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A B S T R A C T   

Anode-free lithium metal batteries and solid-state batteries represent some of the most promising alternatives to 
the current Li-ion technology. The possibility to reach high energy density, due to the exploitation of Li-metal 
plating/stripping and the elimination of excess anode material, motivate the interest at both academic and in
dustrial levels. Despite these favourable properties, the use of Li-metal has always been extremely challenging 
and inefficient. This becomes particularly relevant in anode-free systems where no excess of lithium is introduced 
in the cell. The efficiency and quality of the deposition process is therefore of utmost importance. To optimize the 
Li-metal plating process, a combination of solid polymer electrolytes and a lithiophilic metal is applied herein, 
using in situ deposition of a zinc interlayer from a PEO-based SPE to modify the Cu current collector. Im
provements in specific capacity, coulombic efficiency and cyclability with the addition of zinc as lithiophilic 
metal is verified in full anode-free solid-state Li-batteries, while plating/stripping in half-cell configuration 
provides additional insights into the relevant mechanisms. The exploitation of the in situ deposited lithiophilic 
layer reveals an innovative and practical optimization strategy for the future of anode-free solid-state batteries.   

1. Introduction 

Li-ion batteries constitute an essential technology for efficient energy 
storage and they are indeed heavily employed to power portable de
vices, electric vehicles and much other “intelligent” technology [1]. This 
is mainly due to their good balance between gravimetric and volumetric 
energy density and the optimal reversibility and efficiency of the elec
trochemical process [2]. Despite these great advantages, a drastic in
crease in energy density is still desired, especially to boost the mileage of 
electric vehicles or for the employment of more dividing applications 
(heavy vehicles, aviation, etc.). Moreover, Li-ion batteries face some 
other challenges and risks to be addressed in terms of sustainability, 
safety and performance [1]. Finding improved alternatives to Li-ion 
batteries is therefore a critical challenge for the scientific community. 

In this regard, Li-metal batteries offer higher energy density and are 
seen as promising candidates. The Li metal anode has a theoretical 
specific capacity of 3862 mAh g− 1, some ten times higher than graphite 
(372 mAh g− 1) and an electrode potential which is the lowest among all 

the elements. Anode-free lithium batteries (AFLBs), which also rely on 
the Li-metal plating/stripping reaction, could reach even higher volu
metric and gravimetric energy density have potentially even higher 
energy density by removing also the Li-metal anode from the cell; by 
around 50% compared to Li-ion batteries [3]. 

Batteries relying on Li-metal as the anode material have been widely 
studied at the research level, but commercialization of the technology 
has mainly occurred as primary batteries, with very few exceptions. The 
main reason is that the plating reaction (i.e. the charging phase) of Li 
spontaneously takes place by uneven deposition of the Li layer, forming 
dendritic structures that may cause short-circuits, excessive side re
actions, loss of capacity and failure of the device. For AFLBs, removing 
the presence of any excess of metallic lithium at the anode causes this 
effect to be even more amplified and an extremely high coulombic ef
ficiency is therefore required in order not to waste the lithium supplied 
by the cathode material [4,5]. 

In order to effectively unlock the full potential of AFLBs, there is a 
need to optimize the growth of the Li layer in a compact and 
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homogeneous way. Among the various strategies that have been pro
posed in recent years [6–11], solid-state batteries (SSBs) represent a 
valuable solution. SSBs are nowadays one of the most heavily studied 
and promising technologies, substituting flammable and toxic liquid 
electrolytes with all-solid-state counterparts that can be either inor
ganic, polymeric or a combination of both in a composite [12–16]. In 
particular, solid polymer electrolytes (SPEs) can guarantee greater 
control and tunability at the electrode-electrolyte interface, following 
the surface roughness of the electrode material (or Cu current collector 
in the case of AFLBs) [17]. Moreover, the improved mechanical prop
erties, compared to the liquid counterpart, make it more difficult for 
dendrites to grow and to damage the electrolyte [18]. SPEs are therefore 
promising candidates for AFLBs as they help the Li-metal to grow ho
mogeneously, avoiding dendrites [19–22]. 

Another useful strategy to optimize the lithium growth in AFLBs is to 
modify the Cu current collector by means of lithiophilic metals [23,24]. 
This class of metals (e.g. Sn, Zn, Ag, Au, etc.) are lithium-wettable, 
meaning that with these metals, Li would nucleate homogeneously on 
the current collector and preferably grow as a uniform interlayer 
[25–29]. In contrast, a high overvoltage to nucleation, typical of lith
iophobic elements like Cu, lead to the formation of scattered nucleation 
sites, causing the formation of dendrites [30]. Lithiophilic metals are 
usually deposited on top of the current collector by advanced deposition 
techniques (e.g. chemical, thermal, sputtering), in order to control the 
uniformity and their amount to a few layers [31–34]. These deposition 
techniques are expensive and slow, and generally poorly suitable to 
scale-up at the industrial level. An alternative option is to coat the Cu 
current collector with lithiophilic metal powder in the form of a slurry 
electrode [35,36]. A lithiophilic metal slurry, despite being a much 
cheaper and scalable solution, introduces extra steps in the battery 
manufacturing line and reduces the overall volumetric energy of the 
battery, a major positive aspect of AFLBs. Another possibility is elec
trodeposition of lithiophilic metals on top of the Cu current collector, 
but a high uniformity over large areas is generally difficult on very thin 
substrates, like Cu [37]. 

In the present work, the effect of solid polymer electrolytes and 
lithiophilic metals for optimization of AFLBs are studied together. 
Polyethylene oxide (PEO) was selected as solid polymer electrolyte host 
material. Lithiophilic zinc metal salts were introduced in the matrix and 
their effect on the electrochemical performance was evaluated through 
full-cell characterization and moreover by employing a specific plating- 
stripping protocol for anode-free systems. 

2. Experimental 

2.1. Polymer electrolyte preparation 

Polymer electrolytes were prepared in an Ar-filled glovebox (H2O <
1 ppm, O2 < 1 ppm). The polymer poly(ethylene oxide) (PEO Mv ≈

2,000,000, Sigma-Aldrich), the Li+salts LiTFSI (BASF) and LiDFOB 
(Sigma Aldrich) and the lithiophilic metal salts Zn(OTf)2 (TCI) and 
ZnTFSI (Sigma-Aldrich) were dissolved in anhydrous acetonitrile 
(Sigma-Aldrich) and stirred overnight before being cast in PTFE molds 
and vacuum dried in a glovebox. The solvent was completely removed 
through a carefully optimized drying protocol described elsewhere [38]. 
The films were hot-pressed at 80 ◦C and 20 MPa to control their thick
ness to 100 µm ± 10 µm and punched to ø12 mm and ø15 mm samples 
for impedance and charge-discharge testing, respectively. The Li+ salts 
were vacuum dried at 120 ◦C for 48 h before use. For the nomenclature 
of the samples, the number after the lithiophilic element (i.e. Zn) rep
resents the weight percentage of the salt with respect to the polymer 
weight. The Li+ salt content was kept constant at 25 wt% (EO/Li ≈ 26), 
for all the samples while the lithiophilic metal salt was varied. The no
tation wt% refers to the percentage relative to the mass of PEO. 

2.2. Electrodes preparation 

LiFePO4 (LFP) electrodes were prepared by ball milling the LFP 
active material powder (Tobmachine) with carbon black (CB, C65, 
Imerys) and PEO (Mv ≈ 400,000, Sigma-Aldrich) as binder with the ratio 
LFP/CB/binder = 70:15:15 and using anhydrous acetonitrile as solvent. 
The electrode slurry was coated on aluminum foil with a doctor blade 
gap of 150 μm. The electrodes were dried overnight at room tempera
ture, punched and dried in a vacuum oven (Buchi) at 120 ◦C for 5 h and 
finally stored in a protected atmosphere inside an Ar-filled glovebox 
(H2O < 0.5 ppm, O2 < 0.5 ppm). The active mass loading of the as- 
prepared electrode was around 1.5 – 2.0 mg cm− 2. 

Copper foil current collectors (30 µm thick) were punched and 
cleaned with diluted hydrochloric acid (HCl 5%, Sigma Aldrich) to 
obtain a fresh surface, washed with deionized water and ethanol, care
fully dried in a vacuum oven at 60 ◦C and stored in a protected atmo
sphere to avoid further oxidation of the surface. 

2.3. Electrochemical characterization 

The ionic conductivity of the polymer electrolytes was studied 
through electrochemical impedance spectroscopy (EIS). EIS analysis was 
performed between 10 MHz and 1 Hz applying a single-wave potential 
perturbation with an amplitude of 10 mV around the OCV, in the tem
perature range 22–80 ◦C using a Schlumberger 1260 frequency response 
analyzer. One day prior to the test, coin cells (CR2025, MTI), containing 
the films were annealed at 80 ◦C for 1 h to ensure good contact with the 
stainless steel blocking electrodes. The bulk resistance of the polymer 
electrolytes was determined by fitting a Debye circuit using ZView 
software (Scribner Associates). Coin cells (CR2032, MTI) were assem
bled as zero-excess anode-free solid-state batteries using a ø13 mm Cu 
current collector as anode and a ø13 mm LFP electrode as cathode, with 
the polymer film sandwiched in between. Zero-excess means that the 
negative/positive electrode capacity ratio (N/P ratio) is equal to zero. 
Galvanostatic cycling tests were performed with a battery tester equip
ment (Arbin BT-2043). Constant current cycling tests were performed at 
0.1C at a fixed temperature of 60 ◦C, with an upper and lower cut-off 
voltage of 4.0 V and 2.7 V, respectively. The cells were allowed to rest 
at OCV conditions for 10 h at 60 ◦C prior to testing to ensure good 
interfacial contact. Plating/stripping tests were performed in coin cells 
(CR2032), assembled in a half-cell configuration using a Cu current 
collector as the working electrode and Li-metal as counter electrode with 
the solid polymer membranes as electrolyte. The plating/stripping 
protocol was designed to carefully analyze the nucleation of the lith
iophilic layer and the coulombic efficiency without any influence from 
the cathodic material. This was performed at 50 µA cm− 2 with a fixed 
plating areal capacity of 0.025 mAh cm− 2 at 60 ◦C. 

3. Results and discussion 

PEO was selected as the solid polymer electrolyte host material, 
combined with LiTFSI as the Li+ charge carrier and lithiophilic zinc in 
the form of TFSI and triflate salts, being easily accessible and soluble 
zinc sources. The Zn-salts were dissolved in the polymer solution along 
with the Li-salt, so that the resulting SPE contained both Li+ and the 
Zn2+ ions of the lithiophilic metal. By having a reduction potential 
higher than that of Li, the deposition of Zn will occur before the Li 
plating in the very first charging step, forming a very thin layer 
controlled by the amount of Zn-salt added to the SPE. Moreover, with Zn 
having an oxidation potential outside of the operating potential range of 
the electrode during battery operation, this layer should not be affected 
by the subsequent charge-discharge cycles. Zn is in this context a 
particularly effective lithiophilic metal, which can be plated at a po
tential (− 0.76 V vs SHE) between the Li plating/stripping reaction 
(− 3.04 V vs SHE) and conventional Li-battery cathode materials which 
operate at potential values higher than 0 V vs SHE. 
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To assess the influence of the lithiophilic metals, PEO-based SPEs 
were prepared by a solvent casting technique containing a fixed amount 
(25 wt%) of either LiTFSI or LiDFOB and Zn(OTf)2 (triflate) or ZnTFSI as 
the source of Zn2+ ions. The effect of the triflate-based lithiophilic salts 
on the ionic conductivity of the PEO:LiTFSI SPE was first analyzed 
through electrochemical impedance spectroscopy performed at different 
temperatures, ranging from room temperature to 80 ◦C. The total ionic 
conductivities were calculated from the bulk resistance of the imped
ance data, showing good agreement with previously published results on 
PEO:LiTFSI systems [39,40]. The ionic conductivity ranged from 10− 6 to 
10− 4 S cm− 1 with increasing temperature, confirming that the lith
iophilic metal salt did not have a large effect on the mobility of the other 
ions in the SPEs (Fig. 1). Through DSC analysis, it was also confirmed 
that the lithiophilic metal salt did not affect either the Tg or the Tm of the 
SPEs, which remained almost constant around − 33.0 ◦C and 62 ◦C, 
respectively (Figure S1). For the 12.5 wt% Zn(OTf)2 electrolyte, a less 
remarkable kink is found in the ionic conductivity around Tm, although 
both electrolytes feature this kink at about the same temperature (in line 
with the similar melting points as determined by DSC). This difference in 
behavior rather seems to be caused by differences in conduction 
behavior above and below Tm for these systems. It is possible that due to 
the high donor number of triflates, the presence of Zn(OTf)2 can also 
affect Li+ movement and explain the change in temperature dependence 
observed [41]. 

In order to test the behavior of the zinc salts on battery cycling, 
anode-free cells (Cu vs. LFP) were assembled in a coin cell configuration. 
The PEO electrolyte containing only LiTFSI salt showed generally worse 
cycling performance (Fig. 2). In particular, the 1st cycle capacity was 82 
mAh g− 1 for the PEO:LiTFSI SPE, while upon addition of Zn(OTf)2 a 
value as high as 125 mAh g− 1 for a concentration of lithiophilic salt of 
2.5 wt% could be achieved for the same LFP cathode material. The 
specific capacity of the battery during cycles is highly dependent on the 
initial coulombic efficiency (ICE), especially when an anode-free 
configuration is employed. Indeed, as can be seen in Fig. 2, a low ICE 
is associated to a low initial specific capacity. While the results suggest 
that the PEO:LiTFSI electrolyte is not a very efficient system in the 
anode-free configuration, they also clearly indicate a positive effect of 
the addition of the lithiophilic salt, which is able to increase both the 
delivered capacity and the coulombic efficiency of the cell. An overall 
better capacity retention of the battery was achieved, even though the 
remaining specific capacity after merely 10 cycles was not enough to 

further continue the characterization. For comparison, an SPE contain
ing LiDFOB salt was produced as an alternative source of Li+ and the 
effect of ZnTFSI was also analysed in both LiTFSI- and LiDFOB- 
containing PEO matrices as an alternative Zn2+ source. Zn(OTf)2 was 
found to outperform ZnTFSI in both LiTFSI and LiDFOB systems, and 
LiDFOB showed less capacity fading than LiTFSI (Fig. S3-S4). These 
results suggests that TFSI -containing salts may not be the most suitable 
ones for anode-free systems. It is possible that the TFSI is more prone to 
decomposition during the SEI formation with respect to other counter 
ions (e.g. TfO– and DFOB tested herein) [42]. 

To have a more clear insight into the effects of using the lithiophilic 
salt, a plating/stripping protocol involving Cu vs. Li (i.e., half-cells) in a 
coin cell configuration was introduced. By removing the influence of the 
cathode material, it is possible to investigate the Li plating/stripping 
process solely and obtain direct information on the coulombic effi
ciency, nucleation overpotentials and on the amount of Li-metal 
deposited. Fig. 3a and b show the very first cycle of the plating/strip
ping test for different amounts of Zn triflate salt, followed by the first full 
Li plating/stripping cycle. The deposition of a layer of lithiophilic ma
terial, obtained in situ during operation, is evident in the first plating 
cycle, with the appearance of a voltage plateau at around 1.0 V vs Li+/Li. 
This nucleation and subsequent plating region starting at 1.0 V vs Li+/Li 
is associated to Zn-metal deposition, which is taking place significantly 
above the Li plating region that is typically below 0.0 V vs Li+/Li. This 
plateau shows an increase in capacity as the amount of zinc salt is 
increased and is most apparent at the highest concentration of Zn(OTf)2 
(25 wt%); see Fig. 3b. In this case, the plating capacity of the lithiophilic 
layer was higher than 0.025 mAh cm− 2, so the plating curve sub
sequentially shows some spikes associated to the beginning of another 
plating cycle, until all the lithiophilic material was deposited. 

In this half-cell configuration, it is likely that the lithiophilic salt 
interacts spontaneously with the Li-metal electrode upon cell assembly. 
This would explain why a higher amount of Zn-salt was required to 
obtain comparable performance to the full-cell cycling. 

By limiting the upper voltage for the Li stripping, it should be 
possible to maintain the zinc layer unaffected in the subsequent cycles, 
since it will not undergo any electrochemical oxidation. As a conse
quence, the Li plating/stripping reaction will occur on the Zn-modified 
current collector surface instead of on the bare Cu current collector. 
Fig. 3c displays the 20th cycle of the plating/stripping protocol for the 
different applied concentrations of Zn(OTf)2. The effect of Zn was also 
analyzed through cyclic voltammetry (CV) and linear sweep voltam
metry (LSV) in Fig. S2, confirming the presence of peaks associated with 
the Zn-metal before the Li-nucleation regime, around 1.0 V vs Li+/Li. In 
Fig. 3c, the lower nucleation overpotential for Zn-containing SPEs 
demonstrates a better plating of the lithium layer compared to the bare 
Cu current collector. The bare Cu sample displays a sharp voltage dip 
and a high nucleation overpotential of around 20 mV during cycling 
(inset of Fig. 3c), indicative of irregular nucleation sites, mainly 
responsible for dendrites growth and mossy structures [43]. After the 
very first cycle, no further plating of the lithiophilic Zn-metal could be 
seen, demonstrating that the zinc layer deposited at the beginning re
mains unaffected largely during cycling. Here, it provides an improved 
coulombic efficiency. Comparing the coulombic efficiencies in the 
plating/stripping cycles (Fig. 3d), the presence of the lithiophilic salt in 
the SPE helps achieving higher efficiency values and better stability 
upon cycling, being around 60% in the PEO:LiTFSI system and around 
80% when Zn(OTf)2 is added, for more than 100 cycles. An uncontrolled 
deposition and dendrite formation for the Zn-free reference PEO:LiTFSI 
system started to become evident above 100 cycles, as seen from the 
irregular behavior of the coulombic efficiency in Fig. 3d, likely corre
sponding to inactive lithium and loss of connection from the current 
collector. These results from the plating-stripping test are in accordance 
with the cycling data shown above for the full anode-free solid-state 
LFP-based battery, confirming a good reliability of the employed 
half-cell protocol, which also offers additional control and relevant 

Fig. 1. Ionic conductivity as a function of temperature for PEO:LiTFSI and PEO: 
LiTFSI:Zn(OTf)2 SPEs (LiTFSI concentration fixed at 25 wt% and Zn(OTf)2 
concentration of 12.5 wt%). 
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information regarding the plating/stripping reaction. Furthermore, by 
increasing the amount of Zn(OTf)2 to 25 wt%, an even higher coulombic 
efficiency, close to 90%, was achieved (see Fig. 3d), again highlighting 
the positive effect of the lithiophilic layer. 

4. Conclusions 

An innovative and practical strategy, exploiting the joint effect of 
lithiophilic metals and solid polymer electrolytes is here proposed to 
improve the efficiency of the Li-metal plating/stripping reaction for 
anode-free solid-state lithium metal batteries. To this end, lithiophilic Zn 
triflate was added to a conventional PEO-based SPE containing LiTFSI 
salt. The addition of secondary salt did not negatively affect the SPE 

properties, but instead contributed to an improvement of the specific 
capacity of an anode-free solid-state Cu||LFP battery. In particular, the 
specific capacity of the first cycle was increased from 82 mAh g− 1 to 126 
mAh g− 1 and the capacity fading was reduced. Moreover, a plating/ 
stripping protocol was implemented and the possibility to in situ deposit 
an interlayer of lithiophilic zinc metal on the Cu current collector during 
the very first cycle was demonstrated. Thereby, it was possible to 
facilitate the Li-metal deposition process and increase the coulombic 
efficiency up to 90% for the Zn-containing SPE. This is likely a direct 
consequence of the better nucleation of the Li-metal on top of the lith
iophilic metal, reducing the formation of dendrites and dead lithium. 
These results propose a straightforward way to exploit lithiophilic 
metals by the direct addition to the SPE in the form of salts, and plating 

Fig. 2. a) Specific capacity and b) coulombic efficiency of anode-free batteries (Cu vs. LFP, N/P=0) with PEO:LiTFSI containing different amount of Zn(OTf)2 (0, 2.5, 
5.0 and 12.5 wt% respectively). Tests performed at 60 ◦C, 0.1 C (≈ 40 µA cm− 2), voltage interval 2.7 – 4.0 V. The shaded area represents the standard deviation. 

Fig. 3. Plating/stripping curves of Cu vs. Li with the SPEs in between with different amounts of Zn-salts. a, b) First cycle of the plating/stripping protocol. Plating 
capacity = 0.025 mA cm− 2; c) 20th cycle of plating/stripping protocol, inset showing the Li nucleation region; d) coulombic efficiency of plating/stripping tests. 
Current density = 0.05 mA cm− 2, T=60 ◦C. 
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them in situ during operation. For anode-free systems, this demonstrates 
the possibility to improve the critical efficiency and the reversibility of 
the Li-metal deposition process. 
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