a) [30]. In the cathodic direction, 737 

a small cathodic peak at 1.7 – 2.6 V vs Li/Li+ originates from the formation of the SEI 738 

layer on the Ti surface. Further polarization results in the reduction of the air-formed 739 

Ti oxide to Ti metal and underpotential deposition of Li on the Ti surface below 1.5V 740 

vs. Li/Li+. Ti does not induce alloy formation with Li at low potentials close to 0. In the 741 

anodic direction, an anodic peak at about 1.6 V vs Li/Li+ results from the oxidation of 742 

the deposited Li and Ti metal. Similar to Al, further anodic polarization leads to the 743 

formation of a passivation film which contains an outer layer of TiF4 and an inner layer 744 

of TiO2 on the surface of the Ti metal (Fig. 5b), providing a relatively good corrosion 745 
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resistance at high potentials [76]. However, the passivation layer on the Ti surface 746 

may not be as stable as that on the Al surface at high potentials, resulting in an inferior 747 

performance when used as current collectors for cathodes [55]. Taken together, Ti is 748 

stable in a wide potential range from 0 – 5 V vs Li/Li+ and can serve as current 749 

collectors for both cathodes and anodes.  750 

3.4.2 Ti current collector 751 

Ti has a low density of 4.51 g/cm3 [56], lower than Cu and Ni but slightly higher than 752 

Al. Ti foils with a thickness of 20 – 30 µm have a yield and tensile strength of 250 and 753 

360 MPa [149], respectively, which is higher than Cu and Al. Adversely, Ti has a high 754 

electrical resistivity of 3.9 x 10-7 Ωm at 20 ˚C [56], one order of magnitude higher than 755 

the aforementioned metals. The cost of Ti foil with a thickness of 20 µm and a purity 756 

of 99.9% is as high as about $ 3100 /m2, from the online quote of Goodfellow.  757 

Ti foils have been used as current collectors for various electrodes, including CoO 758 

[150], Co3O4 [151-154], SnO2 [155, 156], Fe2O3 [157], TiO2 [158, 159] and Li4Ti5O12 759 

[160, 161], as shown in Table 4. Ti can serve as a source of metal precursor when 760 

used as current collectors for TiO2 and Li4Ti5O12 anodes. Besides, CoO, Co3O4, TiO2 761 

and Li4Ti5O12 can directly grow on Ti surface without auxiliary binders and carbon black, 762 

which is favourable to improving electrode capacity and cycle stability. A typical 763 

example was done by Chen and his colleagues who fabricated Li4Ti5O12 anodes on a 764 

Ti foil current collector via a hydrothermal process without any additives [160]. The as-765 

fabricated Li4Ti5O12 (Fig. 5c) exhibits a capacity of 124 mAh g-1 at 50 C after 3000 766 

cycles. Similar capacities of 153 and 115 mAh g-1 at 2 C and 20 C after 5000 cycles, 767 

respectively, were also reported for binder-free Li4Ti5O12 anodes by Wang et al. [161]. 768 

For comparison, a conventional Li4Ti5O12 anode with 20% carbon black and 10% 769 

PVDF binder only delivers a capacity of 25 mAh g-1 at 2 C after 2000 cycles (Fig. 5d). 770 

Table 4 also summarizes Ti mesh and foam current collectors reported in the literature. 771 

To our knowledge, etching and coating are not often employed to treat Ti current 772 

collectors. The benefits from the mesh and foam structures for Ti current collectors 773 

are quite similar to that for Al and Cu current collectors.  774 
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 775 

Fig. 5 a) Cyclic voltammetry of Ti in 1 M LiPF6 in EC:DMC (1:1 vol.%) electrolyte 776 

(Reproduced with permission [30]. Copyright 2009 Elsevier), b) schematic drawing of 777 

passivation film formed on Ti surface, c) Li4Ti5O12 nanoarrays grown on Ti foil 778 

(Reproduced with permission [160]. Copyright 2014 Royal Society of Chemistry), d) 779 

Long-life cycling performance of binder-free and conventional Li4Ti5O12 anodes 780 

(Reproduced with permission [161]. Copyright 2014 Springer Nature). 781 

Table. 4 Ti current collectors 782 
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Type Electrode Current 
rate/C 

Capacity/ 
mAh g-1 

Capacity 
retention 
(cycles) 

Reference 

Foil CoO 1 700 96% (20) [150] 

2 500 93% (20) 

4 375 83% (20) 

6 200 75% (20) 

Foil Co3O4 20 600 75% (20) [151] 

50 400 60% (20) 

Foil Co3O4 1.5 750 ~100% (30) [152] 

15 760 70% (30) 

30 900 36% (30) 

Foil Co3O4 200 a 964 ~100% (100) [153] 

5000 a 662 - 

Foil Co3O4 and α-
Fe2O3 composite 

100 a 1200 82% (60) [154] 

Foil SnO2 0.2 980 71% (20) [155] 

5 800 86% (20) 

10 720 82% (20) 

Foil SnO2 200 a 550 ~100% (30) [156] 

1500 a 400 - 

Foil α-Fe2O3 200 a 893 - [157] 

500 a 814 112% (100) 

10000 a 426 - 

Foil TiO2 0.2 266 ~100% (50) [158] 

10 66 - 

Foil TiO2 0.05 340 - [159] 

2 125 - 

Foil LTO 20 163  - [160] 

50 145 86% (3000) 

200 78 - 

Foil LTO 2 174 88% (5000) [161] 

20 139 83% (5000) 

80 103 - 

Mesh LMO 6.8 105 71% (1500) [162] 

Mesh TiO2 4.3 a 195 78% (100) [163] 
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Mesh TiO2 10 267 - [164] 

200 174 94% (6000) 

Mesh LTO 1 188 - [165] 

40 157 97% (325) 

100 143 - 

Foam TiO2 0.11 387 ~100% (100) [166] 

5.61 312 - 

Foam TiO2 - - ~100% (60) [167] 

a denotes a different unit of mA g-1 for current rate. 783 

3.5 Stainless steel  784 

3.5.1 Electrochemical stability 785 

Stainless steel is an alloy mainly containing Fe, Cr, Ni and Mn, which is well known for 786 

high corrosion resistance due to the formation of a passivation film of chromium oxide 787 

on the surface [168]. The electrochemical behaviour of stainless steel (type 304) in 1 788 

M LiPF6 in EC/DMC 1:1 electrolyte is shown in Fig. 6a [44]. A cathodic peak between 789 

1.5 and 2 V vs. Li/Li+ is assumed to result from the reduction of the air-formed Fe- 790 

and/or Cr-oxide films, the electrolytic salt formation of Li2O, and the formation of the 791 

SEI. Another cathodic peak occurs at about 0.6 V vs. Li/Li+, which is an indicator of 792 

the underpotential deposition of Li on the stainless steel. No alloy between stainless 793 

steel and Li is formed as the potential approaches 0 V vs. Li/Li+. In the anodic direction, 794 

deposited Li starts to oxidize at 1 V vs. Li/Li+, generating an anodic peak current. As 795 

the applied potential increases to 2 V vs. Li/Li+, another peak is observed due to the 796 

oxidation of Cr. A small anodic peak occurs at about 3.2 V vs. Li/Li+, which is likely 797 

due to the oxidation of Fe and Cr3+. Further increasing the applied potential up to 5 V 798 

results in very small current, implying that a stable passivation film is formed.  799 

However, The passivation film is not strong enough to protect stainless steel against 800 

corrosion when used for LiCoO2 and LiMn2O4 cathodes [169, 170]. Besides, the 801 

electrochemical stability of stainless steel at high potentials is also affected by Li salts. 802 

For example, stainless steel 304 is stable in 1 M LiPF6 in EC/DEC electrolyte at 803 

potentials up to 4.5 V vs. Li/Li+ but starts to react with the electrolyte of 1 M LiCIO4 in 804 

EC/DEC at 3 V vs Li/Li+ [76]. Thus, the applicability of stainless steel current collectors 805 

for cathodes is questionable. On the other hand, the stable electrochemical behaviour 806 

at low potentials enables stainless steel to serve as current collectors for anodes.  807 
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The electrochemical stability is also sensitive to the composition of stainless steel. 808 

Fredriksson and Edström studied the electrochemical behaviour of duplex stainless 809 

steel LDX 2101 in 1 M LiPF6 in EC/DMC 1:1 electrolyte [171]. Stainless steel LDX 810 

2101 is known to have a higher content of Cr and N as well as a lower content of Ni 811 

than stainless steel 304, which results in stable electrochemical behaviour in a 812 

potential range of 3 – 4.5 V vs Li/Li+. However, the stainless steel LDX 2101 is too 813 

reactive with the EC/DMC electrolyte. Fredriksson and Edström also proposed a three-814 

layer structure of the passivation film on stainless steel LDX 2101, which is composed 815 

of a bottom layer of iron and chromium oxides, an interlayer of chromium hydroxide 816 

and a top layer of iron and chromium fluorides. The three-layer structure is also 817 

expected to be applicable for stainless steel 304. 818 

3.5.2 Stainless steel current collector  819 

Stainless steel (type 304) has a density of 7.9 g/cm3, which is similar to Cu and Ni [48]. 820 

Stainless steel foils with a thickness of 25 µm have a tensile and yield strength of about 821 

454 and 584 MPa [172], respectively, slightly higher than Cu foils. Adversely, stainless 822 

steel has a high electrical resistivity of 7.2 x 10-7 Ωm at room temperature [48], which 823 

is much higher than pure metals Cu, Al, Ni and Ti. The cost of stainless steel foils with 824 

a thickness of 25 µm is about $ 842 /m2 (Goodfellow), which is similar to that of Cu 825 

and Ni foils.  826 

Stainless steel is superior to other metals when used as current collectors for Fe 827 

contained anodes, e.g. α-Fe2O3 and FeVO4. Li et al. directly fabricated α-Fe2O3 828 

anodes on a stainless steel current collector via chemical corrosion in HCl and 829 

subsequent thermal oxidation [173]. The as-fabricated α-Fe2O3 anode delivers a 830 

capacity of 1105.6 mAh g-1 at 0.2 C after 200 cycles, which is even higher than the 831 

theoretical capacity, 1005 mAh g−1. The stainless steel current collector serves as not 832 

only mechanical support for α-Fe2O3 anodes but also a source of Fe3+. The direct 833 

fabrication of α-Fe2O3 on the stainless steel current collector provides firm adhesion 834 

and fast electron transport, avoiding the use of binder and carbon black. Similarly, Sim 835 

et al. directly fabricated FeVO4 anodes on a stainless steel foil via chemical vapour 836 

deposition technique. The FeVO4 anode exhibits a capacity of 1237 mAh g-1 at 0.15 C 837 

after 100 cycles, about 95% of the theoretical capacity [174].  838 
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Table 5 shows various stainless steel current collectors used for LIBs, including foil, 839 

mesh, coated and etched stainless steel. It is worth mentioning that all uncoated 840 

stainless steel current collectors are only used for anodes, which is indirect evidence 841 

that stainless steel may not be able to directly serve as a current collector for cathodes. 842 

With Au coating, stainless steel works perfectly for Li(Ni0.5Mn0.3Co0.2)O2 and LiCoO2 843 

cathodes [175, 176]. Fig. 6c illustrates the synthesis procedure of the LiCoO2 844 

nanosheet arrays on an Au-coated stainless steel current collector. Apart from coating, 845 

a nitriding heat treatment was developed to treat stainless steel, which heats stainless 846 

steel at a temperature higher than 1200 ˚C in a nitrogen atmosphere. The nitrided 847 

stainless steel is stable at a potential higher than 5 V vs Li/Li+ [177]. Overall, though 848 

stainless steel has been used as current collectors for many electrodes, the analysis 849 

of the advantages and disadvantages of stainless steel current collectors is scarce in 850 

the literature. 851 

 852 

Fig. 6 a) Cyclic voltammetry of stainless steel (type 304) in 1 M LiPF6 in EC:DMC (1:1 853 

vol.%) electrolyte (Reproduced with permission  [44]. Copyright 2011 Royal Society of 854 
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Chemistry), b) schematic drawing of passivation film formed on the surface of stainless 855 

steel (Reproduced with permission [171]. Copyright 2012 Elsevier), c) schematic 856 

illustration of the synthesis procedure of LiCoO2 nanosheet arrays on Au-coated 857 

stainless steel, the right part is macrographs of a bare and an Au-coated stainless 858 

steel foil (Reproduced with permission [176]. Copyright 2018 John Wiley & Sons). 859 

Table. 5 Stainless steel current collectors 860 

Type Electrode Current 
rate/C 

Capacity/ 
mAh g-1 

Capacity 
retention 
(cycles) 

Reference 

Foil α-Fe2O3 0.2 858 129% (200) [173] 

1 681 134% (500) 

5 520 - 

Foil FeVO4 0.15 1316 94% (100) [174] 

15 453  - 

Foil Si - 0.06 c 67% (70) [178] 

Foil Si 0.2 a 0.55 c - [179] 

Foil Si 0.2 1600  72% (50) [180] 

Foil Si 0.2 3800 84% (40) [181] 

0.5 3600 86% (40) 

1 3000 83% (40) 

Foil SiO2 0.005 a 646 ~100% (250) [182] 

Foil SnO2 and a-
Fe2O3 composite 

0.1 a 1195 80% (50) [183] 

0.3 a 600 78% (50) 

Foil CoFe2O4 1 910 63% (100) [184] 

2 900 59% (100) 

4 810 56% (100) 

Foil N-doped carbon 0.2 750 113% (150) [185] 

2 415 - 

Foil CoP 400 b 737 53% (900) [186] 

Foil NiO  1 604 42% (100) [187] 

Foil NiO and C 
composite 

1 800 81% (100) [187] 

Foil Co3O4 700 b 1000 60% (100) [188] 
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Foil Graphene and 
Co3O4 

composite 

700 b 1150 70% (100) [188] 

Foil Co3O4 0.5 1200 42% (50) [189] 

Foil ZnO 1 635 63% (100) [190] 

Mesh Graphene oxide 50 b 530 60% (20) [191] 

100 b 435 78% (20) 

Mesh Co3O4 100 b 850 90% (80) [192] 

800 b 625 - 

Mesh Fe2O3 and 
NiCo2O4 

composite 

1000 b 650 90% (100) [193] 

Mesh N-doped carbon 200 b 2058 - [194] 

5000 b 313 - 

Au-
coated 

NMC532 0.5 125 89% (100) [175] 

Au‐
coated 

LCO 0.1 130 82% (1000) [176] 

10 105 - 

Au-
coated 

V2O5 0.33 265 ~100% (20) [195] 

Etched MnO2 0.2 1300 107% (100) [196] 

1 915 89% (95) 

a denotes a different unit of mA cm−2 for current rate. 861 

b denotes a different unit of mA g-1 for current rate. 862 

c denotes a different unit of mAh cm-2 for capacity. 863 

3.6 Carbonaceous material 864 

3.6.1 Electrochemical stability 865 

Fig. 7a shows the electrochemical behaviour of fully-, semi-, non-graphitic carbon 866 

fibres and an Al foil in 1.2 M LiPF6 in EC/DMC (1:2 vol.%) electrolyte [197]. The 867 

passivation film on the Al foil is expected to form after the 1st cycle. Before 4.5 V vs 868 

Li/Li+, the currents generated at all carbon fibres are close to that of the Al foil at the 869 

2nd cycle, indicating that all carbon fibres have good electrochemical stability. The 870 

current of all carbon fibres increases significantly after 4.5 V vs Li/Li+ due to oxidation. 871 

It should be noted that the current in Fig. 7a is normalised by the geometric surface 872 

area. Considering that the carbon fibres have much higher electroactive surface areas, 873 

i.e. the surface area where chemical reactions take place, than the Al foil, the real 874 

areal current densities on the carbon fibres should be much lower than that of the Al 875 
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foil, indicating better electrochemical stability. Additionally, carbonaceous materials 876 

have been widely used as conductive additives, e.g. carbon black, and even anodes, 877 

e.g. graphite and graphene in LIBs [198], indicating good electrochemical stability at 878 

a wide potential range. Thus, carbonaceous materials can serve as current collectors 879 

for both cathodes and anodes. 880 

3.6.2 Carbonaceous current collector 881 

Carbonaceous current collectors, e.g. carbon fibre papers, are superior to metal 882 

current collectors in many aspects. Firstly, carbonaceous current collectors are 883 

favourable to increasing the ratio of active to non-active material at electrodes. Carbon 884 

fibre papers with a porosity of 78% have a density of 0.44 g/cm3
 [199], which is one 885 

order of magnitude lower than that of metal foils. Besides, the porous structure allows 886 

several times higher mass loading than planar metal current collectors and thus higher 887 

gravimetric capacity [200, 201]. Secondly, carbonaceous substrates for anodes not 888 

only serve as current collectors but also participate in lithiation/delithiation processes 889 

as active materials, which further contribute to high battery capacity. Shafiei and Alpas 890 

coated Sn anodes on a carbon fibre paper which serves as both a current collector 891 

and active material [202]. The Sn-coated carbon fibre delivers an initial discharge 892 

capacity of about 3 mAh cm-2, almost four times higher than that of a Sn anode on a 893 

Cu foil current collector. Thirdly, carbonaceous current collectors have unique 894 

mechanical properties. The tensile strength of carbon fibre paper, with a mass fraction 895 

of carbon fibre in the range of 0 – 50%, is up to 5 MPa [203]. Unlike metal current 896 

collectors that easily undergo plastic deformation, carbonaceous current collectors 897 

can be folded multiple times without plastic deformation, which is an ideal material for 898 

future flexible LIBs [204]. Fig. 7b-d shows a flexible Li4Ti5O12 anode on a carbon fibre 899 

paper current collector, which delivers a capacity higher than 150 mAh g-1 after 900 

repeated bending [205]. A similar study for developing flexible current collectors based 901 

on carbonaceous materials can be found in [206]. Fourthly, carbonaceous current 902 

collectors can improve electron and ion transfer kinetics. Though carbon fibre papers 903 

have a relatively high electrical resistance of 8 x 10-4 Ωm [199], the porous structures 904 

of carbonaceous current collectors provide high contact area between electrodes and 905 

current collectors as well as pathways for Li-ion diffusion, lowering interfacial 906 

resistance and increasing mass transfer kinetics [207-210]. Additionally, the flexible 907 

structure of carbonaceous materials can effectively alleviate strain and stress caused 908 
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by battery cycling, maintaining good current collector/electrode contact and thus high 909 

conductivity. Last but not least, carbonaceous current collectors are cheaper than 910 

metal current collectors. According to the online quotation from Goodfellow, carbon 911 

fabric with a thickness of 0.15 mm costs $ 440 /m2, which is equivalent for $ 60 /m2 for 912 

carbon fabric with a thickness of 20 µm. 913 

In addition to carbon fibre papers, many other carbonaceous materials have also been 914 

used as current collectors for LIBs; carbon foams, carbon nanotubes, carbon 915 

nanofibres and graphene foams. Chu et al. fabricated carbon foams with an average 916 

pore size of 39 nm and a BET surface area about 350 m2/g by the carbonization of 917 

melamine foams at a high temperature of 800 ºC and subsequent punching [211]. 918 

Nanosized TiO2 anode was deposited on the as-fabricated carbon foam current 919 

collectors, which exhibits a capacity of 203 and 104 mAh g-1 at 0.3 and 6 C, 920 

respectively. Carbon foam current collectors have also been fabricated by the 921 

carbonization of melamine or PVDF for silicon anodes in other studies [212, 213]. A 922 

10-layer carbon nanotube current collector with an extremely low density of 2 mg/cm3 923 

has been fabricated for silicon anodes [214]. The silicon anode on the carbon 924 

nanotube current collector delivers a high capacity of about 1600 mAh g-1 at 100 mA 925 

g-1 and remains at 94% after 45 cycles. Besides this, the carbon nanotube current 926 

collector has also been used in the development of flexible LIBs [215-217]. Kim 927 

developed a 3D Si/carbon nanofibre anode by electrospinning [218]. Though the 928 

authors described the anode as current collector-free, carbon nanofibres serve as a 929 

mechanical support and current collector for silicon nanoparticles. The silicon anode 930 

exhibited a high initial capacity of 1957 mAh g-1 at 2 A g-1 and maintained at about 60% 931 

after 400 cycles. Carbon nanofibre current collectors with ultrafine titanium nitride 932 

sheath decoration have also been used for Li metal anodes to alleviate the formation 933 

of Li dendrites [219]. Chao and his colleagues directly fabricated V2O5 nanoarrays 934 

cathode on a graphene foam (also named ‘ultrathin graphite foam’ in some 935 

publications) via a solvothermal synthesis process [220]. The graphene foam has an 936 

ultrahigh porosity of 99.7% and an electrical resistance of 10-3 Ωm which is similar to 937 

carbon fibre papers, serving as a current collector. The V2O5 cathode on the graphene 938 

foam delivers a capacity of 265 and 168 mAh g−1 at 5 and 60 C, respectively. The 939 

capacity remains at 98% at 60 C after 1000 cycles. Many other studies on graphene 940 

foam current collectors have been reported in [221-223].  941 
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 942 

Fig. 7 a) Cyclic voltammetry of fully-, semi-, non-graphitic carbon fibres and Al foil in 943 

1.2 M LiPF6 in EC/DMC (1:2 vol.%) electrolyte (Reproduced with permission [197]. 944 

Copyright 2012 IOP Publishing), b) preparation of Li4Ti5O12 anode on carbon fibre (CF) 945 
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current collector, with super-b carbon black and TEMPO oxidized cellulose nanofibrils 946 

(TOCNF) as a binder, c) macrograph of the flexible Li4Ti5O12 anode on a carbon fibre 947 

current collector, d) capacity vs. cycle number measured at different rates of the 948 

Li4Ti5O12 anode before and after repeat bending (R-bending) (Reproduced with 949 

permission [205]. Copyright 2017 Elsevier). 950 

Table. 6 Carbonaceous current collectors 951 

Type Electrode(s) Current 
rate/C 

Capacity/ 
mAh g-1 

Capacity 
retention 
(cycles) 

Reference 

CFP Si 0.1 1800 75% (40) [200] 

CFP Si 0.1 700 93% (100) [201] 

CFP Sn 1.5 a 152 50% (20) [202] 

CFP LTO 0.1 166 - [205] 

2 124 83% (100) 

10 50 - 

CFP LFP 0.1 150 - [206] 

1 133 - 

CFP Si and 
reduced 

graphene 
oxide 

composite 

0.1 1100 - [208] 

2.5 550 95% (100) 

10 280 - 

CFP Si 1 700 98% (10) [209] 

CFP LVP and 
carbon 

composite 

0.5 122 - [210] 

10 108 95% (1000) 

1 97.4 - 

CF TiO2 0.3 203 - [211] 

3 150 75% (100) 

6 104 - 

CF Si 2000 b 1500 86% (1000) [212] 

CF Si 0.05 2200 81% (123) [213] 

0.1 2200 61% (142) 

0.2 2040 69%(112) 

CNT Si 50 b 1720 - [214] 

100 b 1590 94% (45) 
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800 b 100 - 

CNT LTO 1 153 93% (200) [215] 

CNT LTO 0.25 132 ~100% (80) [216] 

CNT LCO 0.25 134 93% (80) [216] 

CNT LTO 10 b 160 94% (350) [217] 

CNF Si 2000 b 1957 61% (400) [218] 

CNF Li/LFP 1 160 78% (250) [219] 

GF V2O5 5 265 ~100% (500) [220] 

60 168 98% (1000) 

GF Ge 1 1220 96%(1000) [221] 

40 800 - 

GF FeS2 0.2 1250 86% (100) [222] 

GF Li/LFP 0.5 160 88% (100) [223] 

2 106 - 

Note: CFP, CF, CNT, CNF and GF stands for carbon fibre paper, carbon foam, 952 

carbon nanotube, carbon nanofibre and graphene foam, respectively. 953 

a denotes a different unit of mA cm-2 for current rate. 954 

b denotes a different unit of mA g-1 for current rate. 955 

4. Summary 956 

4.1 Comparison of materials 957 

Fig. 8a compares the performance of all materials reviewed in this work in five aspects. 958 

Carbon fibre paper is used to represent carbonaceous materials in comparison. In 959 

terms of electrochemical stability, Ti and carbon fibre have the largest stable potential 960 

range of 0 – 5 V vs. Li/Li+, allowing them to be employed as current collectors for both 961 

cathodes and anodes. Al has a relatively large stable potential range of ~0.5 – 5 V vs. 962 

Li/Li+ because the alloying reaction of Al and Li takes place at potentials close to 0 V 963 

vs. Li/Li+. Cu and Ni are stable at potentials up to 3.5 V vs. Li/Li+. Stainless steel has 964 

the smallest stable potential range of 0 – 3 V vs. Li/Li+. Thus, Cu, Ni and stainless steel 965 

can be used as current collectors for anodes only. 966 

The second criterion is electrical conductivity. Cu has the lowest resistivity of 1.68 x 967 

10-8 Ωm, followed by Al (2.65 x 10-8 Ωm), Ni (6.93 x 10-8 Ωm), Ti (3.9 x 10-7 Ωm), 968 

stainless steel (7.2 x 10-7 Ωm) and carbon fibre paper (8 x 10-4 Ωm). A common query 969 

about the performance of Al current collectors is the effect of the air-formed Al2O3 layer 970 



44 
 

on the electrical conductivity. Comparing the theoretical electrical conductivity of pure 971 

Al and the measured electrical conductivity of untreated Al wires and rods shows that 972 

the Al2O3 layer does not affect the electrical conductivity of Al current collectors. It is 973 

generally accepted that other metals and carbon-based materials are stable under the 974 

exposure of air. To the best of our knowledge, very little work has been done on the 975 

effect of passivation films on the electrical conductivity of current collectors. The 976 

contact resistance between the current collector and electrode is much higher than the 977 

resistance of the current collector itself and there has been much work in modifying 978 

the surface to improve adhesion and through-plane conductivity. It is necessary to 979 

minimise the contact resistance to improve the overall conductivity in practical 980 

applications. 981 

In terms of tensile strength, the order of the metal foils from high to low, is Ni (730 982 

MPa), stainless steel (454 MPa), Ti (360 MPa), Cu (~325 MPa) and Al (25 MPa). 983 

Carbon fibre papers have a tensile strength lower than 5 MPa. Advantageously, the 984 

soft structure makes carbon fibre paper an ideal choice for flexible current collectors.  985 

When it comes to density, carbon fibre papers are the lightest material with a density 986 

of about 0.44 g/cm3, followed by Al (2.7 g/cm3), Ti (4.51 g/cm3), stainless steel (7.9 987 

g/cm3), Ni (8.9 g/cm3) and Cu (8.96 g/cm3). As the conventional Cu current collector 988 

takes up 13% of the total weight of a LIB, assuming other conditions are the same, 989 

replacing the Cu foil with an identically sized carbon fibre paper as the current collector 990 

is expected to reduce the total weight of the LIB by 12% and thus increase the 991 

gravimetric capacity by 14%. 992 

Last but not least, the cost and sustainability vary with materials greatly. Based on the 993 

online quotation from Goodfellow in June 2020, the order of the six types of foils in 994 

cost, from low to high, is carbon fabric ($ 60 /m2), Al ($ 130 /m2), Cu ($ 640 /m2), Ni 995 

($ 795 /m2), stainless steel ($ 842 /m2) and Ti ($ 3100 /m2). All of the foils have similar 996 

thicknesses around 20 µm and purity higher than 99%. In terms of sustainability, 997 

carbon is the most abundant material among the six materials, followed by Al, stainless 998 

steel (based on Fe reserve), Ti, Ni and Cu [224, 225]. Recyclability is an important part 999 

of sustainability. It is reported that Al and Cu foils can be easily separated from 1000 

electrode active materials by ultrasonic treatments or heating and then recycled or 1001 
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reused [226-228]. However, the recyclability of other materials has not been well 1002 

investigated. 1003 

4.2 Effects of structures and treatments 1004 

Current collectors are normally employed in the forms of foil, mesh and foam. Foil is 1005 

the simplest structure which is easy to produce and process. However, the mediocre 1006 

performance of foil current collectors makes it is difficult to meet the requirements for 1007 

next-generation LIBs. Mesh current collectors are expected to improve electrode 1008 

performance due to increased surface area and enhanced charge transfer kinetics. 1009 

The limitation is that mesh current collectors have low mechanical strength. Foam 1010 

current collectors can provide even higher surface area than mesh current collectors. 1011 

Besides, the porous structure also allows high mass loading, efficient Li-ion diffusion, 1012 

fast charge transfer and accommodation of electrode volume change during cycling, 1013 

greatly improving electrode performance. It also should be noted that the electrode 1014 

loading technique is crucial when using mesh and foam current collectors. For 1015 

example, a large amount of active material can be loaded evenly on foam current 1016 

collectors by electrodeposition, thus enhancing performance, while very limited active 1017 

material can be loaded via dip-coating, causing a huge waste of useful surface area.  1018 

Chemical etching and coating are two commonly used treatments for current collectors. 1019 

Chemical etching can effectively roughen the surface of current collectors, which is 1020 

favourable for improving adhesion and interfacial conductivity between electrodes and 1021 

current collectors as well as electrode/electrolyte charge transfer kinetics. Current 1022 

collectors with patterns for particular purposes can be fabricated by selective etching 1023 

to alleviate the volume change of some specific anodes. Nevertheless, chemical 1024 

etching may also bring a risk of contamination and reduce the mechanical strength of 1025 

current collectors. Coating is an effective way to change the surface material to 1026 

achieve better performance. The coated material can improve the electrochemical 1027 

stability, charge transfer property, interfacial adhesion and conductivity of current 1028 

collectors. Besides, current collectors coated with lithiophilic materials, e.g. CuO and 1029 

Ag, can reduce the nucleation overpotential and guide uniform Li nucleation and 1030 

deposition, effectively preventing the formation of Li dendrites.  1031 
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 1032 

Fig. 8 a) Comparison of Al, Cu, Ni, Ti, stainless steel and carbon fibre in five aspects 1033 

of stable potential range, electrical resistivity, tensile strength, density and cost; b) 1034 

main advantages and disadvantages of current collectors with three different 1035 

structures of foil, mesh and foam, as well as two treatments of chemical etching and 1036 

coating. Note: the carbon fabric with a thickness of 0.15 mm costs $ 440 /m2, which is 1037 

equivalent for $ 60 /m2 for carbon fabric with a thickness of 20 µm. 1038 

4.3 Future directions 1039 

The development of next-generation LIBs will go in the direction of higher capacity, 1040 

longer service lifetime, more environmental-friendliness and lower cost, which requires 1041 
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potential current collectors to be more electrochemically stable, more conductive, 1042 

lighter and cheaper. Additionally, current collectors with flexible structures are also 1043 

necessary for the applications of future wearable devices. To achieve this goal, further 1044 

efforts should be made on the following topics. 1045 

 Carbonaceous materials have been regarded as a promising alternative to 1046 

conventional Al and Cu current collectors in the literature. However, the use of 1047 

carbonaceous materials in real LIBs is still problematic due to low weldability. At 1048 

present, all metallic current collectors are connected with electrode tabs by welding, 1049 

providing a good bonding and electrical contact. However, It is very hard to weld 1050 

carbonaceous materials due to the extremely high temperature and pressure 1051 

needed for melting [229]. Therefore, more efforts should be made on securing good 1052 

contacts between the carbonaceous current collectors and electrode tabs.  1053 

 Porous current collectors are ideal choices for high electrode mass loading [230, 1054 

231]. On the one hand, the enhanced mass loading can improve absolute LIB 1055 

capacity. On the other hand, the enhanced mass loading may sacrifice gravimetric 1056 

capacity due to increased internal electrical resistance and limited Li-ion diffusion 1057 

[98]. We need to optimise the porous structure of current collectors, e.g. porosity, 1058 

pore size and pore shape, to increase electrode mass loading as well as keep 1059 

electrical resistance low and Li-ion diffusion rate high. So we can improve both 1060 

absolute and gravimetric capacity of LIBs at the same time. 1061 

 Polymers have lower densities than metals and better mechanical strength than 1062 

carbonaceous material, which is a potential material for current collectors [232]. In 1063 

addition, polymers are expected to have better corrosion resistance than 1064 

conventional metal current collectors. Nevertheless, low electrical conductivity is a 1065 

major obstacle for polymeric current collectors. The electrical conductivity of 1066 

polymeric current collectors needs further improvement to meet the requirements 1067 

for high power LIBs. Another concern is the thermal conductivity and stability. 1068 

Metallic current collectors transfer heat in addition to electrons. Future polymeric 1069 

current collectors need similar high thermal conductivities to avoid heat 1070 

accumulation in LIBs and provide thermal stability in the normal operating 1071 

temperature range. 1072 

 Surface coating is a commonly used treatment to make current collectors more 1073 

stable, conductive and improve adhesion properties. Thick coatings can add extra 1074 
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weight to LIBs, while thin coatings may result in insufficient protection and 1075 

conduction [70]. A uniform coating layer with an appropriate thickness is beneficial 1076 

for high LIB performance. Thus, the coating thickness and uniformity need to be 1077 

precisely controlled. Besides, the coating material is also an important factor. 1078 

Current collectors coated with lighter and more conductive materials are desirable 1079 

for the next generation LIBs. 1080 

 Recycling or reusing conventional current collectors can not only protect our 1081 

environment but also provide a secondary source of some valuable materials, 1082 

reducing the cost of current collectors [29]. To our knowledge, although the 1083 

strategy for the recycling of Al and Cu foils from end-of-life LIBs has been proposed 1084 

in many studies [226-228], subsequent characterisation and testing of the recycled 1085 

Al and Cu foils have not been well reported. Whether the recycled Al and Cu current 1086 

collectors can be directly reused in new LIBs is still unknown. Furthermore, 1087 

knowledge about the recyclability of other current collectors is still lacking and 1088 

needs investigating. 1089 

Abbreviation  1090 

CMC     Carboxymethyl cellulose 
DG Diglyme 
EC    Ethylene carbonate 
EMC Ethyl methyl carbonate 
DEC Diethyl carbonate 
DMC Dimethyl carbonate 
LCO Lithium cobalt oxide, LiCoO2 
LFP Lithium iron phosphate, LiFePO4 
LMO Lithium manganese oxide, LiMn2O4 
LNMO Lithium nickel manganese oxide, LiNi0.5Mn1.5O4 
NMC Lithium nickel manganese cobalt oxide, LiNiMnCoO2 
LTO Lithium titanate oxide, Li4Ti5O12 
LVP Lithium vanadium phosphate, Li3V2(PO4)3 
MFA Methyl difluoroacetate 
PC Propylene carbonate 
β-PVDF β‐phase polyvinylidene difluoride 
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