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Abstract
Single lithium-ion conducting polymer electrolytes are promising candidates for next generation safer lithium batteries. In 
this work,  Li+-conducting Nafion membranes have been synthesized by using a novel single-step procedure. The Li-Nafion 
membranes were characterized by means of small-wide angle X-ray scattering, infrared spectroscopy and thermal analysis, 
for validating the proposed lithiation method. The obtained membranes were swollen in different organic aprotic solvent 
mixtures and characterized in terms of ionic conductivity, electrochemical stability window, lithium stripping-deposition 
ability and their interface properties versus lithium metal. The membrane swollen in ethylene carbonate:propylene carbon-
ate (EC:PC, 1:1 w/w) displays good temperature-activated ionic conductivities (σ ≈ 5.5 ×  10–4 S  cm−1 at 60 °C) and a more 
stable Li-electrolyte interface with respect to the other samples. This Li-Nafion membrane was tested in a lithium-metal cell 
adopting  LiFePO4 as cathode material. A specific capacity of 140  mAhg−1, after 50 cycles, was achieved at 30 °C, demon-
strating the feasibility of the proposed Li-Nafion membrane.

Keywords Lithiated Nafion membrane · Lithium anode · Lithium polymer batteries · One step lithiation procedure · Single-
ion conducting polymer

Introduction

Lead acid and lithium-ion batteries (LIBs) represent the 
state of the art of today's market for rechargeable batteries. 
Nowadays, LIBs are used in different applications ranging 
from consumer electronics, electric vehicles, and large-
scale grid energy storage systems [1, 2]. Consequently, the 
ever-increasing requirements of high performance lithium 
ion batteries with both higher energy and power densities, 
are urgent. However, in the last years, because of acci-
dents such as the Tesla electric car battery fire, the Boe-
ing 787 Dreamliner battery problems, Samsung Note 7 fires 

and explosions [3], sustainability and safety requirements 
became mandatory.

Current LIBs use a mixture of linear and cyclic alkyl 
carbonate-based liquid electrolytes which are flammable 
and corrosive making them unstable and unsafe. Their sub-
stitution with solid polymer electrolytes (SPEs) can be con-
sidered a valuable solution for enhancing the safety and the 
energy density of the next-generation LIBs, thanks to their 
good flexibility, no-leakage, less-flammability, and light 
weight.

Furthermore, they can reduce or, even prevent, the grow-
ing of dendrites on lithium metal anodes, ensuring the safety 
of batteries for prolonged charge/discharge cycling [4, 5].

However, the field of polymer electrolytes is an emerg-
ing class of solid-state ionic conductors (SSICs), which 
need to be explored. A polymer system to be used as elec-
trolyte in lithium-ion batteries must satisfy several require-
ments such as high ionic conductivity (>  10–4 S  cm−1) at 
room temperature, high chemical, thermal and mechani-
cal stabilities, good electrode–electrolyte interface. Now-
adays, these polymer electrolytes suffer from important 
limitations compared with traditional liquid electrolytes. 
The low ionic conductivity of these systems (<  10–4 at 
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room T) and the poor compatibility in electrode–electro-
lyte interfaces, which result in unstable cycle stability, are 
not suitable for lithium-ion battery applications [6, 7].

To be competitive within the energy market, the afore-
mentioned issues must be solved. In this context, lithiated 
ion-exchange membranes, such as perfluorinated sulfonic 
membranes, can be considered an interesting approach 
for developing future polymer electrolytes, due to their 
single-ion property which facilitates fast  Li+ transport 
and guarantees a  Li+ transference number equal to one 
[8, 9]. Moreover, this type of membranes does not require 
the addition of unstable and corrosive lithium salts (e.g., 
 LiPF6,  LiBF4,  LiClO4) used to promote Li ion mobility, 
optimizing the electrolyte conductivity. This allows also 
to reduce the overall cost of the battery cell [10].

In this context, Nafion membrane (DuPont), currently 
used as electrolyte in low temperature fuel cell devices, 
is one of the most common and commercially available 
perfluorinated ion-exchange membranes, thanks to its 
excellent features such as ionic conductivity under fully 
hydrated conditions, high thermal, and mechanical stabili-
ties [11, 12]. One of the most noticeable characteristics of 
Nafion membranes is that they are single-ion conductors; 
they can transfer cations selectively due to the presence of 
sulfonic groups (–SO3

− anions) covalently bonded to the 
polymer chains and unable to move through the membrane, 
avoiding the detrimental effect of anion polarization dur-
ing cell operation [13, 14]. However, Nafion membranes, 
being proton-conductive, need a lithiation process, before 
using them as electrolyte in LIBs.

The most common procedure to prepare lithiated Nafion 
membranes is based on the use of 1 M lithium hydroxide 
(LiOH) solution to convert H-Nafion membrane in the 
lithium form [15–17]. Nevertheless, this method allows 
to exchange only a limited number of protons, result-
ing in low ionic conductivity obtained for the lithiated 
membranes.

In this paper, we propose a novel synthesis route for 
lithiated-Nafion membrane, based on a single-step solvent 
casting method, where both the preparation and lithiation 
processes of the Nafion membrane occur at the same time. 
Physical–chemical characterizations of both H-Nafion and 
Li-Nafion membranes were carried out through a multi-
level approach by small and wide-angle X-ray scattering 
(SAXS-WAXS), Fourier transform infrared spectroscopy 
(ATR-FTIR), and thermogravimetric analysis (TGA). The 
electrochemical stability window analysis and the ionic 
conductivity of the Li-Nafion membrane were investigated 
by adopting non aqueous solvents as swelling media. The 
electrolyte with better electrochemical results was studied 
in a secondary cell using  LiFePO4 (LFP) as cathode mate-
rial and lithium metal as anode.

Results and discussion

Lithiated Nafion (Li-Nafion) membranes were prepared 
by following a novel one-step casting procedure where the 
preparation and lithiation of the membrane occur simul-
taneously. In detail, lithium hydroxide was dissolved at 
80  °C into a commercial Nafion (E.W. 1100) solution 
at a 5 wt% concentration with respect to the dry Nafion 
content. Subsequently, solvents were replaced with N,N-
dimethylacetamide and the final mixture was casted and 
dried on a Petri dish. In this way, we obtained a Li-Nafion 
membrane with a homogeneous thickness around 60 µm, 
as observed from SEM images in Figure S1.

These membranes were compared with the H-Nafion 
membranes prepared with the common procedure 
described in the experimental section.

Small-angle and wide-angle X-ray scattering (SAXS-
WAXS) studies have demonstrated that Nafion membrane 
is structured in a three-phase system consisting of (1) an 
inhomogeneous polymer matrix at the tens of nanometer 
scale, (2) the ion clusters with characteristic spacings in 
the order of a few nm, and (3) a crystalline phase with 
periodic inter-atomic distances below 1 nm [18]. All these 
phases are recognized in a SAXS-WAXS plot by the rela-
tive peaks, namely the matrix knee, the ionomer peak, and 
the “crystalline” peaks respectively. As reported in the lit-
erature for the H-Nafion membranes, the matrix knee cor-
responds to the size and correlation distances of the more 
electron-dense fluoro-carbon polymer crystallites distrib-
uted in the amorphous polymer matrix and this feature 
depends on the processing conditions but remains almost 
unchanged between dry and water-swollen membranes 
because of its hydrophobic nature. The ionomer peak is 
related to the local ordering of the ionic domains within 
the polymer matrix, in which the water is contained. Thus, 
the position and intensity of this peak are correlated with 
the hydration degree of the Nafion membrane. The last two 
crystalline peaks are due to interatomic spacings of the 
Nafion structure which has a well-known degree of crys-
tallinity, providing the structural integrity and mechanical 
stability of the membrane [19, 20].

In Fig. 1, the SAXS-WAXS plot of a Li-Nafion mem-
brane is compared with that of an H-Nafion sample. As 
visible, all the above-described peaks are recognized in 
both Nafion membrane profiles. However, the lithiation 
procedure seems to lead a re-organisation of amorphous 
structure of the polymer as visible from the diminished 
intensity of both the matrix knee and ionomer peak in 
the Li-Nafion membrane. The replacement of protons 
with lithium seems to alter the structure of the Nafion 
membrane, probably due to an increased degree of cross-
linking within the ionic clusters of the polymer, which 
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can modify the local meso-morphology of the membrane 
[21]. The less defined ionomer peak in the Li-Nafion 
membrane appears shifted to lower angles (1.8 nm com-
pared to 2.2 nm), suggesting a more disordered cluster-
ing of the ionomer domains with larger characteristic 
distances (3.5 nm compared to 2.9 nm, closer to values 
usually observed in hydrated conditions). On the contrary, 
the structural peaks in the WAXS region remain largely 
unchanged; compared to H-Nafion, for the lithiated mem-
brane it can be appreciated an additional broad contri-
bution around 9  nm−1 to the first WAXS peak, which is 
possibly attributed to larger characteristic spacings within 
the amorphous portion of the polymer compared to the 
H-Nafion sample [18].

The goal of the ATR-FTIR studies of the perfluorinated 
ionomers was to verify the conversion of the ionomers 
from  H+ into  Li+ form. FTIR spectra of both hydrated 
Nafion membranes before (H-Nafion membrane) and 
after (Li-Nafion membrane) lithiation are compared 
in Fig.  2. As evident, the main peaks related to the 
Nafion structure, such as the hydrophobic fluorocarbon 
chains (1300–1000  cm−1) and the perfluoroetheral side 
chains (1000–800   cm−1), can be clearly distinguished 
for both samples. It is interesting to note that the peak 
at 1080  cm−1, which is assigned to the –SO3 symmetric 
stretch band, is shifted to high wavenumber, whereas 
the peak at 1710  cm−1, due to the bending band of the 
hydrated H-Nafion membranes, is placed to 1630  cm−1 
in the spectrum of Li-Nafion membrane. These shifts are 
attributed to the interaction between  Li+ ion and oxygen 
and confirm the exchange of protons by lithium ions, in 

agreement with those observed in the IR spectra of lithi-
ated Nafion membranes already reported by other authors 
[16, 22, 23].

The thermal stability of both H-Nafion and Li-Nafion 
membranes were evaluated by TG analysis and are pre-
sented in Fig. 3. As known, the H-Nafion membrane starts 
to decompose just above 300 °C, with the first weight loss 
being the most critical because it is attributed to the split-
ting-off of the sulfuric acid groups in the membrane [24, 
25]. This corresponds to the loss of the ion exchange func-
tionality. Clearly, the Li-Nafion membrane starts decom-
posing at temperatures higher of about 150 °C with respect 

Fig. 1  SAXS-WAXS profiles of dry H-Nafion and Li-Nafion mem-
branes

Fig. 2  ATR-FTIR spectra of hydrated H-Nafion and Li-Nafion mem-
branes

Fig. 3  TGA response of H-Nafion and Li-Nafion membranes
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to H-Nafion, demonstrating a better thermal stability. This 
behaviour can be justified, considering a stronger bonding 
between oxygen and lithium in the Li-Nafion membrane 
compared to the interaction of oxygen with hydrogen in the 
H-Nafion membrane [26].

Considering the results obtained, we can conclude that 
the replacement of  H+ by  Li+ in the Nafion membrane 
through our single-step lithiation procedure was success-
fully achieved.

To be used as polymer electrolyte for LIBs applications, 
Li-Nafion membrane needs to be soaked in anhydrous mix-
tures of organic solvents, to induce the  Li+ ion dissociation 
from sulfonic groups and its mobility within the polymer 
matrix. In our studies, three carbonate-based solvent mix-
tures, i.e., EC (ethylene carbonate): PC (propylene carbon-
ate) 1:1 wt/wt, EC (ethylene carbonate): DMC (dimethyl 
carbonate) 1:1 wt/wt and EC (ethylene carbonate): DEC 
(diethyl carbonate) 1:1.2 wt/wt, have been chosen to evaluate 
their effect on the performances of Li-Nafion membranes. 
The solution uptake % of the membrane in each solvent mix-
ture was determined at room temperature by a gravimetric 
method according to the following equation [27]:

where Mwet is the weight of the fully swollen membrane 
after soaking the sample in the solvents for 3 days. Mdry is 
the weight of dry membranes measured after 5 h at 110 °C 
under vacuum. As reported in Table 1, it was observed that 
the solution uptake is as high as 94 wt% for the membrane 
swollen in EC:PC, whereas smaller values are observed for 
Li-Nafion swollen in EC:DMC and EC:DEC. In view of 
their application in lithium batteries, we have determined 
the lithium conduction properties of Li-Nafion membranes 
by EIS. Table 1 shows the ionic conductivity obtained at 
three temperatures of interest (i.e., 20 °C, 40 °C and 60 °C) 
for each sample.

All the investigated membranes possess an ionic conduc-
tivity in the order of  10−4 S  cm−1, which is comparable or 
even higher than that of most polymer electrolytes [21, 28, 
29]. Clearly, the lithium conductivity of Nafion depends both 
on the solvent uptake and solvent nature. The good solvent 

(1)Swelling degree (%) = [(Mwet −Mdry)∕Mdry] × 100,

uptake of Li-Nafion swollen in EC:PC does not guarantee 
the highest room-T conductivity but this membrane shows 
the best T-dependant behaviour, with σ as high as 5.5 ×  10−4 
 Scm−1 at 60 °C. This is probably related to the high die-
lectric constant and relatively low evaporations tendency 
of EC-PC mixture, which lead to an enhancement of ions 
dissociation and an improvement of  Li+ ion transport with 
temperature [30]. Moreover, the high content of plasticizer 
solvents in the EC-PC swollen membrane provides the for-
mation of an effective cluster-network of transport channels 
and promotes the ion transport [31]. As known for H-Nafion 
membranes, the sulfonate exchange sites give rise to spher-
ical clusters that increase their size with hydration level, 
allowing the ionic conductivity of Nafion membrane [32]. 
Generally, Grotthus (surface diffusion mechanism) and vehi-
cle mechanisms (bulk diffusion mechanism) are involved in 
the proton conduction in Nafion membranes under hydrated 
conditions. In particular, in the Grotthus mechanism, pro-
tons attached to sulfonic acid groups, hop from one water 
molecule to the next one along the hydrogen-bond network, 
whereas in the vehicle mechanism, protons are transferred 
by the diffusion of  H+ species in the electrolyte [33]. It was 
demonstrated that the proton transport within Nafion mem-
brane is strongly affected by water content and operating 
temperature. In particular, at low relative humidity, the con-
nectivity between water molecules is poor because of the 
low degree of hydration of the membrane, thus the protons 
can be transferred within the polymer matrix by following 
only the vehicular mechanism, with a consequence of reduc-
ing the ionic conductivity of Nafion membrane [33, 34].

Therefore, we can assume that in the Li-Nafion mem-
branes swollen in EC:PC the lithium transportation within 
the polymer matrix can be governed by both Grotthus and 
vehicle mechanisms, thanks to the high solvent swelling 
degree of the membrane, which guarantees great ionic con-
ductivity to this sample upon the temperature increase. To 
be noted that conductivity values as high as 2.5 ×  10−3 S 
 cm−1 have been shown for Nafion-117 membranes in the  Li+ 
form [35]. In that case the membrane underwent a prelimi-
nary treatment by specific thermal methods and a subsequent 
conditioning in EC:PC mixtures. Even though promising 
for possible further improvements, in this paper energy- 
and time-consuming additional treatments are intentionally 
avoided, still preserving acceptable ionic conductivity.

The electrochemical stability window of the polymer 
electrolytes was determined by linear sweep voltammetry 
(LSV) and cyclic voltammetry (CV). In Fig. 4, the LSVs 
curves of each sample are reported. The electrolyte mem-
brane swollen in EC:DMC 1:1 shows the highest stability 
against oxidation because no current drift up to 5 V vs  Li+/
Li is observed. However, a good oxidative stability is also 
obtained with EC:PC Li-Nafion, displaying negligible cur-
rent below 5 V.

Table 1  Swelling degree and ionic conductivity of Li-Nafion mem-
branes swollen in EC:PC 1:1wt/wt, EC:DMC 1:1 wt/wt and EC:DEC 
1:1.2 wt/wt

Solvent mixture 
(wt:wt)

Solvent 
uptake 
(wt%)

σ  (Scm−1)
20 °C

σ  (Scm−1)
40 °C

σ  (Scm−1)
60 °C

EC:PC 1:1 94 2.1 ×  10−4 3.5 ×  10−4 5.5 ×  10−4

EC:DMC 1:1 68 7.7 ×  10−5 8.3 ×  10−5 2.0 ×  10−4

EC:DEC 1:1.2 68 3.9 ×  10−4 4.1 ×  10−4 4.3 ×  10−4
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The cathodic stability of all Li-Nafion membranes was 
evaluated by CVs and reported in Fig. 5. EC:DMC and 
EC:DEC swollen membranes show in the first sweeping 
cycle a large reduction current at around 1.5 V vs  Li+/Li, 
associated with a decomposition process due to the reduc-
tion of the carbonate solvents and the formation of a solid 
electrolyte interphase (SEI) on the surface of the carbon 
electrode. In the following cycles, this peak disappears, 
confirming the formation of a stable SEI. In the first cycle 
of Li-Nafion membrane swollen in EC:PC, a decomposition 
phenomenon is revealed already at 2.5 V vs  Li+/Li. How-
ever, this process is constant until 1.5 V, suggesting that the 
EC and PC cyclic carbonates may have a synergistic effect 
on the electrolyte stability. The formation of a SEI layer is 
detected below 1 V vs  Li+/Li for the EC:PC swollen sample 
and, also in this case, subsequent cycles are observed, even 
though with smaller associated currents. The reduction and 
oxidation currents close to 0 V vs  Li+/Li are ascribed to the 
lithium intercalation/de-intercalation processes occurring at 
the working Super P carbon electrode [30, 36].

The interfacial properties between Li metal and Li-Nafion 
membranes were studied by means of the stripping and dep-
osition measurements in symmetrical lithium cells (Fig. 6).

As evident, the EC:PC swollen membrane exhibits the 
smallest and most stable overvoltage at all applied cur-
rent densities. On the contrary, in the other two samples 
the overvoltage increases at a larger extent with increas-
ing the current density. The better interface between Li 
metal and the EC:PC Li-Nafion membrane can be justified 
considering both its lithium ion conductivity, which guar-
antees small overvoltage, and stability of the entrapped 

EC:PC solvent mixture, allowing improved electrochemi-
cal response compared to the other electrolytes.

To further verify the stability of EC:PC Li-Nafion mem-
brane in contact with lithium, we evaluated the interfacial 
resistance on Li | Li symmetrical cells by electrochemical 
impedance spectroscopy, acquiring the spectra for 4 days 
at open circuit voltage (OCV). Nyquist plots of the imped-
ance spectra are shown in Figure S2a. In the high fre-
quency region, the intersection at the Z′real axis represents 
the ohmic resistance of the electrolyte whereas, in the 
medium-lower frequency region, the diameter of at least 
two suppressed and overlapping semicircles reflects the 
total interfacial resistance. The changes in the interfacial 
resistance during the OCV storage time are presented in 
Figure S2b. As reported elsewhere, the down trend occur-
ring upon the first 6 h is typically due to the formation and 
deformation of SEI on the lithium surface [37]. However, 
after 12 h, we can observe a significant increase of the 
total interfacial resistance. Then, it starts to decrease and 
reaches a steady state after 2 days, showing a constant 
charge transfer due a stable electrode/electrolyte interface.

The Li-Nafion membrane swollen in EC:PC was 
selected to be tested as electrolyte under galvanostatic 
charge–discharge cycles in Li-metal cells. To this purpose, 
a coin cell adopting a lithium metal anode and a lithium 
iron phosphate (LFP) cathode, separated by the quoted 
membrane, was assembled. For this preliminary attempt, 
LFP was considered the most suitable cathode material, 
thanks to its well-known, very stable performance, allow-
ing an easy evaluation of the polymer electrolyte effect on 
the Li|LFP cell. Moreover, LFP has great sustainability 
features and a relatively low nominal voltage, prevent-
ing the polymer decomposition. Indeed, the battery was 
expected to operate below 4 V vs.  Li+/Li, well within the 
stability domain of the electrolyte as demonstrated by LSV 
results reported in Fig. 4.

In Fig. 7, the cell voltage profile and the specific capac-
ity as function of cycle numbers are shown. The measure-
ment was carried out at 30 °C and C/10 constant current, 
with 1C = 170  mAg−1.

As reported in Fig. 7, the cell shows an activated trend 
probably due to an activation of the Nafion electrolyte. 
This process of performance improvement is widely 
known for Nafion in fuel cell devices and it is reported 
as break-in [38]. In detail, a newly proton exchange mem-
brane fuel cell (PEMFC) needs to be activated to achieve 
its maximum performance. Moreover, as mentioned by 
Nicotera et al. [21], who have already reported a similar 
cell behaviour with their composite lithiated Nafion mem-
branes, an activation of the LFP material in the electrode 
can be assumed due to a slow wetting of the swollen mem-
brane. Also in this case, we can suppose a non-optimized 
electrode–electrolyte contact, which induces to reach a 

Fig. 4  LSV curves, recorded in Li||C cells, for the Li-Nafion samples 
swollen in EC:PC 1:1 wt/wt (green curve), EC:DMC 1:1 wt/wt (red 
curve) and EC:DEC 1:1.2 wt/wt (blue curve)
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stable specific capacity of about 130  mAhg−1 only after 
20 cycles.

Due to the activated trend of LFP electrodes in lithium 
cells when the EC:PC Li-Nafion membrane is used, we 
investigated the electrode/electrolyte interface carrying out 
impedance measurements on the cell upon cycling. Specifi-
cally, impedance spectra were acquired at the end of cycles 
1, 5, 10, 15 and 20 and the results have been reported in 
Figure S3.

Nyquist plots are characterized by a well-defined semi-
circle, starting at high frequency, and a sloping line in 
the low frequency region, resembling a non-blocking 
capacity-type nature. If compared to the spectra of Fig-
ure S1, related to a symmetrical Li||Li cell stored at open 

circuit, the trend shown in Figures S3 demonstrates a 
small bulk resistance (see the intersection with Z′real axis 
in Figure S3b) and lower electrolyte/electrode interface 
resistances (see the amplitude of the semicircles in Figure 
S3a), indicating a good LFP/membrane electrical contact. 
Upon cycling, during the first 10 cycles, interfacial resist-
ance values increase up to 4 times, whereas only a limited 
increase of bulk resistance is observed (from about 50 to 
75 Ω). Based on this, no relevant solvent leaching from 
the polymer is ascribed but a possible structural rearrange-
ment of both Nafion polymer and LFP active material is 
recognized to affect the electrode/electrolyte interface. 
After the 10th cycle cell resistances start to decrease. 
At the 20th cycle the cell appears almost stabilized, in 

Fig. 5  CV curves, recorded in Li||C cells, for the Li-Nafion samples swollen in EC:PC 1:1wt/wt (1st cycle in green), EC:DMC 1:1 wt/wt (1st 
cycle in red) and EC:DEC 1:1.2 wt/wt (1st cycle in blue)
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Fig. 6  Li stripping/deposition, in symmetrical Li-metal cells, for the Li-Nafion samples swollen in EC:PC (up left), EC:DMC (up right), and 
EC:DEC (bottom), at three different current densities: 0.01  mAcm−2 (black), 0.05  mAcm−2 (red), 0.1  mAcm−2 (blue)

Fig. 7  Charge–discharge curves (on the left) and cycling stability at different cycle numbers (on the right) of Li|EC:PC Li-Nafion|LiFePO4 cell 
at 30 °C, C-rate: 0.1 C
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agreement with the capacity response of galvanostatic 
cycling in Fig. 7.

A possible strategy to improve the LFP/electrolyte con-
tact and promote a faster stabilization, could be the use of 
the lithiated Nafion polymer also as binder instead of con-
ventional PVDF used in LIBs. This replacement can improve 
the electrolyte–electrode interface, enhancing the lithium-
ion transport during battery operation. Anyhow, the cell is 
able to supply reversible performance with a Coulombic 
efficiency up to 100% and a specific capacity of about 140 
 mAhg−1 at the 50th cycle, which is close to the nominal 
capacity of the LFP adopted. Unfortunately, from the 70th 
cycle, the discharge capacities of the cell start decreasing 
to 133  mAhg−1 probably due to an increasing of interface 
resistance. Overall, the performances obtained with the 
proposed EC:PC Li-Nafion membrane in a Li||LiFePO4 cell 
demonstrate good potentiality, strengthening the existing lit-
erature on Nafion single-ion conducting polymer electrolytes 
[21, 29].

Conclusion

In the present work, lithiated-Nafion membranes synthe-
sized by a single-step method are proposed. Their appli-
cability in LIBs as polymer electrolyte is discussed. From 
SAXS-WAXS, ATR-FTIR and TGA analyses the success 
of the proposed lithiation procedure is confirmed. The new 
lithium conducting membranes have been swollen in three 
carbonate-based solvent mixtures (EC:DMC 1:1, EC:DEC 
1:1.2 and EC:PC 1:1), achieving a swelling degree close to 
100 wt% with EC:PC 1:1. Ionic conductivity of the elec-
trolytes at different temperatures has been characterized 
by impedance spectroscopy. Interesting T-activated ionic 
conductivities are obtained for the membrane swollen in 
EC:PC, which displays also a more stable Li-electrolyte 
interface with respect to the other samples and a good elec-
trochemical stability window. The Li-Nafion membrane 
swollen in EC:PC 1:1 has been successfully used as elec-
trolyte in a Li||LiFePO4 cell prototype, demonstrating its 
promising performance in galvanostatic charge–discharge 
tests. Even though further optimization is needed to speed 
up cell performance activation, it is believed that lithiated 
Nafion, entrapping reasonable amounts of suitable solvents, 
is a good single-ion conducting candidate in future safer Li 
batteries.

Experimental section

H-Nafion membrane was prepared from the Nafion 5 wt% 
solution (E.W. 1100, Ion Power Inc, München Germany) 
according to the following procedure. The Nafion solution 

was heated at 80 °C to gradually replace the solvents, water 
and alcohols, with N,N-dimethylacetamide (> 99.5%, Sigma 
Aldrich, St. Louis, MO, USA) at 80 °C [39]. Afterwards, 
the solution obtained was casted on a Petri dish and dried at 
80 °C overnight. Finally, the membrane was hot-pressed at 
50 atm, 175 °C for 15 min and was finally activated in boil-
ing 3% w/w hydrogen peroxide  (H2O2, 34.5–36.5%, Sigma 
Aldrich, St. Louis, MO, USA),  H2SO4 (0.5 M) and distilled 
water.

A novel one-step casting procedure was developed to pre-
pare a lithiated Nafion (Li-Nafion) membrane. A concentra-
tion of 5 wt% of lithium hydroxide (LiOH, Sigma Aldrich), 
with respect to the dry Nafion content, was dissolved into 
the commercial Nafion 5 wt% solution (E.W. 1100, Ion 
Power Inc, München Germany) at 80 °C. Subsequently, sol-
vents were replaced with N,N-dimethylacetamide and the 
final mixture was casted on a Petri dish. Compared to the 
H-Nafion procedure above-described, the Li-Nafion mem-
brane was not hot-pressed and activated.

Micrographs were acquired through scanning electron 
microscope SEM–EDS VEGA3 TESCAN.

Small-angle X-ray scattering combined with wide-angle 
X-ray scattering (SAXS-WAXS) measurements have been 
carried out to understand the Nafion structure after lithi-
ation process. The X-ray scattering measurements were 
performed at SAXSLabSapienza with a Xeuss 2.0 Q-Xoom 
system (Xenocs SAS, Grenoble, France), equipped with a 
micro-focus Genix 3D X-ray Cu source (λ = 0.15419 nm), 
a two-dimensional Pilatus3 R 300 K detector which can be 
placed at variable distance from the sample, and an addi-
tional Pilatus3 R 100 K detector at fixed shorter distance 
to access larger scattering angles (Dectris Ltd., Baden, 
Switzerland). Calibration of the scattering vector q range, 
where q = (4π sinθ)/λ, 2θ being the scattering angle, was 
performed using silver behenate for the small-angle region 
and  Al2O3 for the fixed-distance wide-angle detector. Dried 
membrane samples (H-Nafion and Li-Nafion) were fixed 
with tape on the sample holder and placed in the instrument 
sample chamber at reduced pressure (∼ 0.1 mbar). The iso-
tropic two-dimensional scattering patterns were subtracted 
for the “dark” counts, and then masked, azimuthally aver-
aged, and normalized for transmitted beam intensity, expo-
sure time and subtended solid angle per pixel, by using the 
FoxTrot software developed at SOLEIL. The obtained one-
dimensional intensity vs. q profiles in the different angular 
ranges were merged using the SAXS utilities tool [40] and 
converted into absolute intensity units  (cm−1, macroscopic 
scattering cross section) dividing by the sample thickness 
expressed in cm (0.018 cm for H-Nafion and 0.010 cm for 
Li-Nafion).

Vibrational spectroscopy study was carried out by Atten-
uated Total Reflectance-Fourier Transform Infrared (ATR-
FTIR) to examine molecular interactions and chemical 
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composition of both  H+- and  Li+-Nafion membranes. ATR-
FTIR spectra was collected with a PerkinElmer 2000 FT-IR 
spectrometer in the attenuated total reflection mode using a 
diamond crystal. The spectral resolution was set to 1  cm−1 
recording 264 scans for each sample at room temperature 
in the range of 400–4000  cm−1.Thermal gravimetric analy-
sis (TGA) was performed with a TGA2 (Mettler-Toledo, 
Zaventem, Belgium) on dry Nafion membranes under air 
flux (80 ml/min) in a temperature range between 25 and 
550 °C with a scan rate of 5 °C/min. Prior to measurements, 
the samples were dried at 80 °C under vacuum for 12 h.

For electrochemical characterizations, the membranes 
were soaked in solvent mixtures containing: ethylene car-
bonate-propylene carbonate (EC:PC 1:1 w/w), ethylene 
carbonate-dimethyl carbonate (EC:DMC 1:1 w/w), and 
ethylene carbonate-diethyl carbonate (EC:DEC 1:1.2 w/w). 
Before swelling, the membranes were dried at 120  °C 
under vacuum overnight and placed in an Ar-filled glove 
box (Jacomex GP(concept)) having a moisture and oxy-
gen content ≤ 1 ppm. The membranes were then immersed 
in the mentioned solutions, prior the electrochemical 
measurements.

The ionic conductivity was obtained by electrochemical 
impedance spectroscopy (EIS) at temperatures of 20 °C, 
40 °C and 60 °C by using a ModuLab XM ECS potentiostat, 
applying a 10 mV amplitude signal in the frequency range 
100 kHz–1 Hz. CR2032 coin cell configuration was adopted 
for these measurements and assembled in a dry glove-box 
 (O2 and  H2O level below 1 ppm), placing the given elec-
trolyte membrane sandwiched between two carbon paper 
electrodes and then between two stainless steel current 
collectors.

The properties of the membrane/lithium metal electrode 
interface were analyzed by lithium stripping-deposition tests 
in a symmetrical Li-metal cell. Currents of 0.01  mAcm−2, 
0.05  mAcm−2 and 0.1  mAcm−2 were applied for 1 h per 
single stripping-deposition cycle at 30 °C.

The electrochemical stability window of the membranes 
was determined by linear sweep voltammetry (LSV) and 
by cyclic voltammetry (CV) using a Biologic VMP-3e. The 
measurements were performed by scanning the cell poten-
tial from the OCV (open circuit potential) to 6 V vs.  Li+/
Li (anodic stability window, LSV) in a Li|Li-Nafion|Super-
P carbon-coated Al cell configuration, and from 3 to 0 V 
vs.  Li+/Li (cathodic stability window, CV) in a Li|Li-
Nafion|Super-P carbon-coated Cu cell with a scanning rate 
of 0.1 mV/s.

Interfacial resistance of Li-Nafion membrane swollen in 
EC:PC on lithium metal surface was analyzed by electro-
chemical impedance spectroscopy (EIS) experiments in a 
symmetric Li|Li-Nafion|Li cell. EIS measurements were per-
formed applying a potential of 10 mV in the frequency range 
of 1 MHz–10 Hz using a Biologic VMP-3e. The impedance 

spectra were acquired at the open circuit for 4 days. The 
obtained Nyquist plots were fitted with ZFit implemented 
in EC-lab v.11.43 software and they have been described 
by a R(RQ)(RQ) equivalent circuit. The interfacial resist-
ance was obtained from the sum of the second and the third 
resistances.

Prototype cells were formed by coupling a lithium metal 
anode and an olivine-type  LiFePO4 (LFP) cathode with a 
selected Li-polymer electrolyte membrane. The electrodes 
were prepared mixing commercial LFP (Sud-Chemie), 
SuperP carbon and PVdF in a weight ratio of 80/10/10. NMP 
(N-methyl-2-pyrrolidinone) was added as solvent to form a 
slurry. Then, the as obtained slurry was casted on an alu-
minium foil with the use of a doctor blade in order to have 
a thickness of 200 µm. Once dried in oven at 50 °C under 
vacuum, the coated aluminium foil was calendared and disks 
with a diameter of 10 mm were cut. The obtained electrodes 
have a mass loading of  LiFePO4 was 2.02 mg/cm2.

Electrodes preparation was performed in a dry room at 
20 °C with a Dew Point of − 70 °C.

Before electrochemical tests LFP electrodes were dried 
under vacuum in a Buchi oven at 110 °C overnight. Swa-
gelok-like two electrodes cell was assembled facing LFP 
electrode with a foil of metallic lithium, separated by Li-
Nafion membrane soaked with EC:PC.

These cells were cycled galvanostatically, by first charg-
ing and then discharging, at 30 °C and C/10 rate, using a 
Maccor Series 4000 battery test system. At the end of each 
cycle, impedance spectra were recorded by applying a poten-
tial of 10 mV in the frequency range of 1 MHz–10 Hz using 
a ModuLab XM ECS instrument.
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